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Preface
Conventional geotechnical engineering theories do not
provide a sufficient framework to fully address the new
challenges that emerge due to the interactions between
multi-physical phenomena. During the past two decades,
advances in the study of unsaturated geo-materials including
the non-isothermal conditions have been reported. A whole
new framework for the characterization of the coupled
thermo-hydro-mechanical processes has been set. However,
the complexity of emerging energy and environmental geo-
technical applications is increasing with the presence and
development of chemical and biological processes. The
evolution of these phenomena and their interaction with the
different constituents of porous geo-materials unfold a vast
new research domain, full of challenges. This is leading the
global scientific interest towards new areas, far from the
conventional and extensively explored ones.

The objective of this book is to present the recent
developments in the study of the aforementioned phenomena
and to provide readers with a handful material for addressing
the uncharted chemo- and bio- mechanical couplings and
their related geotechnical applications.

In recent years, substantial advances have been made in
understanding the coupling between chemical and biological
processes and mechanical and hydraulic behaviour in soils
and rocks. At the same time, experimentation and modelling
capabilities have progressed significantly, allowing effective
design of geotechnical applications. The need for such
analyses arises (for example) in chemical and biological soil
improvement; nuclear, hazardous and municipal waste con-
tainment; petroleum and natural gas extraction; methane
hydrate exploitation; carbon dioxide sequestration; and the
assessment of pavement durability.

In such areas, instances of complexity and interaction are
many, mainly because of the coexistence of several constitu-
ents and phases, their interactions, their reactivity, and their
often non-linear behaviour. Flow involves water and gas,
including the transport of chemical species and bacteria.
Geomaterial deformation depends not only on classical ef-
fective stress, suction and temperature, but also on the
history of chemical and bacterial activity in the material.
Experimental observations are often difficult to carry out,
and laboratory and in situ tests are costly challenges. An
understanding of the material behaviour to be observed
requires the control or measurement of many different
parameters. Modelling inevitably implies numerical analyses.
Coupled transient analyses are in fact a characteristic feature

of this field; proper variables must be selected which can
describe the behaviour of the geomaterials subjected to
chemical and biological phenomena.

A challenge at hand is to quantitatively describe the
reaction and transport processes that occur. In this case,
more complex variables enter the field equations for the
different phases since the addressed chemical and biological
processes refer to solute species that can react with species
either in the same or in another phase. Robust numerical
techniques are therefore required in order to solve, with
sufficient accuracy, the strongly coupled analytical systems.
Hence, progress in coupled bio- and chemo-mechanical
processes in geotechnical engineering requires advances in
theoretical formulations, numerical analyses, constitutive
modelling and laboratory techniques, as well as detailed
examination of well-documented field cases. Another issue is
the study of the micro-structure where these processes can
be better investigated and interpreted in mathematical terms.
The analysis at the micro-scale requires the use of testing
apparatus previously employed in limited cases in testing
procedures for geotechnical problems.

This book is based on the two special issues of Géotech-
nique (Volume 63 issues 3 and 4) that preceded the Géo-
technique Symposium in Print that was held on 3rd June
2013 at the Institution of Civil Engineers (ICE) in London.
The symposium offered scientists and engineers from all
over the world the opportunity to learn, discuss and outline
future developments in this fascinating and critically impor-
tant area. To this same purpose, the content of the book is
enriched with papers from subsequent issues of the journal.

A total number of twenty contributions are organized in
three sections. The first two focus on couplings between
chemical, biological and mechanical aspects for different
geo-materials (clay, shale, bentonite and sand among others)
while emphasis is laid on modelling. Experimental evidence
is presented along with cases addressing these couplings for
real applications such as the mitigation of the liquefaction
potential of sands or the carbon dioxide sequestration in coal
beds. Finally, the third section is devoted to an overview of
the progress in this emerging field providing at the same
time readers with an outline of future challenges and poten-
tial developments.

Lyesse Laloui
Ecole Polytechnique Fédérale de Lausanne, EPFL

May 2014
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Double-structure effects on the chemo-hydro-mechanical behaviour of a
compacted active clay

G. MUSSO�, E . ROMERO† and G. DELLA VECCHIA‡

This work presents an insight into double-structure effects on the coupled chemo-hydro-mechanical
behaviour of a compacted active clay. In the first part, selected pore size distribution curves are
introduced, to highlight the influence of solute concentration on the evolution of the microstructure of
compacted samples. An aggregated structure with dual-pore network is induced by compaction even at
relatively high water contents. This structural arrangement is enhanced by salinisation, and has a
notable influence on transient volume change behaviour – that is, the occurrence of different stages of
swelling upon pore water dilution and higher volume change rates upon salinisation. A coupled
chemo-hydro-mechanical model, taking into consideration double-structural features from a chemo-
mechanical viewpoint, is described and then used to interpret these behavioural responses and present
complementary information on local transient processes. The model is designed to identify an intra-
aggregate and an inter-aggregate domain, and assigns different values of hydraulic pressure and
osmotic suction to each domain. Distinct constitutive laws for both domains are formulated, and the
flow of salt and water between the two domains is accounted for by a physically based mass exchange
term. The model is used to simulate salt diffusion tests run in an oedometer at constant vertical stress.
Parameters used in the formulation are calibrated based on separate experimental evidence, both
through direct test results and through back-analyses of laboratory experiments.

KEYWORDS: chemical properties; clays; constitutive relations; fabric/structure of soils; laboratory tests;
suction

INTRODUCTION
The hydro-chemo-mechanical response of compacted active
soils is of significant importance in geo-environmental en-
gineering, such as for soil contamination/remediation and
waste confinement at surface or at great depths using engin-
eered clay barriers and clay liners (e.g. Delage & Romero,
2008). When designing compacted engineered clay barriers
for waste repository systems, it is of primary importance to
assess how hydraulic properties and the volume change
response are affected by chemical changes induced by a wide
range of saline concentrations and solute types.

Despite practical relevance for geo-environmental applica-
tions, not many studies have dealt with the effects of
chemical changes on the volumetric behaviour of compacted
and natural soils (e.g. Di Maio & Fenelli, 1997; Musso et
al., 2003; Rao et al., 2006; Rao & Thyagaraj, 2007;
Castellanos et al., 2008; Siddiqua et al., 2011), although
chemo-mechanical interactions and pore fluid chemistry
effects on reconstituted clays are a well-documented topic in
the literature, and have a long research history (e.g. Bolt,
1956; Mesri & Olson, 1971a; Barbour & Fredlund, 1989;
Yang & Barbour, 1992; Di Maio, 1996; Studds et al., 1998).

The chemo-mechanical behaviour of slurries starting from
diluted suspensions has historically been interpreted through
Gouy–Chapman diffuse double layer (DDL) theory (e.g.

Bolt, 1956; Warkentin et al., 1957; Madsen & Muller-
Vonmoos, 1985, 1989). This approach has been used to
reproduce forces exchanged by particles in a system where
the size of the pores is uniform (Mitchell & Soga, 2005).
Despite being quite successful in explaining some features
of the observed volumetric response, such as volume de-
crease upon salinisation, the hypothesis of a uniform pore
size appears controversial when considering the behaviour of
structured soils, and in general when considering hydraulic
aspects.

For example, at a given void ratio, specimens saturated
with saline solutions or with organic non-polar liquids show
higher hydraulic conductivities than specimens saturated
with distilled water (e.g. Michaels & Lin, 1954; Mesri &
Olson, 1971a, 1971b; Fernandez & Quigley, 1985, Calvello
et al., 2005; Gajo & Maines, 2007). Hueckel et al. (1997)
applied four different literature models to verify the impact
of different mechanisms of microstructure evolution, induced
by chemical changes, on the permeability of saturated active
clays. They identified clusters of clay particles, saturated by
immobile inter-layer water and external adsorbed water, as
the fundamental microstructural unit, and concluded that the
most likely cause of permeability changes as detected by
Fernandez & Quigley (1988) was flocculation of particles.
Mesri & Olson (1971b) hypothesised that high water salinity
and/or low dielectric constant of the pore fluid causes the
contraction of aggregates of clay particles, consequently
decreasing the volume of the pores within the aggregates
(intra-aggregate or micro-voids) and increasing the volume
of voids between the aggregates (inter-aggregate or macro-
voids). The increase of macro-void size could then be the
dominant mechanism explaining the increase in permeability
with salinity. Although an explicit hierarchy (aggregates
against clusters) is not introduced in these different works,
from Yong (1999) it follows that aggregates are made of
many clusters of particles.

Manuscript received 29 February 2012; revised manuscript accepted
12 October 2012.
Discussion on this paper closes on 1 August 2013, for further details
see p. ii.
� Department of Structural, Geotechnical and Building Engineering,
Politecnico di Torino, Italy.
† Department of Geotechnical Engineering and Geosciences, Uni-
versitat Politècnica de Catalunya, Barcelona, Spain.
‡ Department of Structural Engineering, Politecnico di Milano,
Milano, Italy.



The impact of aggregated fabric on the hydro-mechanical
behaviour of compacted active clays, and jointly how this
fabric is influenced by stress and suction changes, is well
documented in unsaturated conditions (Romero et al., 2011;
Della Vecchia et al., 2012). For instance, Lloret et al. (2003)
performed an experimental study on bentonite samples com-
pacted at different dry densities: by investigating both the
pore size distribution and the water retention properties, they
evidenced the advantages of modelling the microstructure of
the soil through a double-porosity framework to reproduce
the soil behaviour correctly.

The aim of the present paper is twofold. First, it aims
at evaluating the effects of salinity changes on the fabric
of compacted bentonite samples exposed to saline solutions
of sodium chloride (NaCl) and calcium chloride (CaCl2)
ranging from null solute concentration to nearly saturated
conditions. This evaluation is done by considering changes
in the size of the aggregates, documented by environmen-
tal scanning electron microscopy (ESEM) photographs, and
the associated changes in the size of the pore network, as
measured by mercury intrusion porosimetry (MIP) tests.
Experimental observations actually suggest the existence
of a double-structure arrangement, which evolves upon
chemical changes, and allow the introduction of a double-
structure conceptual model, based on the framework pro-
posed by Gens & Alonso (1992). Such a conceptual model
foresees that the chemo-hydro-mechanical behaviour of
compacted active clays upon chemical changes is governed
by the interaction of two structural levels, one being
related to the aggregates and their internal pore network
and the other to the pore space between them. Simple
laws and parameters used to give a mathematical form to
the conceptual model are calibrated in a natural way using
direct experimental information. For the particular case of
the mass exchange terms, the interpretation of MIP results
is used.

Second, the paper aims at verifying whether the double-
structure model, and the way it was characterised, is actually
consistent with the measured volumetric response of com-
pacted active clays upon chemical changes. This check is
done by using the conceptual model and the parameters
defined in the first part to simulate a salt diffusion test,
performed under well-controlled chemo-mechanical bound-
ary value conditions. The simulation accounts for coupled
transport phenomena, and handles the effects of the double
structure on hydraulic processes according to the conceptual
scheme of Gerke & van Genuchten (1993a). While aiming
at contributing to more accurate reproduction of chemo-
hydro-mechanical processes in structured materials, to be
used for field geoenvironmental cases, the model also com-
plements the experimental information of evolutionary pro-
cesses at the local scale that are beyond the measurable
scale of the macroscopic oedometer test performed. Thus the
model should be also considered as a simulation-aided tech-
nique to better interpret and exploit the information provided
by the phenomenological boundary value test.

For the sake of simplicity it was assumed that within the
conditions explored during the tests, and reproduced by the
model, cation exchange phenomena did not lead to relevant
deformations. In order to make the model more compliant
with formulations used in soil mechanics, chemical species
and concentration changes were expressed in terms of vari-
ations of osmotic suction.

AN INSIGHT INTO MICROSTRUCTURAL CHANGES
INDUCED BY CHEMICAL EFFECTS

The double structure of compacted active clays has been
documented by several authors (e.g. Pusch, 1982; Atabek et

al., 1991; Lloret et al., 2003; Musso et al., 2003; Castella-
nos et al., 2008; Romero et al., 2011): particles of com-
pacted active clays organise into aggregates, and pores
within the aggregates are generally smaller than the pores
between the aggregates.

In the present work, MIP tests and ESEM photomicro-
graphs were performed to characterise the structure of
samples of a compacted active clay (FEBEX bentonite)
saturated with different saline solutions, so to provide infor-
mation about the effects of chemical changes on the struc-
tural arrangement. Hydraulic conductivity measurements
were also interpreted in the light of possible micro- and
macroporosity changes.

FEBEX is a natural mixed bentonite (Cortijo de Archi-
dona deposit, Almerı́a, south-eastern Spain), proposed as an
engineered barrier for radioactive waste disposal (ENRESA,
2000). It has a very high content of montmorillonite (around
90%), with small quantities of quartz, plagioclase, cristoba-
lite, K-feldspars, trydimite and calcite. Table 1 summarises
the main properties of the material.

Samples were prepared statically compacting the bento-
nite powder at a hygroscopic water content w ¼ 12% (at a
relative humidity of 50%), imposing an initial dry density
rd ¼ 1.65 Mg/m3(void ratio e ¼ 0.64 and degree of satura-
tion Sr ¼ 51%). Samples were subsequently loaded at con-
stant water content up to a total vertical stress of 200 kPa,
and then saturated with different saline solutions under
oedometer conditions at constant vertical stress. All initially
overconsolidated samples swelled upon saturation, although
to different extents, depending on the solution used: so the
overall final void ratios at which the microscopic analyses
were performed are higher than the initial as-compacted
one.

Effects detected by ESEM photomicrographs
ESEM photomicrographs were taken at different satura-

tion conditions (as in Castellanos et al., 2006), to visualise
microfabric changes associated with different environmental
conditions, and particularly with variations in the salinity
of the pore fluid (Fig. 1). Aggregates with a size of
around 100 �m, surrounded by macro-voids of comparable
size, are clearly evident in the as-compacted state (Fig.
1(a)). Upon saturation, aggregates swell, reducing the
volume of macro-voids between aggregates. Test results
proved that the extent of aggregate swelling is noticeably
influenced by the salinity of the pore fluid, since their size
progressively increases from the hygroscopic state to that
at saturation with 0.5 mol/l sodium chloride solution (Fig.
1(b)), and finally to the state induced by saturation with
distilled water (Fig. 1(c)). In this last case, aggregates
swell to such an extent that they start to merge.

Table 1. Properties of the bentonite used in the study�

Property Value

Mineralogy
Cation exchange complex: meq/100 g

Montmorillonite (90 � 3%)
Ca2þ (38%): 43
Naþ (23%): 25
Total CEC: 102

Liquid limit, wL: % 102 � 4
Plastic limit, wP: % 53
Density of solids, rS: Mg/m3 2.70 � 0.04
Particles , 2 �m: % .85%
Specific surface, SS: m2/g 725 (total)

65 (external)

� Lloret et al. (2003); Musso et al. (2003); Villar et al. (2005).
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Effects detected by pore size distribution analyses
ESEM pictures testify that decreasing pore fluid salinities

lead not only to greater aggregate size, but also to a progres-
sive reduction of the size of macro-voids. Quantification of
the evolution of the pore size was attempted by performing
MIP on freeze-dried samples (Delage et al., 1982) so as to
obtain pore size distributions (PSDs) at different pore fluid
concentrations. The device used was a Micromeritics-Auto-
pore IV, which makes possible the intrusion of pore throats
from 6 nm to 400 �m.

PSDs of the as-compacted sample at hygroscopic water
content and of the overconsolidated samples saturated with
different saline solutions are presented in Fig. 2. The PSD
has been calculated as �˜e=˜ log x, where e is the intruded
void ratio for each entrance pore diameter x: thus the area
subtended by the PSD function represents the present void
ratio. A consistent effect of salinisation on the PSD can be
appreciated. The as-compacted sample shows a bimodal
pore size distribution, with a peak at around 20 nm and
another at around 20 �m. Upon saturation with highly
saline solutions (5.5 mol/l), the overall void ratio increased
from the original value e ¼ 0.64 to e ¼ 0.75 for the sodium
chloride solution and to e ¼ 0.74 for the calcium chloride
solution. The shape of the PSD suggests that the porosity
increase upon saturation is partially related to a higher
density of pores whose sizes are greater than approximately
20 �m. At lower salinities the density of this class of large
pores progressively reduces, whereas the density of pores
with sizes ranging from 100 nm to 10 �m increases signifi-
cantly. The distribution of PSD function for salinities lower
than 0.5 mol/l is such that a new peak emerges at a size of
about 1000 nm, which is associated with the swelling of
aggregates on saturation with a low-salinity fluid.

Measurements confirm that the microstructural effects of
chemical changes on compacted soils are different from what
could be expected for suspensions of active clays, where
according to theories such as that of Derjaguin–Landau–
Verweyd–Overbeek (e.g. Mitchell & Soga, 2005) a uniform
pore size is expected, reducing upon an increase of salinity
because of decreasing repulsion between single particles.
MIP evidence also seems in contrast with externally measured
deformations, since experimental studies record that salinisa-
tion induces an overall shrinkage of soil samples (e.g. Bar-
bour & Fredlund, 1989; Di Maio, 1996; Gajo & Maines,
2007). A conceptual interpretation in terms of double porosity
can help to explain these apparently opposite effects, provided
the consequences of salt concentration changes for the micro-
voids are different from the consequences of the same
changes for macro-voids.

Relation between salt concentration and microstructural void
ratio

To put forward a quantitative interpretation in terms of
double porosity, the (global) void ratio e can be split into

(a) (b) (c)

Fig. 1. ESEM pictures of statically compacted FEBEX samples (dry density 1.65 Mg/m3): (a) as-compacted at hygroscopic water content,
(b) after saturation with 0.5 mol/l sodium chloride solution; (c) after saturation with distilled water. Black bar is 150 �m in (a) and
100 �m in (b) and (c)
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two components, the microstructural void ratio em and the
macrostructural void ratio eM, according to

e ¼ em þ eM

¼ V vm

V s

þ V vM

V s

(1)

where Vvm is the volume occupied by micro-voids, VvM is
the volume occupied by macro-voids, and Vs is the volume
of solids.

It was decided to discriminate between em and eM on the
basis of the MIP measurements presented in the previous
section, by defining a delimiting pore size that made it
possible to account for the evolving size of the aggregates
during chemo-hydraulic processes. As explained in Della
Vecchia (2009) and Romero et al. (2011), the working hypoth-
esis is that pores belonging to the microstructure can increase
their size up to a limit, corresponding to the minimum size of
the pores belonging to the macrostructure. So the delimiting
pore size is at the same time an upper bound for the intra-
aggregate porosity and a lower bound for the inter-aggregate
porosity. It can be determined from MIP data referring to the
condition that promotes the most significant swelling of the
aggregates (in this case saturation with distilled water), since
the intra-aggregate pores will have their maximum size and
the inter-aggregate pores their minimum size. The delimiting
pore size was then chosen in correspondence with the domi-
nant maximum peak of the PSD of the distilled water saturated
sample. According to this hypothesis, micro-voids are charac-
terised by pores with a diameter lower than 1000 nm and
macro-voids by pores with a diameter greater than 1000 nm
(Fig. 2). For each solute type and salt concentration, Vvm was
then evaluated as the volume occupied by voids whose en-
trance pore sizes are lower than 1000 nm. The corresponding
values of em and eM were obtained by equation (1).

According to the defined phenomenological framework, the
sizes of the aggregates and micro-voids are different from the
sizes of clusters and intra-cluster voids used in other works
(e.g. Hueckel et al., 1997). Since intra-cluster voids are
saturated by externally adsorbed water, their size is below
what is measured with the MIP technique, while the size of
the elements here defined is based on the observations
collected through ESEM and MIP analyses previously dis-
cussed, that is, on a broader scale. A single aggregate is
regarded as composed of several clusters, so that, in accor-
dance with Terzaghi (1956) ‘the range of influence of the
osmotic forces does not extend beyond the boundaries of each
of the clay clusters which are scattered throughout the aggre-
gate, but within these boundaries their influence is decisive.’

PSD changes induced by sodium chloride and calcium
chloride solutions on FEBEX samples appeared comparable
(Figs 2(a) and 2(b)), so that a working hypothesis that cation
exchange did not induce relevant deformations was intro-
duced, and osmotic suction � was used as a constitutive
variable. According to the van’t Hoff expression, osmotic
suction can be written as

� ¼ icRT (2)

where i is the number of constituents into which the
molecule separates upon dissolution (i ¼ 2 for sodium chlor-
ide and i ¼ 3 for calcium chloride), c is the molar concen-
tration, R is the universal gas constant, and T is the absolute
temperature.

Figure 3 shows the evolution of the microstructural void
ratio em as a function of the osmotic suction �. Experimen-
tal data are reasonably reproduced by the expression

d�m
vol ¼ �e�Æ�m d�m (3)

being

d�m
vol ¼ �

dem

1þ e
(4)

where �m is the osmotic suction of the solute in the micro-
voids, �m

vol is the volumetric strain of the microstructure, and
Æ and � are constitutive parameters of the material. The
evolution of �m

vol as described by equation (3) is qualitatively
similar to the predictions of the DDL theories (although the
delimiting pore size of 1000 nm is well beyond the typical
thickness of a double layer), and recalls the proposal of
Alonso et al. (1994), originally formulated in terms of total
suction instead of osmotic suction. Parameter calibration of
equation (3) has been performed on the basis of the experi-
mental data presented in Fig. 3, obtaining � ¼ 3.2 3
10�5 kPa�1 and Æ ¼ 2.0 3 10�4 kPa�1:

Effects of osmotic suction on hydraulic conductivity
As previously discussed, the hydraulic conductivity of

bentonite samples is strongly influenced by the saline con-
centration of the wetting fluid (e.g. Mesri & Olson, 1971b;
Calvello et al., 2005; Gajo & Maines, 2007). Experimental
data for the hydraulic conductivity of compacted and recon-
stituted FEBEX samples, saturated with saline solutions at
different concentrations, are shown in Fig. 4. These values
were determined by interpreting oedometer tests with Terza-
ghi’s one-dimensional consolidation theory. Reconstituted
samples were prepared by mixing FEBEX powder with
saline solutions at the relevant concentration c (0.05 mol/l
sodium chloride, 0.10 mol/l sodium chloride, 5.50 mol/l so-
dium chloride). The water content at which samples were
prepared was equal to 1.2wL(c), where wL(c) is the liquid
limit of the soil at a given concentration c. The pertinent
values were wL ¼ 105% for c ¼ 0.05 mol/l, wL ¼ 90% for
c ¼ 0.10 mol/l, and wL ¼ 52% for c ¼ 5.5 mol/l.

As expected, the hydraulic conductivity K increases with
the global void ratio e. At a given e, K is greater the greater
the saline concentration c (or the osmotic suction �). These
results are in line with MIP and ESEM evidence, since the
increase of the size of the inter-aggregate voids, related to
higher osmotic suction, can explain the higher hydraulic
conductivity. MIP evidence and the increase of K with
osmotic suction (interestingly occurring also in the reconsti-
tuted samples) confirm the hypothesis of Mesri & Olson
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(1971b) concerning the consequences of the contraction of
the aggregates for permeability.

The relationship between the hydraulic conductivity and
the macroscopic void ratio eM, determined as eM ¼ e � em,
is shown in Fig. 5(a). The microstructural void ratio em was
assumed not to depend on the vertical effective stress
applied during the test. The difference between the conduc-
tivities at different � reduces if eM is used instead of e as a
reference state variable (Fig. 5(b)).

EFFECTS OF DOUBLE STRUCTURE ON CHEMO-
MECHANICAL BEHAVIOUR
Chemically induced volumetric strains

Castellanos et al. (2008) reported experimental data
concerning the effects of salinity on the mechanical behav-
iour of saturated compacted FEBEX bentonite (rd ¼
1.65 Mg/m3). Swelling tests had been performed in a con-
ventional oedometer, soaking unsaturated samples with
sodium chloride and calcium chloride solutions under a
vertical total stress of 500 kPa. The results of these
swelling tests provided the basis for the characterisation of

the overall chemo-mechanical volumetric behaviour of
compacted FEBEX bentonite, detailed in the following.

It is here assumed that the strain induced by a change of
osmotic suction (�1 � �0) in a saturated sample is equal to
the difference between the strains induced by saturation with
fluids having osmotic suctions �1 and �0: The overall
volumetric strain due to osmotic suction changes with
respect to distilled water is thus �vol(�) ¼ �sw(�) � �sw(0),
where �sw(0) and �sw(�) are the swelling strains obtained
when the osmotic suction at saturation is 0 and � respec-
tively. The experimental results organised this way are
shown in Fig. 6 (closed and open symbols); the overall
sensitivity to osmotic suction changes is much more pro-
nounced at low suctions.

Interpretation of chemically induced strains in light of a
double structure formulation

According to equation (1), the overall volumetric strain is
the sum of the volumetric strains associated with the micro-
voids and the macro-voids. Characterisation of the double-
structure medium could in theory be pursued by measuring
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the volumetric strains of the two different domains indepen-
dently. In practice, this is not feasible; from external meas-
urements it is not possible to discriminate the two different
contributions. For example, during a water dilution process,
both the aggregates and the soil sample swell: as a result,
the volume change of the macro-voids is the difference
between the volume change of the sample and that of the
aggregates (micro-voids). In the limiting case of a constant-
volume test, macropore volume reduction is equal and
opposite to aggregate volume expansion. As a dual aspect,
only a fraction Æ� of aggregate strain contributes to the
overall strain. The remaining fraction (1 � Æ�) results in a
reduction of the macroporosity (macro-void invasion).

In the light of the previous considerations, it is convenient
to express the overall volumetric strain

d�vol ¼ d���M
vol þ Æ�d�m

vol (5)

where d���M
vol is the volumetric strain that the macroporosity

would experience at constant aggregate size. Æ� can thus be
interpreted as the fraction of microstructural volumetric
strain that does not contribute to macropore invasion.

From a practical point of view, it is convenient to
characterise the relationship between d���M

vol and d� over a
range of concentration where microporosity is not influenced
by osmotic suction changes. Characterisation of the micro-
structural strains presented in equation (3) and Fig. 3 sug-
gests that microstructural strains are negligible when �
increases from 15 MPa to 40 MPa, so that characterisation
of the dependence of d���M

vol on � could be obtained in this
range.

Under the assumption of oedometer conditions and con-
stant vertical load, the variation of volumetric strain can be
written as

d���M
vol ¼ m�d�M (6)

where m� is the constitutive parameter that takes into
account the compliance of the soil against osmotic suction
variations. To account for non-linearity of the mechanical
response, volumetric compliance has been imposed to de-
pend on the current osmotic suction

m� ¼
k�

�M

(7)

where k� is a constant.
The value of k� can thus be calibrated on the slope of the

�vol –log� data in the high-� range; as for the compacted
samples, a value k� ¼ 0.015 was obtained as an average
value on a wider set of data available in Castellanos et al.
(2008). In Fig. 6, the ���M

vol–� curve predicted by the model is
depicted by the dotted line. The difference Æ��m

vol ¼
�vol � ���M

vol is the fraction of microstructural swelling that
contributes to the volume change of the sample.

Following Gens & Alonso (1992), it is reasonable to
assume that Æ� is a function of density and current stress
level. If it is also assumed that the microstructural strain
depends only on changes in the driving variables (i.e. in this
case the osmotic suction acting within the micro-voids),
once the values of k�, Æ and � are known, the value of Æ�
for the given applied stress and initial density can be
calibrated based on experimental data at low values of �.
The continuous line in Fig. 6 was obtained with equation
(5), using Æ� ¼ 0.45. An overall good reproduction of
experimental data is evident.

EFFECTS OF DOUBLE STRUCTURE ON
HYDRO-CHEMICAL TRANSPORT

The mechanical characterisation presented in the previous
sections was pursued under well-equilibrated conditions.
Stationary conditions of the deformation before experimental
analyses were assumed, so as to assume that water pressure
and osmotic suction in the inter-aggregate and in the intra-
aggregate domain were in equilibrium.

Engineering structures are exposed to transient flux condi-
tions, which in a double-porosity medium can easily lead to
disequilibrium between the two structural levels. Under
varying chemical and hydraulic conditions, a comprehensive
analysis of deformation processes must then take into
account the overall transport of water and salt in the
medium, and how mass is exchanged between the micro-
and macro-domains.

In the following, transport phenomena are modelled con-
sidering the inter-aggregate and the intra-aggregate domains
as homogeneous media with different hydraulic and solute
transport properties (Barrenblatt et al., 1960; Warren &
Root, 1963; Wilson & Aifantis, 1981). The dual-porosity
medium is considered to be a superposition of these two
systems over the same volume (Gerke & van Genuchten,
1993a). Microporosity �m and macroporosity �M are then
defined as the volume of the corresponding pores divided by
the overall volume Vtot:

�m ¼
V vm

V tot

¼ em

1þ e

�M ¼
V vM

V tot

¼ eM

1þ e

(8)

At each point, the hydraulic and osmotic potentials in the
two continua may be different, so that salt and water can be
exchanged between them. Deformation in the two domains
follows from equations (3), (5) and (6).

Mass fluxes occurring completely within the microporosity
are hypothesised to be negligible, so that mass of water and
of solute can move from the intra-aggregate pores only
towards (or from) the macroporosity. The mass balance of
water for the microporosity (m) and for the macroporosity
(M) is then given by

@rw�m

@t
� qEX

w ¼ 0 (9a)

@rw�M

@t
þ = � rwvð Þ þ qEX

w ¼ 0 (9b)
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where rw is the density of water, v is the volumetric flow of
water relative to the solid skeleton, and qEX

w is the water
mass transfer term between micro- and macropores.

Similarly, the mass balance equations for the solute are

@cm�m

@t
� qEX

s ¼ 0 (10a)

@cM�M

@t
þ = � jð Þ þ qEX

s ¼ 0 (10b)

where cm and cM are the saline concentrations in the micro-
and macropores, j is the total flux of solute mass, and qEX

s is
the salt mass transfer term. Both qEX

s and qEX
w are positive

when the mass exchanged is directed towards the micropor-
osity. The exchange and transport terms used are briefly
discussed in the following.

Mass exchange terms
The water and solute mass transfer terms are related to

each other, being transfer of solute due to both advection
and diffusion contributions. From equation (9a) with incom-
pressible water and equation (10a) it follows that

@�m

@t
� qEX

w

rw

¼ 0 (11a)

�m

@cm

@t
þ cm

@�m

@t
� qEX

s ¼ 0 (11b)

and thus for consistency

qEX
w ¼

rwqEX
s

cm

� rw�m

cm

@cm

@t
(12)

It is generally assumed that mass exchange terms are
proportional to the difference between the driving potentials
in the two structural levels (e.g. Gerke & van Genuchten,
1993b). In this work it was assumed that salt mass transfer
is a diffusion-like phenomenon, and qEX

s was defined as

qEX
s ¼ � cM � cmð Þ (13)

where � is a first-order transfer coefficient.
In the study of flow in saturated media with limited

deformability, the first-order transfer coefficient � is often
expressed as a function of the hydraulic conductivity K
(Warren & Root, 1963), through a relationship of the form

� ¼ �� � K (14)

where �
�
is a function of the geometry of the aggregates.

Figure 7 presents a conceptual scheme of the transport
and exchange mechanism for different aggregate sizes (lar-
ger aggregates enhance mass exchanges between the two
domains, as shown in Fig. 7(b), reducing the inter-aggregate
pores and consequently the transport across the macrostruc-
tural domain). PM and pm represent the water pressure in the
macro- and micro-structural domain, respectively.

Gerke & van Genuchten (1993a) extended the formulation
to the case of unsaturated porous media, associating K to the
permeability of the microporosity domain, which is a func-
tion of the degree of saturation. This observation was
extended to the present case by considering that concentra-
tion changes affect the size of the microporosity domain, so
that concentration was used instead of the degree of satura-
tion. According to Romero et al. (1999), relative permeabil-
ity is related to the size and distribution of the
interconnected pores, and thus predictive equations based on
PSDs make it possible to reflect this dependence. Starting

from Leong & Rahardjo (1997), the role of evolving aggre-
gates in equation (14) can be taken into account as

K / �
ðxlim

0

x2 @e

@x
dx ¼ f (c) (15)

where xlim is the diameter representing the threshold between
microporosity and macroporosity, which earlier was set equal
to 1000 nm, and f (c) is a function of salt concentration. The
ratio f (c)/f (c ¼ 0) was evaluated for all the available PSDs,
and its evolution is presented in Fig. 8. A possible mathem-
atical equation for the transfer coefficient � is then

� ¼ Æ̂Æ exp �ª̂ªcMð Þ (16)

where Æ̂Æ and ª̂ª are two parameters to be calibrated on the
phenomenological response of the material.
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Fig. 7. Conceptual scheme of transport mechanism: (1) mass
fluxes within inter-aggregate space; (2) mass exchange between
inter-aggregate and intra-aggregate spaces. (a) High-suction
range: aggregates have smaller dimensions; larger inter-aggregate
pores enhance transport across macroscopic domain. (b) Low-
suction range: larger aggregates enhance mass exchange between
the two domains
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Fluxes of water and solute
Water and salt flow through the macrostructure was

formulated following the theory of irreversible thermody-
namics, introducing a number of coupled flows (e.g. Yeung
& Mitchell, 1993; Manassero & Dominijanni, 2003; Lu et
al., 2004). Neglecting the presence of electrical gradients,
water flow is driven by the gradients of both hydraulic and
osmotic potentials

v ¼ � KM

rwg
= pM þ rwgzð Þ þ

K�

rwg
= �Mð Þ (17)

where g is gravitational acceleration, KM is macrostructural
hydraulic conductivity, and K� is osmotic permeability. The
latter is related to the former by the coefficient of osmotic
efficiency, ø (e.g. Mitchell & Soga, 2005), so that K� ¼ øKM:

The experimental data of Bresler (1973) concerning the
dependence of osmotic efficiency ø on salt concentration in
the macro-voids cM were expressed through a suitable fitting
expression

logø ¼ B� arctan A log 10b
ffiffiffiffiffiffi
cM

p� �
þ C

� �� �
(18)

where b is the half-distance between soil particles. If b is
expressed in nm and cM in normality (for dominant mono-
valent cations, equivalent to mol/l), it follows that A ¼ 5.5,
B ¼ �1.5 and C ¼ �1.3 for salts with monovalent cations.
Since in this work the osmotic flow is assumed to occur
only through the macropores, b was estimated from the
specific surface of the solid particle SS and the void ratio of
the macropores eM (Mitchell & Soga, 2005) according to

b ¼ 1

2

eM

SSrS

(19)

where rS is the density of the solid particles; then b is here
the average half-distance between aggregates. Fig. 9 shows
the evolution of the osmotic coefficient as a function of salt
concentration in the macropores, for different void ratios.

The salt flow in the macropores, j, is due to both advec-
tion and diffusion. Neglecting the movement of the solid
phase with respect to the reference configuration, it can be
written as

j ¼ cM 1� øð Þv� DM=cM (20)

where DM is the effective diffusion coefficient, accounting
for the effects of porosity, tortuosity, osmotic efficiency and
retardation. In the following the term DM will be expressed
as DM ¼ (1 � ø)DM0, where DM0 is the effective diffusion
coefficient in the absence of osmotic effects.

APPLICATION OF THE FRAMEWORK
The double-porosity framework was applied to simulate a

salt diffusion test run in an oedometer at constant vertical
stress. The aim of the simulation was to verify the capabil-
ities of the framework in capturing the main features of the
mechanical and transport processes induced by desalinisation
and subsequent salinisation. The simulated test was per-
formed in a modified oedometer cell, which connects each
porous stone with a reservoir aimed at hosting small quan-
tities of solution (Fig. 10). Concentration evolution in the
reservoirs was estimated on the basis of electrical conductiv-
ity measurements, by converting electrical conductivity into
equivalent concentrations of sodium chloride (e.g. Shackel-
ford et al., 1999).
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A sample 10.5 mm high was prepared by statically compact-
ing the FEBEX material to a dry density rd ¼ 1.68 Mg/m3 at
hygroscopic water content w ¼ 12%. The sample was placed
in the oedometer and loaded (total vertical stress
�v ¼ 200 kPa). Saturation was induced by pouring into the two
reservoirs a 5.5 mol/l sodium chloride solution and letting the
sample swell accordingly. Once strain equilibrium was
achieved, the saline solution was removed from the bottom
reservoir, and replaced with distilled water. To ensure constant
concentration conditions, this operation was repeated daily. As
a consequence of the induced water and salt fluxes, salt
concentration diminished in the sample and in the upper
reservoir. This was evidenced by chemo-mechanical swelling,
and by a progressive drop of the electrical conductivity in the
top reservoir. To compensate for the volume of water lost upon
evaporation, the original volume of the solution in the reser-
voir was maintained constant by adding distilled water. Once
swelling and electrical conductivity drop had stopped, the
bottom reservoir was filled with a 5.5 mol/l sodium chloride
solution to revert the process. The test lasted about 1 year.

Simulation of the test was performed by way of finite-
element solution of the balance equations (equations (9) and
(10)). One-dimensional parabolic elements for both the salt
and water mass balances were used. The physical evidence
adopted as a reference for the verification of the framework
comprised the evolution of the vertical displacement and of
the sodium chloride concentration in the top reservoir. As for
the latter, the volume of the reservoir influences the concen-
tration and transport of salt, so that to track concentration
evolution the reservoir was also simulated as a porous
medium with very high hydraulic conductivity and a diffusion
coefficient equal to the free diffusion coefficient of sodium
chloride in water (D ¼ 1.9 3 10�9 m2/s). The porosity of the
dummy porous medium was selected in order to have a
volume of voids equal to the volume of the reservoir. At the
contact between the reservoir and the sample, a no-jump
condition in terms of the normal component of the total flux
of the salt and water was imposed (Bear & Cheng, 2010). At
the upper boundary of the reservoir a no-flux condition for
both water and salt was imposed. The scheme of the media
and boundary conditions introduced is given in Fig. 11.

Time zero of the simulation was the end of saturation.
The initial total and microstructural void ratios were set
equal to e0 ¼ 0.72 (corresponding to the initial dry density)
and em0 ¼ 0.17 (according to the MIP interpretation of Fig.
3). Consequently, the macroscopic void ratio was calculated
as eM0 ¼ e0 � em0 ¼ 0.55. In both the microstructural and
macrostructural domain, the initial chemical condition was
cm0 ¼ cM0¼ 5.5 mol/l, and atmospheric hydraulic pressure
was imposed.

The parameter values used for the simulation are presented
in Table 2. The hydraulic and mechanical parameters were
directly derived from the analysis given in the previous
sections, which refer to independent tests performed on the
same material. This holds for: the hydraulic conductivity KM

(a constant average value for the porosity of interest was
chosen; see Fig. 5); the parameters describing the evolution

of the microstructural void ratio upon osmotic suction
changes, Æ and � (Fig. 3 and equation (3)); the parameter
describing the mechanical interaction between the micro- and
macrostructure, Æ� (Fig. 6 and equation (5)); and the com-
pressibility of the macrostructure, k� (Fig. 6 and equation
(6)). The effective diffusion coefficient of the macrostructure,
DM0, was chosen according to literature data for this type of
material and density (Bourg et al., 2006), and the osmotic
efficiency ø was set to depend on the macrostructural void
ratio and concentration, as in equations (18) and (19). The
parameters of the first-order transfer function (equation (16)),
Æ̂Æ and ª̂ª, were instead calibrated through back-analysis on
the recorded displacement evolution along desalinisation.

Good agreement between the simulated and measured
vertical displacements of the sample upon chemical cycling
was obtained (Fig. 12). Consistent results were also obtained
in terms of the time evolution of the measured and simu-
lated salt concentrations in the upper reservoir (Fig. 13).

DISCUSSION
The results of the simulation can be used to outline the

main effects imparted by the structural arrangement to the
history of concentrations and strains.

The histories of vertical displacements and the salt con-
centration measured within the top reservoir appear to
depend strongly on the direction of chemical loading. Both
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Table 2. Parameters used in the simulation

Mechanical parameters Transport parameters

Microstructure compressibility:
kPa�1

Macrostructure
logarithmic osmotic

compliance, k�

Interaction
function, Æ�

Hydraulic
conductivity, kM:

m/s

Effective
diffusion, DM0:

m2/s

Transfer
function

Æ � Æ̂Æ: s�1 ª̂ª: l/mol

2.0 3 10�4 3.2 3 10�5 0.015 0.45 5 3 10�12 9 3 10�11 0.8 8
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deformations and concentration evolve more rapidly upon
salinisation than upon desalinisation. This is especially evi-
dent for the history of deformations, with a difference in
timescales of about 1/10. Similar evidence has been pre-
viously noted by several authors working on reconstituted
specimens of different active clays (e.g. Barbour & Fredlund,
1989; Di Maio, 1996; Gajo & Maines, 2007). The fact that
deformation proceeds quite continuously in a single stage
during salinisation (shrinkage), and very discontinuously in
different stages upon desalinisation (swelling), as shown in
Fig. 12, is also remarkable. This aspect does not pertain to
reconstituted soils, but is reported in previous experimental
works on compacted FEBEX samples (Musso et al., 2003).
An analogous phenomenon has been documented by Rao &
Thyagaraj (2007), who performed a series of tests on Indian
active clay: specimens were prepared at different saline
contents, compacted in unsaturated conditions and then

saturated with distilled water under a small seating load. In
their work, Rao & Thyagaraj (2007) identified two swelling
stages for specimens prepared at low salt contents, and a
third swelling stage emerging at longer times for specimens
prepared at high salt content. Since the first swelling stage
was due to the dissipation of matric suction, in Rao &
Thyagaraj (2007) chemical swelling also occurs in a single
stage when the initial salt content is low, and in two or more
stages when the initial salt content is high.

Tracking of the deformation and of concentration induced
by changes in the chemical boundary conditions is compli-
cated by the several coupled transport processes, and by the
different ways through which deformation can arise. Strains
can arise because of osmotic suction changes (osmotic
consolidation according to Barbour & Fredlund, 1989), and
because of transient water flow caused by osmotic gradients
(osmotically induced consolidation according to Barbour &
Fredlund, 1989). Darcian flow associated with pore pressure
variations, due to constrictions caused by the low permeabil-
ity, and advective flow of the dissolved chemical further
influence the deformation pattern (Kaczmarek & Hueckel,
1998; Peters & Smith, 2004).

Profiles of eM and em at different times can be useful in
understanding the evolution of the deformation process, and
possibly the structural arrangement, as foreseen by the
model. During the first 5 days, displacement progresses at a
relatively fast rate (Fig. 12). The dominant role of eM, whose
increment is more noticeable in the lower part of the sample,
although also appreciable at the upper side, is evidenced in
Fig. 14(a). By contrast, the increase of em is limited to the
bottom 3 mm of the sample (Fig. 14(b)). Taking as a
reference the time interval between 2.5 and 5 days, the
model predicts that, in the bottom part of the sample, eM

will progressively reduce while em increases; swelling aggre-
gates are progressively invading the inter-aggregate porosity
(as depicted in the conceptual scheme in Fig. 7(a)). The
delayed deformation of the microstructure is associated with
a slow release of salt towards the macrostructure, or, in other
words, with values of microstructural osmotic suction re-
maining high, compared with the macrostructural values
(Fig. 15). Indeed, since the salt concentration is initially
high, the density of pores with size smaller than 1000 nm is
low, and the transfer term � is very small. Therefore, despite
significant differences in suction, transfer of mass between
the inter-aggregate and the intra-aggregate pore space occurs
very slowly.

After 45 days, the macrostructural and microstructural
suctions have about the same value (Fig. 15); this occurs
while � attains higher values, so that mass can be transferred
more easily between the two structural levels. Between
t ¼ 90 days and t ¼ 240 days, vertical displacements are
about stable. Vertical displacements increase again signifi-
cantly when t is greater than 240 days, clearly as a conse-
quence of the higher sensitivity of both microstructural and
macrostructural deformations to suction changes in the low-
suction range (see Figs 3 and 6). Macroporosity is further
invaded by swelling aggregates, and eM globally reduces to
values smaller than the initial ones (Fig. 14). Also, the salt
concentration in the upper reservoir first attains a quasi-
constant value and then starts to increase again (after
approximately 200 days; Fig. 12). In the light of the hypoth-
esis concerning the mass transfer coefficient, the increase in
concentration occurring after 200 days could correspond to
an easier release of mass from the microporosity to the
macroporosity, and then from the latter to the reservoir (refer
to the conceptual scheme of Fig. 7).

According to the analysis, hydraulic pressure within the
macrostructure is not constant in space and time (Fig. 16),
but nevertheless remains limited between �20 kPa and
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20 kPa. Notwithstanding the small pressure gradient devel-
oped, the Darcian and osmotic flow at the centre of the
sample (at an elevation of 5 mm) would be of about the
same magnitude. Indeed, although the osmotic gradients are
quite high, the osmotic flow is nevertheless small, by virtue
of the very low values of the predicted osmotic efficiency
(Fig. 17(a)). As a whole, despite the existence of other
transport forces, at the centre of the sample diffusion
remains the dominant transport mechanism (Fig. 17(b)).

After 350 days, on the basis of the external measurements,
swelling and transport were assumed to have come to an
end, although according to the simulation small concentra-

tion gradients still existed. A 5.5 mol/l sodium chloride
solution was then poured into the bottom reservoir, favouring
osmotic and osmotically induced consolidation: as commen-
ted, shrinkage was faster than swelling. This is explained
both by the steeper relationship between volumetric strain
and osmotic suction at moderate suction values (Fig. 6) and
by the shape of the first-order exchange function, which
allows exchanges of mass to occur at a faster rate at low
suctions (conceptual scheme of Fig. 7). In a short time em

would reduce noticeably (see curves referring to days 351
and 352 in Fig. 18); eM would initially increase, and then
reduce at longer times. The microstructural osmotic suction
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�m increases quite significantly within the first 5 days from
the beginning of salinisation (Fig. 19), giving rise to a
significant reduction of microporosity. It appears that the
faster transfer of mass between the structural levels, and the
marked dependence on suction of the void ratios, favour
deformations proceeding continuously and without jumps.
Vertical displacements foreseen by the simulation are in
good agreement with experimental data between 350 and
360 days, but are smaller at longer times (Fig. 12). Accord-
ing to the simulation, shrinkage of the aggregates would be
more difficult after 360 days, and the predicted microstruc-
tural void ratio would remain roughly constant between 360
and 400 days. Despite the fact that after 400 days the
displacements seem to have ceased, the values of the osmo-
tic suction provided by the numerical simulation would sug-
gest that equilibrium between pressures in the microporosity
and in the macroporosity had not been reached yet, so that
further aggregate shrinkage and positive displacements could
have occurred for longer testing times. Although not per-

fectly reproduced by the simulation, the actual final height
of the specimen was greater than the initial one, a phenom-
enon that could be associated with residual salt in the
micro-voids.

Very interestingly, the history of concentrations also shows
different timescales depending on the direction of the salini-
sation process. This hydro-geochemical hysteresis, as docu-
mented by van Genuchten & Cleary (1982), can also be
attributed to double-structure effects, related to the existence
of soil aggregates.

CONCLUSIONS
Microstructural evidence, collected after exposing com-

pacted samples to saline solutions with increasing concentra-
tions, suggests that a double-structure frame could be used
to reproduce the chemo-hydro-mechanical behaviour of com-
pacted active clays. After introducing a simple criterion to
discriminate between microporosity and macroporosity, pore
size distribution data were used to calibrate a relationship
between osmotic suction and microstructural void ratio.
Swelling under load testing was used instead to relate
osmotic suction to the overall void ratio.

An associated double-structure transport model was identi-
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fied and calibrated on the same microscopic data, introdu-
cing the working assumption that aggregates do not commu-
nicate one with another. The model was used to simulate the
results of a salinisation–desalinisation test, during which
both displacements and concentrations were recorded. Both
concentration and displacement histories appear to be well
reproduced by the simulation.

Simulation results support the hypothesis that effects
induced by an evolving double structure take place when
compacted active clays are exposed to transient chemical
changes. The framework shows that, even though the overall
void ratio increases upon decrease of the osmotic suction,
the macroscopic void ratio can reduce. This could justify the

observed decrease in water permeability. As for the history
of displacement upon salinisation cycles, double-structure
effects can explain both the occurrence of the development
of swelling in the different stages and of the significantly
different times required to complete the swelling and shrink-
age processes. The consistency between the mechanical and
hydraulic features of the model also ensures the reproduction
of similar hysteretic aspects associated with the transport
mechanisms, as documented by histories of concentrations
recorded during the test.

Double-structure features, whose effects on the behaviour
of compacted active clays in unsaturated conditions had
already been documented, appear to have a similar influence
on the chemo-mechanical behaviour. These results suggest
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that problems where chemical and saturation changes are
expected could be analysed by adopting a unique frame-
work.

As a final point, the model has also allowed complement-
ing and better exploitation of information on the evolution-
ary processes at the local scale that are beyond the
measurable experimental scale of the macroscopic oedometer
test performed.
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NOTATION
b half-distance between soil particles/aggregates
c molar concentration

cM molar concentration in macropores
cM0 initial molar concentration in macropores
cm molar concentration in micropores

cm0 initial molar concentration in micropores
D diffusion coefficient

DM effective diffusion coefficient in the macropores
DM0 effective diffusion coefficient in the macropores in the

absence of osmotic effects
e total void ratio

e0 initial total void ratio
eM macrostructural void ratio

eM0 initial macrostructural void ratio
em microstructural void ratio

em0 initial microstructural void ratio
f (c) function of salt concentration

g gravitational acceleration
i number of constituents into which molecule separates upon

dissolution
j total flux of solute mass

K hydraulic conductivity
KM macrostructural hydraulic conductivity
K� osmotic permeability
k� macrostructural logarithmic compliance against osmotic

suction changes
m� macrostructural osmotic compressibility

p water pressure
patm atmospheric pressure
pM macrostructural water pressure
pm microstructural water pressure

qEX
s salt mass transfer term

qEX
w water mass transfer term
R universal gas constant
Sr degree of saturation
SS specific surface
T absolute temperature
t time

Vs volume of solids
Vtot overall volume
VvM volume occupied by macro-voids
Vvm volume occupied by micro-voids

v volumetric flow of water relative to solid skeleton
w water content

wL liquid limit of soil
wL(c) liquid limit of soil at concentration c

wP plastic limit of soil
x entrance pore diameter

xlim diameter representing threshold between microporosity and
macroporosity

Æ, � constitutive material parameters
Æ� fraction of aggregate strain not contributing to macropores

invasion
�sw(�) swelling strain when osmotic suction at saturation ¼ �
�sw(0) swelling strain when osmotic suction at saturation ¼ 0

�vol overall volumetric strain
�m

vol volumetric strain of microstructure

d���M
vol volumetric strain that macroporosity would experience at

constant aggregate size
�M osmotic suction of solute in macro-voids
�m osmotic suction of solute in micro-voids
rd dry density
rS density of solid particles
rw density of water
�v total vertical stress
�M macroporosity
�m microporosity
� first-order transfer coefficient
ø osmotic efficiency
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A chemo-mechanical constitutive model accounting for cation exchange in
expansive clays

L. DO N. GUIMARÃES�, A . GENS†, M. SÁNCHEZ‡ and S. OLIVELLA†

The paper presents a chemo-mechanical model for expansive clays that takes into account the effects
of cation content and cation exchange. These factors play a key role in the mechanical behaviour of
very active clays, particularly with regard to volumetric behaviour. The model is based on an existing
double-structure formulation that distinguishes specifically between microstructure and macrostructure.
Chemical effects are defined at the microstructural level, the seat of the basic physico-chemical
phenomena affecting highly swelling clays. The microstructural model accounts for changes in both
osmotic suction and in cation content. Microstructural strains are considered to be reversible; material
irreversibility arises from the interaction between the two structural levels. The formulation is
developed for general unsaturated conditions; saturation is considered as a limiting case. The model is
successfully applied to the reproduction of experimental behaviour observed in oedometer tests on
saturated bentonite subjected to chemo-mechanical loadings, and in hydration tests of unsaturated
bentonite performed using different solute concentrations.

KEYWORDS: chemical properties; clays; constitutive relations; environmental engineering; expansive soils;
partial saturation

INTRODUCTION
It has long been recognised that the mechanical and hydraul-
ic behaviour of very active clays is significantly affected by
their geochemical environment (e.g. Salas & Serratosa,
1953; Mesri & Olsen, 1970, 1971; Sridharan et al., 1986;
Moore, 1991). These interactions are coupled at different
scales, making the resulting behaviour quite complex
(Hueckel & Bo Hu, 2009). Interest in the interaction be-
tween hydromechanical clay behaviour and chemical vari-
ables has been recently reinforced by the potential use of
these materials as part of containment systems for hazardous
wastes, notably radioactive waste. A characteristic feature of
these materials is their sensitivity to the solutes present in
the pore water, and to the nature of the cations in their
exchange sites (e.g. Pusch, 1982; Barbour & Yang, 1993;
Komine & Ogata, 1996; Di Maio, 1996, 1998; Di Maio et
al., 2004). More recently, the effect of pH on mechanical
behaviour has been highlighted (Gajo & Maines, 2007; Gajo
& Loret, 2007), but this particular aspect is not dealt with
herein.

A proper consideration of the chemo-mechanical effects
in expansive clays requires the development of appropriate
constitutive models (Gens, 2010). Hueckel (1992, 1997)
published a number of seminal works in this area; subse-
quently, Loret et al. (2002), Gajo et al. (2002) and Gajo &
Loret (2003) proposed models to describe the elasto-plastic
behaviour of saturated expansive clays in the framework of
thermodynamics of multiphase, multi-species porous media.
Chemically sensitive clays are viewed as two-phase media,

with the solid phase including clay particles, adsorbed water
and ions. Independently, a chemo-mechanical model combin-
ing the Hueckel (1992) formulation with the conventional
Barcelona Basic Model (BBM) has been put forward (Liu et
al., 2005).

In this paper a phenomenologically based chemo-mechanical
model is presented, based on the double-structure framework
for unsaturated expansive clays described in Gens & Alonso
(1992). The aim is to obtain a constitutive model that is simple
enough to be used in coupled analyses of engineering prob-
lems, but which incorporates the relevant chemical variables
(Guimarães et al., 2007). The chemical variables selected for
modelling are the equivalent fractions of exchangeable cations
and the osmotic suction. The model considers explicitly the
phenomenon of cation exchange, which plays a key role in the
mechanical behaviour of expansive clays. The constitutive
model is developed for unsaturated soils; saturated behaviour is
obtained as a limiting case. In this paper, only the volumetric
part of the model – the core of the formulation – is described.
The performance of the model is finally examined in relation to
experimental results on saturated and unsaturated clays.

FORMULATION OF CHEMO-MECHANICAL
CONSTITUTIVE MODEL
General

As stated above, the chemo-mechanical constitutive model
presented here has been developed in the context of a
double-structure conceptual model devised to reproduce the
behaviour of unsaturated, highly swelling clays (Gens &
Alonso, 1992). The main feature of this conceptual model is
the distinction between two structural levels: a micro-
structural level and a macrostructural level. The total void
ratio, e, is simply the sum of the macrostructural void ratio,
eM, and the microstructural void ratio, em: The macrostruc-
tural level is made up of the ensemble of particle aggregates
and macropores, which can be viewed as forming a granu-
lar-like fabric. Other macrofabrics are possible, however,
depending on the type of material considered, and on the
way it was generated. The behaviour of the macrostructure
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can be described by concepts and models developed for
conventional soils. The microstructural level is defined by
the basic physico-chemical phenomena occurring at clay-
particle level. The complete expansive soil model requires,
in addition, specification of the interaction between the two
structural levels. A basic assumption is that the microstruc-
tural behaviour is not influenced by the macrostructure. This
is reasonable, as it is unlikely that the basic physico-
chemical processes will be affected by non-local variables
such as macrostructural fabric. In contrast, microstructural
deformations may modify or disrupt the macrostructural
fabric, causing irreversible deformations. Interaction func-
tions provide the required link between the two levels.

It has long been noted that the consideration of two
structural levels provides a convenient way to model time-
dependent deformation of soils, if it is assumed that the
exchanges between the two levels are not instantaneous, but
follow a diffusion-type process (Alonso et al., 1991; Gens et
al., 1993; Wilson & Aifantis, 1982). This aspect is not
considered in this paper; an extension of the double-structure
model to incorporate local non-equilibrium in hydraulic
conditions is presented in Gens et al. (2011). Here it is
assumed that there is local hydraulic equilibrium between
microstructure and macrostructure at all times. This equili-
brium assumption implies that the total suction in the
macrostructure is the same as that in the microstructure,

sm ¼ sM ¼ sþ so (1)

where sm is the total microstructural suction, sM is the total
macrostructural suction, s is the macrostructural matric suc-
tion and so is the macrostructural osmotic suction.

The osmotic suction is given by

so ¼ �10�6 RT

vw

ln awð Þ (MPa) (2)

where R is the gas constant (8.3143 J/(mol K)), T is the
absolute temperature (in K), vw is the molar volume of
water (in m3/mol) and aw is the activity of liquid water. In
electrolyte solutions (both dilute and concentrated), aw de-
pends on the concentration of dissolved salts, and can be
computed from the geochemical model. When dealing with
saturated materials, it will be assumed that the matric
suction is zero. However, osmotic suction is present even in
saturated conditions, and depends on the solute content of
the liquid phase in accordance with equation (2).

In the following, the formulation of the model for expan-
sive clays, extended to incorporate chemical effects
(BExCM), is described. In addition to the hydraulic equilib-
rium mentioned above, it is assumed that there is also
mechanical and chemical local equilibrium between the two
structural levels. Although only the volumetric part of the
model is presented, extensions to general stress conditions
are relatively straightforward, following the mathematical
formulations described in Alonso et al. (1999) and Sánchez
et al. (2005).

Macrostructural model
The inclusion of the macrostructural level in the model

allows the consideration of phenomena that affect the skele-
ton of the material, and are relevant to the macroscopic
response of expansive materials. It is possible to use conven-
tional models to describe the behaviour of the macrostruc-
ture. As in the original proposal of Gens & Alonso (1992),
macrostructural behaviour is simulated using the BBM pre-
sented in Alonso et al. (1990).

It is, however, necessary to incorporate a modification
regarding the evolution of expansive clay compressibility
with applied stress. Examining, for instance, the results of

Fig. 1 (Marcial et al., 2002), it is apparent that there is a
distinct break in the relationship between void ratio and
vertical stress; compressibility (in log terms) severely re-
duces when the void ratio reaches a threshold value. The
same behaviour has been observed by Di Maio (1996),
testing a sodium bentonite. This characteristic behaviour can
be accounted for by using the following relationships for the
slopes of consolidation and swelling lines.

º0 eMð Þ ¼
º0 if eM . ep

º0 �
eM

ep

otherwise

8><
>: (3a)

k eMð Þ ¼
k if eM . ep

k � eM

ep

otherwise

8><
>: (3b)

ks eMð Þ ¼
ks if eM . ep

ks �
eM

ep

otherwise

8><
>: (3c)

where º0 is the slope of the virgin consolidation line under
saturated conditions, k is the slope of the elastic swelling
line, ks is the slope of elastic void ratio changes due to
suction variations, eM is the macrostructural void ratio and
ep, a model parameter, is the threshold void ratio where the
change of slope occurs. This formulation has the additional
advantage that the macrostructural void ratio can never
become negative.

Microstructural model
Solid–liquid interaction in the proximity of a clay particle

is a complex combination of phenomena (e.g. Coulomb
attraction, Van der Waals forces, ion–dipole interaction,
hydrogen bridges, and cation hydration) that molecular dy-
namics has only recently started to unravel in a systematic
way (e.g. Katti et al., 2007). Traditionally, for highly ex-
pansive smectitic clays, the diffuse double layer (DDL)
theory (suitably modified to take into account the actual size
of hydrated ions) provides a useful background (Mitchell &
Soga, 2005). Although, for a highly compacted clay, the role
of the DDL theory may be limited (Karnland, 1997), it is
used here as the reference model for microstructural behav-
iour. Of course, there is no conceptual difficulty in updating
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the microstructural law with a more sophisticated theory if
the need arises.

In accordance with the general framework proposed in
Gens & Alonso (1992), it is assumed that microstructural
behaviour is only volumetric and reversible. Reversibility of
the microstructural hydromechanical behaviour stems from
the fact that basic physico-chemical phenomena at particle
level are generally largely reversible.

An effective mean stress that controls microstructural
behaviour is defined as

p̂p ¼ pþ �sm (4)

where p is the mean net stress, and � may take values
between 0 and 1. This is a generalisation of the original
proposal

p̂p ¼ pþ sm (5)

to take into account the possibility that, under some circum-
stances, the microstructure may become unsaturated. Alonso
et al. (1999) proposed � ¼ Sn

r , where Sr is the microstructure
degree of saturation and n is a parameter. When n ¼ 0 the
classical effective stress definition is recovered.

A mathematically convenient way to express the depen-
dence of the elastic microstructural volumetric strain on the
chemical and mechanical variables is

�e
m ¼ �

�m

Æm

e�Æm p̂p (6)

as suggested by the theories that, based on DDL theory,
describe the interparticle distance as a function of effective
stress. To incorporate the influence of geochemical variables
on the behaviour of the microstructure, it is assumed that
the material parameter Æm is constant, and that the variable
�m depends on the exchangeable cation concentrations as

�m ¼
X

i

�i
mxi (7)

where xi is the equivalent fraction of the exchangeable
cation i, defined as

xi ¼
concentration of exchangeable cation

CEC
(8)

and CEC is the cation exchange capacity of the clay. The
equivalent fractions, xi, are subjected to the restrictionsX

i

xi ¼ 1; 0 < xi < 1 (9)

The �i
m values control microstructure stiffness, and should

be defined for each of the potential exchangeable cations.
Based on DDL theory, the value of �i

m for exchangeable
cation i is proportional to the ionic hydrated radius, and
inversely proportional to its valence. Table 1 lists the

hydrated radii of various cations. Consequently, the values of
�i

m will be ordered as �Li
m . �Na

m . �K
m and, in general, as

�monovalent cation
m . �divalent cation

m : These assumptions are clearly
supported by the results of Fig. 2, where it can be seen that
the compressibility of homoionised (i.e. containing a single
cation species) bentonite reduces as the cation valence in-
creases, and becomes larger with an increase in hydrated
radius.

Full differentiation of equation (6) yields the incremental
form for the elastic microstructural volumetric strain

d�e
m ¼ �me�Æm p̂pdp̂p� 1

Æm

e�Æm p̂pd�m (10)

Naturally, osmotic suction is incorporated in the value of
the effective stress. Equation (10) shows an important fea-
ture of this model: cation exchange not only affects the
stiffness of the microstructure to changes in effective stress
(first term), but also contributes separately to the microstruc-
tural volumetric strains (second term). An important conse-
quence of the formulation is therefore that microstructural
strains due to a geochemical change depend not only on the
variation of osmotic suction, but also on the nature of the
cations present in the clay.

To illustrate the microstructural behaviour proposed here, a
series of oedometer tests on remoulded samples of a sodium

Table 1. Hydrated radii of cations (after Mitchell & Soga, 2005)

Cation Hydrated radius: Å

Liþ 7.3–10.0
Naþ 5.6–7.9
Kþ 3.8–5.3
NHþ 5.4
Rbþ 3.6–5.1
Csþ 3.6–5.0
Mg2þ 10.8
Ca2þ 9.6
Sr2þ 9.6
Ba2þ 8.8
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Fig. 2. Results of oedometer tests on homoionised bentonite (after
Sridharan et al., 1986): (a) monovalent bentonites; (b) hetero-
valent bentonites
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montmorillonite (Di Maio, 1996) are shown in Fig. 3. In
these tests, three bentonite samples were initially consolidated
to 640 kPa, and then were exposed to saturated solutions of
sodium chloride (NaCl), potassium chloride (KCl) and cal-
cium chloride (CaCl2). The osmotic suctions of these solu-
tions are 39 MPa, 24 MPa and 185 MPa respectively. The
values of osmotic suction have been obtained from equation
(2) for a temperature of 258C. For these tests, the observed
differences are due to the microstructural behaviour – the
dominant deformation mechanism. It can be seen that the
sample exposed to calcium chloride compresses only slightly
more, in spite of the large osmotic suction applied. When the
sodium bentonite is exposed to the saturated solution of
calcium chloride, the Ca2þ cations in the solution will tend to
replace the Naþ and the other cations in the exchange
complex. As the value of �Ca

m is lower than the values for the
other cations, the specimen exhibits a higher stiffness, and
the effects of osmotic suction variation are more muted. It is
also interesting to note that, in spite of the fact that the
osmotic suction of the sodium chloride solution is higher than
that of the potassium chloride solution, the deformation is
very similar. The effect of the change in osmotic suction
effect is compensated for by the cation exchange and the
associated differences in microstructural stiffness (�Na

m . �K
m)

that occur in the test. As a matter of fact, the potassium
chloride sample compresses marginally more. It is apparent,
therefore, that changes in osmotic suction alone do not
explain fully the volumetric behaviour of the material; the
effect of individual cations must be considered as well.

For the development and implementation of the model, a
more convenient way to express the elastic microstructural
volumetric strain given in equation (6) is

�e
m ¼ �

�m

Æm

e�Æmp̂p

¼ � 1

Æm

e�Æmł

(11)

where the variable ł is defined as

ł ¼ p̂p� 1

Æm

ln �m

¼ pþ �sm �
1

Æm

ln�m

(12)

This variable will be called the chemically modified effective
stress of the microstructure. This term reflects the fact that
the microstructural volumetric strain depends only on
changes of ł, according to

d�e
m ¼ e�Æmłdł (13)

It is possible to write equation (13) as

d�e
m ¼

dł

Km

(14)

where Km is the microstructural volumetric stiffness, given by

Km ¼ eÆmł (15)

To simplify the notation, equation (12) is written as

ł ¼ pþ �sm þ łc (16)

where

łc ¼ �
1

Æm

ln �m (17)

Therefore the variable łc depends on the microstructural
material parameters Æm and �i

m, and on the equivalent
fractions of exchangeable cations. Based on the previous
discussion, a cation exchange process that causes an increase
in �m (e.g. the replacement of Ca2þ by Naþ in the exchange
sites of the clay) will result in a reduction of łc and an
expansion of the microstructure. Indeed, reductions in p, sm

or łc will all cause a microstructural expansion. Hence a
reduction of ł will be associated with microstructural
wetting. Conversely, when the net effect of changes in
microstructural variables p, sm and łc is an increase of ł,

there will be shrinkage of the microstructure, and it will be
associated with microstructural drying.

In Gens & Alonso (1992), a neutral line was defined as
the locus where the increment of microstructural volumetric
strain was zero. In the present model, this implies that

d�e
m ¼ 0

) dł ¼ d(pþ �sm þ łc) ¼ 0
(18)

and it corresponds to the plane of equal ł that contains the
current stress state in the space p–sm –łc (Fig. 4(a)). While
the generalised stress state remains in this plane of constant
ł, there will be no microstructural deformations. By analogy
to the neutral line, this plane is called the neutral plane
(NP), separating stress paths that cause either drying or
wetting of the microstructure. When there is no cation
exchange, the original concept of the neutral line is recov-
ered.

Coupling between microstructure and macrostructure
The deformation of the microstructure may cause a re-

arrangement of the macrostructure, leading to irreversible
volumetric strains, which will be reflected in a variation of
the macrostructural yield surface via a change in the hard-
ening parameter p�0 , the saturated yield stress. For this
plastic mechanism, it is possible to envisage an elastic
domain where microstructural deformations do not affect the
macrostructure in an irreversible manner. Since it is assumed
that the microstructural strains are reversible and depend
only on the chemically modified effective stress (ł), the
elastic domain can be defined by providing bounds for ł,
leading to two yield surfaces that depend on microstructural
variables only.

SI:

FSI ¼ ł�I � ł < 0 (19)
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Fig. 3. Volume change of sodium bentonite due to loading and
exposure to different saturated solutions (after Di Maio, 1996).
Osmotic suctions of solutions: 39 MPa, 24 MPa and 185 MPa for
sodium chloride (NaCl), potassium chloride (KCl) and calcium
chloride (CaCl2) respectively
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SD:

FSD ¼ ł� ł�D < 0 (20)

The names of these surfaces, SI (suction increase) and SD
(suction decrease), coincide with those used in the original
BExM. ł�I and ł�D (ł�I > ł�D) are the maximum and mini-
mum values that ł may have without causing macro-
structural plastic strains starting from the present
configuration. These history variables define the planes
representing the SI and SD surfaces in the space p–sm –łc

(Fig. 4(b)). The NP contains the present stress state, and is
located between SI and SD. A particular form of this
formulation consists in assuming that the planes SI, SD and
NP coincide: that is, ł� ¼ ł�I ¼ ł�D: In this case, micro-
structural deformations always bring about some plastic
macrostructural strains and the elastic domain is reduced to
the NP only. This particular form of the model yields itself
naturally to a generalised plasticity formulation as described
in Sánchez et al. (2005).

In Gens & Alonso (1992), it was postulated that the effect
of microstructural strains on the macrostructure depended on
p/p0, where p0 is the yield stress for the value of matric
suction acting on the soil. p/p0 represents a measure of the
degree of openness of the macrostructure in relation to the
particular stress applied. Values of p/p0 close to 1 indicate a

macrostructure that is open, and potentially collapsible.
Small values of p/p0 are associated with a close packing of
the soil. It therefore appears reasonable to assume that the
nature and magnitude of the effect of microstructural strains
on macrostructure depend on the p/p0 variable.

Alonso et al. (1999) proposed the following expressions
to define the link between microstructural and macrostruct-
ural volumetric strains (�e

m and �p
M respectively)

d�p
M ¼ f Dd�e

m (21)

when the SD is activated (microstructural expansion) and

d�p
M ¼ f Id�

e
m (22)

when the SI is activated (microstructural shrinking).
The interaction functions fD and fI depend on p/p0 (Fig.

5). The plastic volumetric strains of the macrostructure
caused by the coupling with the microstructure can be
computed from the combination of equations (14), (21) and
(22) to give

d�p

M� ¼ f �d�e
m ¼ f �

dł

Km

, � ¼ I, D (23)

where the symbol � indicates the mechanism currently
active, I or D.

The history variable associated with the mechanism � is
ł�� (� ¼ I, D) and the hardening law for this mechanism, in
accordance with equation (23), is

dł�� ¼
Km

f �
d�p

M�, � ¼ I, D (24)

A basic component of the BBM model is the loading-
collapse (LC) curve, which expresses the variation of appar-
ent consolidation pressure with suction for a given value of
plastic volumetric strain. The coupling between mechanism
� and the macrostructural model establishes that when there
is a plastic macrostructural densification, the LC surface
expands (moving to the right). On the other hand, when
there is a plastic opening of the macrostructure, the LC
surface shrinks (moving to the left). This is automatically
achieved by using the hardening law for the BBM, where,
now, the plastic volumetric strain is the sum of the contribu-
tions of the two plastic mechanisms LC (d�p

MLC) and �
(d�p

M�),

dp�0
p�0
¼ 1þ eM

º0 � k
d�p

MLC þ d�p

M�

	 

(25)

where º0 is the slope of the saturated virgin consolidation
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line and k is the slope of the swelling line (both in semi-log
space). They are the same parameters as used in the BBM.
Note that, in the plastic regime, the two mechanisms can be
active simultaneously, but situations in which only one of
them operates are equally possible.

APPLICATIONS
In this section, the proposed model is verified by reprodu-

cing qualitatively a number of tests on expansive clays in
which chemical and mechanical actions have been applied.
The basic aim is to capture the main phenomena related to
the dependence of volume change on the nature of dissolved
salts and exchangeable cation content. Tests under saturated
conditions are considered first, followed by some unsaturated
soil applications. As only oedometer tests are available, the
usual assumption is made that the formulation developed
using mean stresses is also applicable in terms of applied
vertical stresses. In the tests, there is a time evolution of the
measured strains before reaching equilibrium, because of the
delay required for pore pressure and chemical concentration
equilibration throughout the specimen. However, the soil
response at constitutive level is instantaneous. Despite this,
model computations have been plotted against time for
presentation purposes only, so that comparisons with experi-
ments can be more readily made.

Reference soil
A quantitative analysis of the hydro-chemo-mechanical

problem requires a detailed geochemical characterisation of
the particular expansive clay being examined. The equili-
brium constants of the cation exchange reactions are espe-
cially significant, as they control the proportion of cations
occupying the exchange sites. The presence of secondary
minerals such as calcite, dolomite, gypsum or anhydrite has
a significant influence on the chemistry of the pore water of
natural clays (Guimarães, 2002). They account for the
buffering of the system with respect to changes in chemical
variables such as pH, and also restrict the concentration of
aqueous species in equilibrium with them.

Since the information required for complete physico-
chemical modelling of the tests on natural clays reported in
the literature is generally not available, computations have
been made using a reference soil with appropriate param-
eters. Therefore only qualitative comparisons are possible.
The relevant parameters for the volumetric component of the
model are collected in Table 2. They are representative of a
chemically active expansive clay with an initial high void
ratio and a large volume change potential due to variations
in matric suction or chemical actions, but they are not
intended to apply to a specific soil. At high confining
pressures stiffness increases considerably, and expansion
potential is much reduced. This agrees with the behaviour of
sodium montmorillonites typically found in the literature. In
accordance with the discussion above, the �i

m values of

Table 2 are consistent with DDL theory, as �Na
m . �K

m,
�Mg

m . �Ca
m and, in general, �monovalent

m . �divalent
m :

In this type of material microstructural behaviour is
dominant, so the model results and experimental observa-
tions address mainly the performance of the microstructural
component of the model. It will be shown, however, that the
macrostructural component and its interaction with the
microstructure are required to describe the observed behav-
iour fully. To obtain the desired shape for the interaction
functions, the following equations are adopted.

f I ¼ 0:075 tanh [30(p=p0 � 0:2)] (26a)

f D ¼ �0:075 tanh [30( p=p0 � 0:2)] (26b)

In all the examples it is assumed that there is no elastic
domain for the interaction mechanism, and the SI, SD and
NP planes coincide. Therefore any microstructural strain will
cause at least some macrostructural plastic strain, although
the microstructural behaviour will of course remain revers-
ible. The internal variables of the model are the macro- and
micro-void ratios eM and em, and the history variable p�0 : In
the simulations, it is assumed that the soil is initially in a
normally consolidated state (p/p0 ¼ 1), consistent with the
procedure used for sample preparation.

For the constitutive law computations, the simplified geo-
chemical model of the clay summarised in Table 3 is
assumed. The cation exchange reactions shown follow the
Gaines–Thomas convention (Appelo & Postma, 1993). It is
necessary to adopt a convention of this kind because of the
lack of consensus over the computation of the chemical
activity of the cations adsorbed in the clay. Here, an approx-
imate thermodynamical formulation is used in which chem-
ical activities are equated to their equivalent fractions. The
constants of equilibrium of those reactions, called selectivity
constants, are not really thermodynamic constants, as their
value depends on the experimental conditions and type of
soil. According to the convention adopted, the mass action
law for the Table 3 exchange reactions can be written as

KNa=K ¼
xNaaKþ

xKaNaþ
(27)

KNa=Mg ¼
xNaa0:5

Mg2þ

x0:5
MgaNaþ

(28)

KNa=Ca ¼
xNaa0:5

Ca2þ

x0:5
Ca aNaþ

(29)

where xNa, xK, xMg and xCa are the equivalent fractions of
exchangeable cations NaX, KX, MgX2 and CaX2 as defined
in equation (8). aNaþ , aKþ , aMg2þ and aCa2þ are the chemical
activities for the cations in solution. These chemical activ-
ities are a measure of the effective concentration, and they
may differ from the actual concentration because of inter-
actions in the solution. For the selectivity constants of these
reactions, the mean values compiled by Appelo & Postma
(1993) have been adopted: KNa=K ¼ 0.2, KNa=Mg ¼ 0.5 and
KNa=Ca ¼ 0.4, taking Naþ as the reference cation.

Table 2. Main parameters of volumetric component of elasto-plastic constitutive law for
chemically active soil (reference soil)

Macrostructure parameters (modified BBM)

º0 ¼ 1.2 k ¼ 0.4 ks ¼ 0.04 pc ¼ 0.001 MPa r ¼ 0.9 � ¼ 5 MPa�1 ep ¼ 2

Microstructure parameters (BExCM)

� ¼ 1.0 Æm ¼ 2.5 MPa�1 �Na
m ¼ 5 �K

m ¼ 1:5 �Mg
m ¼ 1:0 �Ca

m ¼ 0:5
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To compute the chemical activities of the aqueous species,
the Harvie & Weare (1980) model was used. It belongs to
the family of Pitzer models valid for very concentrated
saline solutions. In most tests considered here, the solutions
were saturated by the salts sodium chloride, calcium chloride
and potassium chloride. As the osmotic suction and the
equivalent fractions of the exchangeable cations required by
the model are computed from the activities of the aqueous
species, it is important to use a chemical model appropriate
for high solute concentrations.

The initial geochemical conditions used in the computa-
tions are listed in Table 4. Initially, it was considered that the
pore water contains only sodium chloride in relatively diluted
concentrations (0.1 M). The osmotic suction for this solution
is 0.46 MPa (obtained from equation (2)). From the equili-
brium of the clay–water system, the sodium cation predomi-
nates in the exchangeable sites of the clay. So, initially, the
reference soil is initially a homoionic sodium-clay.

Single-cation oedometer tests on saturated clay
Di Maio (1996) carried out a series of oedometer tests on

reconstituted samples of Ponza bentonite. This is a natural
bentonite with 80% clay fraction, composed mostly of
sodium montmorillonite, and a plasticity index of 320%.
Reconstituted specimens were prepared by mixing powdered
clay with distilled water to a slurry at about the liquid limit.
The tests were performed in conventional oedometers on
specimens 2 cm thick. They were first consolidated to sev-
eral axial stresses, and then exposed to different saturated
solutions (sodium chloride, potassium chloride and calcium
chloride). Other more complex combinations of load and
chemical solutions were also applied in some cases.

The results of a set of tests performed by Di Maio (1996),

combining chemical and mechanical effects, are presented in
Fig. 6. It can be seen (dotted lines) that very different
volumetric behaviours are measured between samples formed
with distilled water and those formed with a saturated solu-
tion of sodium chloride. Additional tests in which a cycle of
sodium chloride solution/distilled water was applied to the
samples (under different loads) indicated that, for this set of
tests, the volumetric behaviour was independent of the gen-
eralised chemo-mechanical stress path, since the final states
of the specimens are practically the same irrespective of their
previous history. However, irreversible behaviour is evident,
with a final void ratio significantly below the initial one.

Examining Fig. 7, it is apparent that the model is capable
of providing a satisfactory reproduction of this behaviour,
including stress path independence. The reason for this
agreement is that the samples have been loaded to a vertical
stress sufficiently high (10 MPa) that the virgin consolidation
lines converge. Thereby, the two specimens reach the same
values of history variables, e and p�0 , although the stress
paths have been different (one has undergone a sodium
chloride solution/distilled water cycle and the other has not).
Irreversible behaviour is also captured; it is associated with
the plastic behaviour of the macrostructure, since microstruc-
tural behaviour is considered reversible. This can be illu-
strated by computing the evolution of the void ratios of the
two structural levels during the tests (Fig. 8). It can be seen
that the microstructural strain cycle is closed, whereas the
macrostructural void ratio exhibits a degree of irreversible
behaviour.

Figure 9 shows the results of another set of tests carried
out by Di Maio (1996) where bentonite samples, after
consolidation to different stress levels, were initially exposed
to a saturated solution of sodium chloride and, subsequently,
to distilled water. These actions result in some permanent

Table 3. Species present in system, and reactions considered in geochemical model for
reference soil

Species in liquid phase

Naþ Kþ Mg2þ Ca2þ Cl�

Species in solid phase

NaX KX MgX2 CaX2

Chemical reactions (cation exchange)

Naþ þ KX$ NaXþ Kþ

Naþ þ 1
2
MgX2 $ NaXþ 1

2
Mg2þ

Naþ þ 1
2
CaX2 $ NaXþ 1

2
Ca2þ

Note: species NaX, KX, CaX2 and MgX2 are the exchangeable cations of sodium, potassium,
calcium and magnesium present in the exchange complex of the clay. X� represents the
negatively charged clay mineral surface.

Table 4. Geochemical initial conditions for reference soil used in constitutive law
computations

Aqueous species (molality)

Naþ

0.10 M
Kþ

0.00 M
Mg2þ

0.00 M
Ca2þ

0.00 M
Cl�

0.10 M

Exchangeable cations (equivalent fractions)

NaX
1.00

KX
0.00

MgX2

0.00
CaX2

0.00
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deformations, since the initial shrinking is not totally recov-
ered by the subsequent expansion. It is also noticeable that
strains are larger under low stresses. As Fig. 10 shows, the
model reproduces the same type of behaviour: the larger the
load applied, the smaller the deformations computed. This is
a consequence of the increase of microstructural stiffness
with applied stress (equation (14)). There is also a measure
of volumetric irreversible behaviour due to the interaction
between micro- and macrostructures, although the degree of
irreversibility is underestimated by the model.

Multiple-cation oedometer tests on saturated clay
A more stringent test of the model arises when different

chemical species are used, and cation exchange occurs. Fig.
11(a) shows the results of a test reported in Di Maio (1998),
where the Ponza bentonite has been subjected to cycles of
exposure to different saline solutions of sodium chloride and
potassium chloride under an effective vertical stress of
40 kPa. Fig. 11(b) shows the satisfactory reproduction of the
behaviour by the model using the reference soil. In this test,
the observed behaviour of the clay is explained by the model
through the effects of the osmotic suction (so) and of the

exchangeable cations (variable �m in equation (6)) on the
microstructural model. Now, in addition to the effect on
microstructural stiffness (equation (15)), deformations are
also induced by cation change.

To illustrate further the performance of the model, the
evolutions of the computed total, macro- and micro-void
ratios are plotted in Fig. 12(a), together with the variables
that control the behaviour: osmotic suction (so) and �m (Fig.
12(b)). It can be seen that the behaviour of the material is
basically controlled by the microstructure, and only a slight
irreversible behaviour is generated in the macrostructure in
this case. In fact, the macrostructural void ratio becomes
constant after a few sodium chloride-water cycles.

Initially, in the various cycles of exposure to sodium
chloride-water, the clay remains an Na-clay, and the only
variable that causes deformations is the osmotic suction. It
can be seen (Fig. 11(a)) that, in the experiment, there is a
slight increase of swelling strains as the test cycles progress
that is not reproduced by the model (Fig. 11(b)). This
behaviour is attributed by Di Maio (1998) to a progressive
replacement of other cations present in the natural bentonite,
a feature not accounted for in a time-independent model that
assumes chemical equilibrium throughout.

Subsequently, the specimen is subjected to cycles of potas-
sium chloride-water and the deformations become smaller
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(see Fig. 11(a) for experimental results and Fig. 11(b) for
model results). One reason is that the potassium chloride-
water cycles apply variations of osmotic suction of 24 kPa,
smaller than the variations of 39 MPa applied by the sodium
chloride-water cycles. However, the main contribution to the
difference arises from cation exchange. When the sample is
exposed to the potassium chloride solution for the first time,
the following reaction takes place

NaXþ Kþ ! Naþ þ KX (30)

and the clay becomes potassic (K-clay). In this equation, X
represents the clay mineral surface. As �Na

m . �K
m, the micro-

structure becomes stiffer, and the potassium chloride-water
cycles exhibit compressive and swelling strains much smaller
than those observed in the sodium chloride-water cycles.

Figure 11 also illustrates the largely reversible behaviour
of the Ponza bentonite when, after the potassium chloride-
water cycles, it is again exposed to a saturated solution of
sodium chloride. In this case, the exposure to sodium
chloride produces a cation exchange reaction in the opposite
direction to reaction (30). The bentonite becomes a Na-clay
again, and it recovers the highly expansive behaviour ob-
served in the initial stages of the test. Finally, the sample is

exposed to a saturated solution of calcium chloride, and a
contraction ensues that is also reproduced by the model.

The effect of calcium on the chemo-mechanical behaviour
of Ponza bentonite is explored further in Fig. 13(a) (Di
Maio, 1998). A large compressive deformation is observed
when the sample is put in contact with the calcium chloride
solution. Subsequently, on exposure to water, the sample
does not expand in spite of the large variation of osmotic
suction (185 MPa) applied by the process. When the speci-
men is exposed to sodium chloride and later to water, it
exhibits a large swelling associated with a much smaller
osmotic suction variation (39 MPa).

The explanation naturally lies in the effect of exchange-
able cations on the clay microstructure. The exposure to
calcium chloride causes the Ca2þ of the solution to replace
the other cations in the exchange complex of the clay, which
becomes a stiffer Ca-clay. This is reflected in the low �m

value for calcium (�Ca
m ). Therefore subsequent exposure of

the sample to water causes only a small expansion (Fig.
13(b)). Subsequent exposure of the specimen to sodium
chloride brings about the reaction

Naþ þ 1
2
CaX2 ! NaXþ 1

2
Ca2þ (31)
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resulting in an Na-clay that is therefore more expansive
when in contact with water, as can be observed both in the
test (Fig. 13(a)) and in the model response (Fig. 13(b)).

A test that is not satisfactorily reproduced by the model is
depicted in Fig. 14(a). It involves exposure of the sample to
a calcium chloride solution at high stress levels. As shown
in Fig. 14(b), the model predicts a higher degree of reversi-
bility than observed. The same effect was observed when

using a saturated potassium chloride solution. As shown
above, this difference between model predictions and test
results does not arise at low stresses. An updated version of
the model would require a refinement of the formulation to
include the effect of applied stresses on reaction reversibility.
Note, however, that reaction irreversibility is still compatible
with the assumption of reversible microstructural strains.

Unsaturated clays
Although fewer swelling tests on unsaturated soils with

chemo-mechanical loading have been reported, two cases are
considered in this section. Now, in addition to osmotic
suction effects, matric suction s also plays a role in the
behaviour of both macrostructure (BBM model) and micro-
structure (equations (1) and (13)).

The first case involves the tests presented by Studds et al.
(1998), who studied the swelling behaviour of Wyoming
sodium bentonite. Samples of bentonite powder were placed
in an oedometer ring, subjected to vertical stress, and either
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distilled water or one of the chloride salt solutions was
allowed access to the sample. The sample height was
monitored until swelling ceased, at which point the final
void ratio was calculated. Fig. 15 shows the observed swel-
ling of the bentonite hydrated with distilled water and with
chloride salt solutions at concentrations of 0.001, 0.1 and
1 mol/l under different stress levels. The specimens were
initially unsaturated, with an estimated matric suction (from
water content) of 1 MPa. In Fig. 15(a) it can be seen that
the swelling with distilled water becomes larger as the
applied stress is reduced; in fact, above a confining stress of
200 kPa the specimens exhibit practically no expansion when
placed in contact with the water. Fig. 15(b) shows that the
swelling of the samples reduces as the saline concentration
of the hydration water increases.

These swelling tests have been simulated using the refer-
ence soil parameters. As shown in Fig. 16, the model results
are consistent with experimental observations for the two
types of test: hydration with distilled water (Fig. 16(a)) and
hydration with sodium chloride saline water (Fig. 16(b)).
Here exchangeable cations have no effect; the model ex-
plains observed behaviour simply from the variations of
osmotic and matric suctions. Hydration with distilled water
causes a reduction of matric and osmotic suction, and the
sample swells. When hydrating with a saline solution, swel-
ling is smaller because of the combined effects of an applied
larger osmotic suction and an increase in the clay micro-
structural stiffness.

A second case of the chemo-mechanical effects on unsatu-
rated compacted soil has been reported by Alawaji (1999).
In this case the material tested was a mixture of sand and
bentonite, the proportion of bentonite being 20% by weight.
To prepare the oedometer test specimens, bentonite was
added to the dry sand and initially mixed with a spoon. This
was followed by adding distilled water in several stages until
the desired water content of 8% was reached. A 24 h curing
period followed. Specimens were finally prepared by static-

ally compacting the soil directly in the confining oedometer
ring to a dry density of 18 kN/m3: The specimens were then
hydrated with aqueous solutions of calcium nitrates at differ-
ent concentration values and different applied stresses.

Figure 17(a) shows the observed swelling under load as a
function of calcium nitrate concentrations. It can be seen that,
for the different values of applied load, the swelling potential
reduces drastically for concentrations above 0.3N. For a
qualitative comparison, the results of model simulations are
represented in a plot of void ratio against concentration for
the various applied loads (Fig. 17(b)). It can be seen that the
model results for the reference soil exhibit the same trends as
those observed in the tests. Apart from some potential
precipitation phenomena, Alawaji (1999) identified two main
causes for the observed behaviour: the change in the electro-
lyte concentration (i.e. osmotic suction), and replacement of
monovalent ions by divalent ones such as calcium – the two
main mechanisms considered in the model.

CONCLUDING REMARKS
A constitutive model has been described that incorporates

the effect of geochemical variables on the volumetric behav-
iour of expansive clays. The relevant geochemical variables
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selected for model development are osmotic suction and the
distribution of cations over the exchange sites of the clay. In
this way, the influence of cation exchange and osmotic
suction can be explicitly considered.

The model has been developed within the framework of
an existing double-structure model. This framework provides
a microstructural level where the chemical effects can be
incorporated in a natural manner. Microstructural strains are
considered reversible, and volume change irreversibility
arises from the interaction between the two structural levels.
The capabilities of the model have been demonstrated with a
series of applications addressing the simulation of experi-
mental behaviour observed in oedometer tests on saturated
bentonite subjected to chemo-mechanical loading, and in
hydration tests of unsaturated bentonite performed with dif-
ferent solute concentrations. Although some limitations have
been identified that may require further developments (e.g.
the assumption of local equilibrium for chemical reactions,
and the potential existence of irreversible chemical reactions
at large stresses), the constitutive model presented is able to
reproduce a wide range of features of the chemo-mechanical
behaviour of saturated and unsaturated expansive soils.
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NOTATION
aw activity of liquid water

aNaþ , aKþ , aMg2þ , aCa2þ chemical activities for cations in solution
CEC cation exchange capacity of clay

e total void ratio
eM macrostructural void ratio
em microstructural void ratio
ep threshold void ratio where change of slope

occurs
FSD yield function for suction decrease
FSI yield function for suction increase

fD, fI interaction functions
H sample height

Km microstructural volumetric stiffness
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Fig. 15. Swelling of unsaturated bentonite powder as a function of
vertical stress (after Studds et al., 1998). Hydration performed
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solutions
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n parameter
nd normal to the neutral plane, suction

decrease
ni normal to the neutral plane, suction

increase
p mean net stress

p0 yield stress for value of matric suction
acting on soil

p̂p effective mean stress
p�0 saturated yield stress
R gas constant
r parameter of the LC yield surface

Sr microstructure degree of saturation
s macrostructural matric suction

sM total macrostructural suction
sm total microstructural suction
so macrostructural osmotic suction
st total suction
T absolute temperature

vw molar volume of water
xi equivalent fraction of exchangeable

cation i
Æm material parameter
�m model variable
�s vertical displacement
�p

M plastic macrostructural volumetric strain

�p
MLC plastic macrostructural volumetric strain

due to LC yield function
d�p

M� plastic macrostrucural volumetric strain
due to the active I or D mechanism

�e
m microstructural volumetric strain
�v volumetric strain
k slope of elastic swelling line
ks slope of elastic void ratio changes due to

suction variations
º0 slope of the saturated virgin consolidation

line
�a applied total vertical stress
� 9a applied effective vertical stress
� Bishop parameter
ł chemically modified effective stress of the

microstructure
ł� hardening parameter if SI and SD yield

surfaces coincide
ł�D hardening parameter for the SD yield

surface
ł�I hardening parameter for the SI yield

surface
łc chemical component of chemically

modified effective stress of the
microstructure
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An experimental and constitutive investigation on the chemo-mechanical
behaviour of a clay

P. WITTEVEEN�, A. FERRARI� and L. LALOUI�

Engineering issues for which the understanding of the chemo-mechanical behaviour of soils is relevant
include wellbore stability problems, the salinification of groundwater, and nuclear waste storage.
However, despite the vast number of situations in which couplings between chemistry and mechanics
occur, the available constitutive models rely on limited experimental evidence. This paper presents the
results of an experimental programme on the chemo-mechanical behaviour of a non-swelling illite.
The osmotic suction is controlled through the ion concentration of sodium chloride in the pore water.
Stress paths include mechanical loading at a constant osmotic suction, and an increasing osmotic
suction at a constant mechanical stress. The experimental results point out a correlation between the
osmotic suction and initial oedometric modulus, as well as between the osmotic suction and yield
stress. A constitutive framework for soils is extended to take the observed chemo-mechanical
couplings into account. The numerical model has been calibrated for the illite using the parameters
obtained through the tests under mechanical loading at a constant concentration, and validated using
more elaborate stress paths. The presented experimental and constitutive investigation builds a basis
for the assessment of engineering issues in which pore liquid chemistry plays a major role.

KEYWORDS: chemical properties; clays; constitutive relations; laboratory tests; suction

INTRODUCTION
Understanding couplings between the chemical composition
of the pore liquid and the mechanical behaviour in clayey
soils is becoming essential in the practice of civil, energy
and environmental engineering. While the applications were
previously limited to groundwater pollution problems (e.g.
for drinking water, or with respect to plant growth), the
relevance of knowledge on the behaviour of clay soils
subject to influences of a chemical type is now significant in
many fields, including the storage of nuclear waste (degrada-
tion of concrete liners), oil and gas wellbore stability
(entrance of drill fluid in soil), and/or soil stabilisation.

The effects of electrolytes in contact with the clay soil’s
pore liquid have been researched since the 1950s. Early
contributions, such as Bolt (1956) and Bolt & Miller (1955),
focused mainly on soil compressibility. In the 1970s and
1980s, chemically induced consolidation, permeability and
shear strength variations, and osmosis and osmotic effects
were extensively studied (e.g. Mesri & Olson, 1970, 1971;
Mitchell et al., 1973; Sridharan & Venkatappa Rao, 1973,
1979; Marine & Fritz, 1981; Fritz, 1986; Barbour & Fred-
lund, 1989). The late 1990s and 2000s brought forth coupled
chemo-mechanical models, in which the concentration or
mass fraction of certain species in the pore liquid played a
major role (e.g. Loret et al., 2002; Gajo & Loret, 2003;
Gens, 2010; Guimarães et al., 2007).

This study aimed to extend the experimental database on
the subject of one-dimensional consolidation induced by a
change in the chemical composition of the pore liquid, with
a focus on electrolytes. A laboratory programme was carried
out, under which the experimental results were modelled
within a new constitutive framework.

THEORIES AND EVIDENCE
It is widely acknowledged that clays exhibit a negative

electrical charge at their platy particle surface (e.g. Mitchell
& Soga, 2005). Thus their aggregates, the groups of parallel-
arranged platelets, exhibit this negative electrical charge all
along their outer boundaries, leading clays to attract posi-
tively charged ions from the pore liquid, and the diffuse
double layer to be constructed (Gouy, 1910; Chapman, 1913;
Verwey & Overbeek, 1948). The high concentration of
cations and the low concentration of anions at the clay
boundary result in a high electrical potential, which de-
creases as the distance from the aggregate increases. This
potential causes the clay to act as a non-ideal, semi-per-
meable membrane, reducing the migration of electrically
charged ions but allowing electrically neutral water mol-
ecules to move freely. The so-called ‘osmotic processes’
resulting from these properties have been widely described
in the literature (e.g. Marine & Fritz, 1981; Fritz, 1986;
Barbour & Fredlund, 1989; Loret et al., 2002).

The migration of ions or water may alter the pore liquid
composition in two distinct ways. First, a chemical concen-
tration gradient can lead to the entry of ions into the pores,
where the negatively charged clay aggregate boundaries will
attract the positively charged cations. Thus the interaggre-
gate repulsive forces decrease, leading the modal pore
diameter and therefore the overall volume to decrease. This
phenomenon is referred to as chemical consolidation. Sec-
ond, if there is a chemical concentration gradient and the
higher concentration is on the outside of the considered soil
mass, water flows out of the soil owing to the osmotic
effects occurring in clays with thick, diffuse double layers
(or high electrical potential along their particle surfaces)
with respect to the pore diameter. This outflow increases the
negative pore liquid pressure and thus the effective stress
(total stress minus pore water pressure), leading to an overall
volume reduction. This phenomenon is referred to as osmo-
tic consolidation.

These two main phenomena may occur in parallel, be-
cause the semi-permeable properties of the clay are not
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ideal. Various authors use different terminology for these
phenomena: Barbour & Fredlund (1989) mention osmotic
consolidation and osmotically induced consolidation,
whereas Kaczmarek & Hueckel (1998) discuss chemical
consolidation and chemico-osmotic consolidation.

Barbour & Fredlund (1989) interpreted the results of a
series of four experiments conducted by Mesri & Olson
(1971), and presented additional experimental results on two
different types of soil to quantify ‘osmotic compressibility
and permeability’. The main conclusion of their work was
that the dominant mechanism of volume change was osmotic
consolidation, referred to as chemical consolidation here.

Consolidation due to a difference in chemical composition
of the pore water was investigated by Fernandez & Quigley
(1985, 1991) and later by Hueckel (1997) and Boukpeti et
al. (2004). They studied the influence of a single organic
contaminant on the compressibility properties of Sarnia clay,
which is an Na-montmorillonite with traces of Ca-smectite.
Hueckel (1997) and Boukpeti et al. (2004) modelled mainly
the evolution of the yield limit stress. They proposed a
logarithmic evolution law, under which the yield stress de-
creases as the contaminant concentration increases, defined
as the ‘chemical softening function’.

Di Maio (1996), Di Maio & Fenelli (1997) and Di Maio
& Onorati (1999) described a series of experiments with the
aim of evidencing and quantifying the aforementioned con-
solidation phenomena without naming them. The main part
of their research was focused on a bentonite, yielding large
deformations (up to 15% due to a change in pore liquid
only). Constitutive models based on these results were
proposed by Loret et al. (2002), Gajo & Loret (2003), and
Gajo et al. (2002) under one framework, and by Gens
(2010) and Guimarães et al. (2007) under a different frame-
work.

The former framework (Loret et al., 2002; Gajo & Loret,
2003) consists of an elasto-plastic model in which the
chemical part is governed by the mass fractions and mass
balance of all of the species in the soil sample. In contrast,
the latter framework (Gens, 2010; Guimarães et al., 2007)
consists of a double-structured model in which the chemical
part is represented by osmotic suction. This osmotic suction
works at the microscopic level, and all of the strains it
produces are considered completely reversible.

A chemo-poro-elasticity model for shales was presented
by Bunger (2010) and Sarout & Detournay (2011). The
model is an extension of classic Biot poro-elasticity (Biot,
1941, 1956a, 1956b, 1973), including the evolution of pore
pressures through a sample due to the presence and transport
of ions in the pore liquid. Based on the work of Sherwood
(1993, 1994), Heidug & Wong (1996) and Coussy (2004),
the joint papers described the effects of mechanical perturba-
tions (due to a pore liquid pressure gradient) and chemical
perturbations (due to a pore liquid concentration gradient) in
a pore pressure transmission experiment. Sarout & Detour-
nay (2011) presented a fully described elastic model. These
models for shales are defined in terms of the chemical
composition of the pore liquid, taking the quantities of
different species or components in the pore water into
account.

With increasing interest in geomechanical applications in
which the chemistry of the pore liquid plays a major role,
advanced chemo-mechanical frameworks are increasingly
important. This paper proposes a coupled elasto-plastic,
chemo-mechanical model. In contrast to previous studies,
where the (ion) concentration was considered as the gov-
erning variable, the present model is defined for changes
in osmotic suction, which allows the results to be pre-
sented and discussed independently of the pore liquid
components.

EXPERIMENTAL PROGRAMME
A comprehensive laboratory programme was conducted

with the aim of providing additional experimental evidence
on: (a) a ‘chemical softening function’, an evolution law for
the yield limit stress with respect to the pore liquid chem-
istry; and (b) deformation due to chemical loading. The
programme involved a series of chemo-mechanical experi-
ments in which the osmotic suction was controlled through
the sodium chloride concentration in the pore water.

Materials
Solutions of sodium chloride (NaCl) in distilled water at

different ion concentrations, ranging from 0.0 M (distilled
water) to 6.0 M (practically saturated sodium chloride solu-
tion), were mixed with a non-swelling illite powder. The
mineralogy, Atterberg limits and initial conditions of the
illite powder and its grain size distribution are presented in
Table 1. Because of the fairly low activity of the illite, the
chemo-mechanical behaviour is quite different from that in
other studies reported in the literature.

During preparation, a mass of illite powder was mixed
with the appropriate amount of solution. The mixture was
cured in a sealed plastic chamber for a minimum of 24 h to
guarantee the internal redistribution of the pore liquid.

Suction measurements
Osmotic suction is a function of the ion concentration, and

for dilute solutions (ion concentrations up to approx. 2.0 M),
it can be approximated by the Van’t Hoff equation as

� ¼ 	RTc (1)

where � is the osmotic suction (kPa), 	 is the number of
constituent ions, R is the universal gas constant (J/(mol K)),
T is the absolute temperature (K), and c is the ion concen-
tration of the electrolyte. A first series of experiments was
performed to obtain a correlation between the osmotic suc-
tion and ion concentration that was valid for the entire range
of applied sodium chloride concentrations. The matric and
total suction of the clay powder–pore liquid mixtures were

Table 1. Mineralogy, Atterberg limits, grain size distribution and
physical data of soil used in experiments

Mineralogy

Illite: % 77
Kaolinite: % 10
Calcite: % 12
Quartz: Traces
Feldspar Traces

Atterberg limits

Liquid limit: % 54
Plastic limit: % 30
Plasticity index: % 24

Grain-size distribution

Sand fraction: % 12
Silt fraction: % 21
Clay fraction: % 67

Physical data

Hygroscopic water content: % (at 40% RH) 5
Grain density: g/cm3 2.65
Specific surface: m2/g 170–180

CHEMO-MECHANICAL BEHAVIOUR OF A CLAY 33



first determined by the filter paper method, using Schleicher
and Schuell no. 589/2 40.5 mm dia. filter papers. The
suction values of the filter paper were calibrated with respect
to the water content for the matric suction (difference be-
tween pore air and pore water pressures) and the total
suction (matric suction plus osmotic suction) separately. The
calibration involved use of the axis-translation technique to
control the matric suction, and the vapour equilibrium tech-
nique to control the total suction of the filter paper.

Five of the mixtures were prepared with distilled water at
different water contents; four additional mixtures were pre-
pared with a 4.0 M solution at different water contents.
Additionally, the total suction of clay powder-pore liquid
mixtures prepared at different sodium chloride target con-
centrations (distilled water, 0.5, 1.0, 2.0, 4.0 and 6.0 M) and
at different water contents was determined using a chilled-
mirror dew-point psychrometer (Leong et al., 2003; Cardoso
et al., 2007). The water content of all mixtures was deter-
mined after the tests by oven-drying at 1058C until no mass
change occurred in the last 24 h.

Chemo-mechanical oedometric tests
Chemo-mechanical oedometric tests were conducted invol-

ving changes in the vertically applied mechanical stress and
osmotic suction. The goal of this research programme was
to highlight changes in the yield stress and elasto-plastic
parameters of the clay material.

The specimens were prepared by compacting a clay
powder–pore liquid mixture directly in the oedometer rings
(60 mm in diameter and 10 mm high), targeting an initial
void ratio of e0 ¼ 0.95 � 0.02. The compaction energy was
kept constant for all samples. With the density of the
solutions in the range rsolution ¼ 1.10 � 0.10 Mg/m3, this
resulted in an initial water content of w0 ¼ 0.39 � 0.05,
corresponding to fully saturated conditions. The typical
loading time for mechanical increments was 24 h.

The osmotic suction and vertically applied mechanical
stress (corresponding to the vertical effective stress) were
the independent driving variables. Therefore there were two
types of stress increment, mechanical and chemical, which
allowed the elaborate stress paths to be defined.

The experimental programme was designed such that the
influence of osmotic suction on the mechanical behaviour
could be researched first. To this end, a series of seven
oedometer tests were conducted at different but constant
values of osmotic suction of the pore liquid. Two of the
samples were prepared with distilled water; the five others
were prepared with one of the aforementioned solutions.

The influence of changes in osmotic suction was then
investigated through two experiments in which there was an
incremental concentration change at different but constant
mechanical stress levels. Two oedometric samples were pre-
pared with distilled water and loaded mechanically up to
different vertical stress levels (�v ¼ 30 kPa and �v ¼ 77 kPa).
The chemical loading was achieved by replacing the oed-
ometer cell fluid with an electrolyte of higher osmotic
suction and monitoring the deformation of the sample until
it stabilised after 2–4 days. The surrounding solution was
frequently renewed to ensure the ion concentration in the
sample. The incremental approach meant that this procedure
was repeated for different osmotic suctions, until a saturated
sodium chloride solution was applied in the last step. After-
wards, these chemically loaded samples were subjected to
the remaining loading increments of the conventional mech-
anical oedometric test.

The previously described stress paths are quantitatively
represented in Figs 1 and 2. In both the mechanical and the

chemical loading increments, secondary compression is not
taken into account.

Table 2 provides an overview of all the tests performed.

EXPERIMENTAL RESULTS
Suction measurements

Figure 3 depicts the results of the filter paper method and
the psychrometric readings for the mixtures prepared with
distilled water and with the 4.0 M solution. The total suction
ł (MPa) and matric suction sm (MPa) are plotted against
the water content of the mixtures of illite powder with either
distilled water or a 4.0 M sodium chloride solution. In the
distilled water mixtures, the matric suction is two orders of
magnitude smaller than the total suction. This effect is even
larger (three to four orders of magnitude) for the mixtures
prepared with the salt solution, because the presence of salt
increases the osmotic component of the suction, while the
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matric suction remains fairly constant. These results indicate
that the presence of salt in the pore water does not signifi-
cantly influence the matric suction. Thus the measurements
in terms of total suction are subsequently assumed to be
representative of the osmotic component, and in the follow-
ing the matric suction will be neglected. However, this
assumption might be different for other types of clay and
salt, because the interaction between clay and salt might be
of a different nature.

Figure 3 also shows the marginal influence of the water
content on the osmotic suction for the considered range.
Within the range of initial water contents for the oedometric
specimens, the osmotic suctions are of the same order of
magnitude. Therefore the influence of the water content in
this range can be neglected.

The test results show that the osmotic suction measured

for the specimens prepared with distilled water is greater
than zero. This measurement can be explained by the
dissolution of ions from the clay powder, as the illite can
exchange cations. This finding allowed an average initial
osmotic suction �0 ¼ 0.61 MPa for the average initial water
content w0 ¼ 0.39 to be determined. This value will be the
intercept in the correlation between the ion concentration
and osmotic suction.

Finally, the results of the total suction measurements with
both the filter paper method and dew-point psychrometer are
plotted in Fig. 4 as a function of the sodium chloride
concentration. Psychrometer readings for sodium chloride
solutions prepared at different concentrations are also re-
ported.

The graph shows a monotonic dependence of increasing
suction with increasing ion concentration that can be appro-
priately described with a polynomial of the second order.
The fact that the suction values for both the solutions and
mixtures lie on the same line confirms that the influence of
the matrix on the osmotic suction, as well as the influence
of the presence of salt on the matric suction, is negligible.

The regression line in Fig. 4 provides an empirical relation-
ship for the osmotic suction (in MPa) in a mixture of illite
and a sodium chloride solution as a function of the ion

Table 2. Overview of all tests performed

Tested material

Solutions of sodium chloride in distilled water Mixtures of clay powder
with distilled water

Mixtures of clay powder with solutions of
sodium chloride

Suction measurement Total suction determination by psychrometric
readings for different concentrations of
solution

Matric and total suction determination by filter paper method and
psychrometric readings for different water content values

Mechanical oedometer
tests

Two loading–unloading
tests

Five loading–unloading tests at
concentrations of 0.5, 1.0, 2.0, 4.0 and
6.0 M

Chemo-mechanical
oedometer tests

Two loading–unloading tests with chemical loading at constant
vertical stress
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Fig. 3. Total and matric suction measurements on mixtures of
illite powder and either distilled water or 4.0 M sodium chloride
(NaCl) solution
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concentration of that solution for the applied range of ion
concentrations. The relationship is described with the function

� ¼ f cð Þ ¼ 0:407c2 þ 3:888cþ 0:61 (2)

Chemo-mechanical oedometric tests
For clarity, the results of only four of the tests under

mechanical loading are plotted in Fig. 5. Three major
observations follow from these oedometric curves.

(a) The initial stiffness of the material decreases as the
osmotic suction increases.

(b) The yield stress (the stress at the transition point from the
elastic into the elasto-plastic behaviour) decreases as the
osmotic suction increases.

(c) The slopes of the normal consolidation line (NCL) and
unloading–reloading line (URL) do not change signifi-
cantly with respect to the osmotic suction.

Observation (a) is confirmed when plotting the initial
oedometric modulus (the applied stress increment from 1 to
15 kPa, divided by the occurring strain difference) against
the osmotic suction, as shown in Fig. 6. There is a power
trend, where the oedometric modulus decreases as the osmo-
tic suction increases.

Observation (b) is confirmed by plotting the yield stress
against the osmotic suction, as shown in Fig. 7. There is a
logarithmic correlation, whereby the mechanical yield stress
decreases as the osmotic suction increases. This conclusion
corresponds to the proposed correlation between the precon-
solidation pressure and concentration of one (organic) con-
taminant by Hueckel (1997) and Boukpeti et al. (2004). A
new mathematical form is proposed in the present study for
the evolution of the yield limit stress with respect to the
osmotic suction of the pore water, as

� c ¼ 1� ª� log
�

�0

� �
� c0 (3)

where �c is the vertical yield stress (kPa), ª� is the chemical
evolution factor, � is the current osmotic suction (MPa),
�0 ¼ 0.61 MPa is the osmotic suction for the samples
prepared with distilled water, and �c0 is the vertical yield
stress at �0:

Observation (c) is confirmed when the compression and
swelling indices are plotted against the osmotic suction, as
shown in Fig. 8. The diagram shows that the slopes of the
NCL and URL remain almost constant. However, the high
swelling index for the sample at � ¼ 2.6 MPa is clearly
distinguished.

The results of the two tests including chemical loading
increments (stress paths C1 and C2 in Fig. 2) are presented
in Fig. 9. In both cases, the clay underwent consolidation
due to a change in the osmotic suction. From the incremen-
tal approach, it shows that this volumetric strain �v follows a
straight line in the �v –log� diagram (Fig. 10). This rate of
consolidation due to chemical loading does not change
significantly within the applied void ratio and vertical mech-
anical stress ranges.
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CONSTITUTIVE FRAMEWORK
The results of the oedometric tests under mechanical

loading allowed an innovative extension of a constitutive
framework to be developed, with the aim of reproducing and
quantitatively predicting the observed chemo-mechanical be-
haviour. This framework is based on the Hujeux model
(Hujeux, 1979). Existing extensions of it are known under
the name ACMEG (advanced constitutive model for environ-
mental geomechanics; Laloui et al., 2010). They can cope
with partial saturation (Laloui & Nuth, 2009), thermoplasti-
city for saturated soil (Laloui & François, 2009) and unsatu-
rated soils (François & Laloui, 2008), and double-structured
geomaterials (Koliji et al., 2010), among other variables.

The current extension, ACMEG-C (chemical effect), is
able to account for changes in osmotic suction as well as the
evolution of the elastic and plastic material parameters and
the plastic deformation induced by these changes.

ACMEG-C is a soil-plasticity-based model for chemo-
mechanical formulations. To take the loading history of the
soil into account, ACMEG-C is defined in terms of
infinitesimal increments. Elasto-plasticity implies the exis-
tence of a loading surface in both mechanical stress and
osmotic suction that defines an elastic region in which only
reversible deformations occur. The concept of elasto-plasti-
city allows the total strain increment, d�ij, to be divided into
chemo-elastic, d�e

ij, and chemo-plastic components, d�p
ij,

d�ij ¼ d�e
ij þ d�p

ij (4)

The constitutive model is conceived in terms of the follow-
ing conjugate stress–strain variables

p9 ¼ 1
3
tr �9ð Þ and �v ¼ tr �ð Þ (5a)

q ¼
ffiffiffiffiffiffiffiffiffiffi
3J2D

p
and �d ¼

2ffiffiffi
3
p

ffiffiffiffiffiffiffi
I2D

p
(5b)

where p9 is the mean effective stress, q is the deviatoric
stress, �v is the volumetric strain, �d is the deviatoric strain,
and J2D and I2D are the second invariants of the strain and
stress tensor respectively.

Chemo-hypo-elasticity
The elastic strains d�e

ij are reversible, and do not affect the
hardening state of the material. The elastic strain can be
decomposed into chemo-elastic volumetric (d�e

v) and devia-
toric (d�e

d) strains. They are computed as

d�e
v ¼

dp9

K
(6a)

d�e
d ¼

dq

3G
(6b)

The hypo-elastic moduli K and G are given by

K ¼ K ref

p9

p9ref

� �ne

(7a)

G ¼ Gref

p9

p9ref

� �ne

(7b)

0

0·05

0·10

0·15

0 5 10 15 20 25 30 35 40

C
om

pr
es

si
on

 in
de

x
, s

w
el

lin
g 

in
de

x,
C

C
c

s

Osmotic suction, : MPaπ

Compression index

Swelling index

Cc,ave 0·126�

Cs,ave 0·021�

Fig. 8. Compression and swelling indices against osmotic suction
of mixtures of illite powder and sodium chloride solutions at
different osmotic suctions

0·12

0·11

0·10

0·09

0·08

0·07

0·06

0·05

0·04

0·03

0·02

0·01

0
1 10 100 1000 10000

Vertical mechanical stress, : kPaσv

V
ol

um
et

ric
 s

tr
ai

n,
ε v

Chemical loading

Chemical loading

Stress path C1

Stress path C2

Fig. 9. Oedometric curves of the two tests under mechanical and
chemical loading

0·05

0·04

0·03

0·02

0·01

0
0·1 1 10 100·0

Osmotic suction, : MPaπ

V
ol

um
et

ric
 s

tr
ai

n,
ε v

Chemical loading at 30 kPa:
0·0035 log 0·0124ε πv � �

Chemical loading at 77 kPa:
0·0031 log 0·0301ε πv � �

Stress path C1

Stress path C2

Fig. 10. Consolidation due to an incremental increase in osmotic
suction with respect to osmotic suction

CHEMO-MECHANICAL BEHAVIOUR OF A CLAY 37



where Kref and Gref are the reference bulk and shear moduli
of the material respectively, determined at a reference mean
effective stress p9ref , and ne is a material parameter.

According to the experimental findings on the evolution
of the initial stiffness with respect to the osmotic suction
(Fig. 6), the reference bulk modulus Kref is assumed to
evolve with the osmotic suction following the power func-
tion

K ref ¼ K ref ,0

�

�0

� ���
(8)

where Kref ,0 is the reference bulk modulus for a test at a
reference osmotic suction.

Chemo-plasticity
The plastic strain increment can be expressed as the

unrecoverable part of the total strain increment.
The particularity of the Hujeux model’s plasticity frame-

work is the fact that this total plastic strain increment is a
linear combination of two irreversible processes: isotropic
and deviatoric mechanisms. Each mechanism has its own
yield function, fiso and fdev respectively. Therefore the total
plastic strain increment is the sum of the ‘partial’ plastic
strain increments, d�p,k

ij , for each mechanism’s k

d�p
ij ¼

X2

k¼1

d�p,k
ij (9)

These considerations arise from the theory of multi-mechan-
ism plasticity (Koiter, 1960; Mandel, 1965; Hujeux, 1979).
Once the stress state reaches one of the yield functions, the
corresponding evolution law is activated. Both irreversible
processes depend on their respective dissipative potentials
and plastic multipliers (Rizzi et al., 1996). This relationship
can be expressed as

d�p
ij ¼

X2

k¼1

ºp
k

@gk

@� 9ij
(10)

where gk is the plastic potential and ºp
k is the increment of

the plastic multiplier of mechanism k. The latter is positive
when the corresponding process is activated, and null other-
wise. According to the multi-mechanism approach, these two
yield functions form a closed domain in the effective stress
and chemistry space, inside which the strains are reversible.

Isotropic chemo-plastic mechanism. The isotropic chemo-
plastic mechanism is defined in the �–p9-plane, where � is
the osmotic suction of the material, and is expressed by

f iso ¼ p9� p9criso (11)

where p9 is the current effective stress, p9c is the mean yield
stress, and riso is the degree of plastification (mobilised
hardening) of the isotropic yield limit. Using this expression,
the conceptual bilinearity of the elasto-plastic behaviour has
been evened out, so that a smooth transition curvature can
be represented. This implies a progressive evolution of the
activated plastic strain according to the bonding surface
theory, as presented by Dafalias & Herrmann (1980) and
François & Laloui (2008).

During loading, riso is a hyperbolic function of the volu-
metric plastic strain induced by the isotropic mechanism
�p,iso

v (Hujeux, 1979), and is expressed as

riso ¼ re
iso þ

�p,iso
v

cr þ �p,iso
v

(12)

driso ¼
1� risoð Þ2

cr

d�p,iso
v (13)

where cr is a material parameter.
The yield limit stress is a function of the activated

volumetric plastic strain and osmotic suction. Inserting the
empirical relationship (equation (3)), and assuming that the
functions for the vertical effective yield stress and the mean
effective yield stress are of the same form, the yield limit is
defined by the apparent preconsolidation stress as

p9c ¼ p9c0 exp ��p
v

� �
1� ª� log

�

�0

� �
(14)

where p9c0 is the preconsolidation stress at a reference
osmotic suction �0, � is the plastic stiffness modulus, �p

v is
the total plastic volumetric strain (produced by the two
mechanisms), ª� is the material parameter defining the
shape of the isotropic yield limit with respect to the osmotic
suction, and � is the current osmotic suction.

As the elastic stiffness is dependent on osmotic suction,
and the normal compression line was observed experimen-
tally to be constant, the plastic stiffness modulus � (the
inverse of the slope of the linear function �p

v– log p9c) was
assumed dependent on the osmotic suction. A logarithmic
correlation is proposed of the form

� ¼ 1þ ª� log
�

�0

� �
�0 (15)

where ª� is the chemical evolution factor, � is the current
osmotic suction (MPa), �0 is a reference osmotic suction,
and �0 is the plastic modulus at �0:

Therefore, inserting equations (15) and (14) into equation
(11), the detailed expression for the isotropic yield function
becomes

f iso ¼ p9� p9c0 exp 1þ ª� log
�

�0

� �
�0�

p
v


 �

3 1� ª� log
�

�0

� �
riso

¼ 0

(16)

where the material parameters �0 and cr (within the expres-
sion for riso) express the evolution of mechanical hardening,
and ª� and ª� express the evolution of chemical hardening.

The isotropic behaviour is modelled with an associated
flow rule as

f iso ¼ giso (17)

d�p,iso
ij ¼ ºp

iso

@giso

@� 9ij

¼ ºp
iso

3

(18)

Deviatoric chemo-plastic mechanism. The deviatoric chemo-
plastic mechanism is an extension of the original Cam-clay
model, as presented by Roscoe & Burland (1968) and Hujeux
(1979). It is defined in the q–p9 plane as

f dev ¼ q�Mp9 1� b ln
p

p9c

� �
rdev (19)

where M is the critical state parameter, b is a material
parameter defining the shape of the deviatoric yield limit, d
is the ratio between the yield and critical state mean effec-
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tive stresses, and rdev is the degree of mobilisation of the
deviatoric yield limit.

The critical state parameter M depends on the shear
strength angle at the critical state, �9, according to

M ¼ 6 sin�9

3� sin�9
(20)

The progressive evolution of rdev is defined by (Hujeux,
1979)

rdev ¼ re
dev þ

�p
d

aþ �p
d

(21)

drdev ¼
1� rdevð Þ2

a
d�p

d (22)

where re
dev and a are material parameters defining the size of

the elastic nuclei, and �p
d is the deviatoric plastic strain.

Therefore, inserting equations (14) and (15) into equation
(19), the expression for the deviatoric yield function be-
comes

f dev¼q

�Mp9 1�bln
p9d

p9c0exp 1þª� log �=�0ð Þ
� �

�0�p
v

� �
3 1�ª� log �=�0ð Þ
� �

2
64

3
75rdev

¼0

(23)

The hardening and dilatancy rules are as follows.

d�p,dev
ij ¼ ºp

dev

@gdev

@� 9ij

¼ ºp
dev

1

Mp9

@q

@� 9ij
þ Æ M � q

p9

� �
�ij

3

" # (24)

with

@q

@� 9ij
¼

3

2q
� 9ij � p9
� �

for i ¼ j

3� 9ij

2q
for i 6¼ j

8>>><
>>>: (25)

d�p,dev
v ¼ ºp

dev

@gdev

@p9

¼ ºp
dev

Æ

Mp9
M � q

p9

� � (26)

d�p
d ¼ ºp

dev

@gdev

@q

¼ ºp
dev

1

Mp9

(27)

where Æ is a material parameter introducing the non-associa-
tive behaviour.

Coupling. The two mechanisms are linked through the
hardening variable �p

v: Therefore, a fully coupled behaviour
can be represented. The yield stress limit depends on this
parameter, and it appears in both expressions for the yield
functions. This causes the isotropic yield surface to stretch
when the deviatoric yield surface is expanded, and vice versa,
as shown in Fig. 11.

When the two mechanisms are activated simultaneously,

the volumetric plastic strain is the sum of the components
corresponding to both processes, according to

d�p
v ¼ ºp

dev

@gdev

@p9
þ ºp

iso

@giso

@p9

¼ ºp
dev

Æ

Mp9
M � q

p9

� �
þ ºp

iso

(28)

The two consistency equations must be met simultaneously,
resulting in the need to solve the following set of two
equations with two unknowns.

dF ¼ @F

@�9
: d�9þ @F

@�
d�þ @F

@ø
� @ø
@ºp � ºp

¼ s : d�9þ—d��H � ºp

< 0

(29)

ºp > 0 (30)

dF � ºp > 0 (31)

where �9 is the stress tensor, ø is the internal variable
vector, s collects the stress gradients and — is the derivative
of the loading functions F with respect to the osmotic
suction. H is the matrix of the hardening moduli, with
HÆ� ¼ �@ f Æ=@º

p

�, ºp is the plastic multiplier vector, and
dF < 0 expresses Prager’s consistency condition extended
for multi-dissipative processes.

NUMERICAL MODELLING
Calibration
Mechanical behaviour. The results of one of the mechanical
oedometric tests on a sample prepared with distilled water
allowed the reference elastic bulk modulus, the reference
shear modulus and the plastic potential parameter to be
determined as

K ref ,0 ¼ 2:303
1þ e0

Cs0

p9ref (32)

Gref ¼
3K ref ,0 1� K0ð Þ

2þ 4K0

(33)

Assuming that K0 ¼ 1 � sin�9

�0 ¼ 2:303
1þ e0

Cc � Cs0

(34)

where p9ref ¼ 1 MPa is the reference mean effective stress, e0

is the initial void ratio, Cc is the compression index, Cs0 is
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Fig. 11. Coupling of isotropic and deviatoric mechanisms of
chemo-mechanical constitutive model ACMEG-C
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the slope of the oedometric curve upon first loading, and K0

is the lateral stress ratio for one-dimensional strain. The
shear strength angle of the tested illite is �9 ¼ 258 (obtained
from complementary triaxial tests). The other parameters of
the mechanical part of the model were determined by fitting
the curve of the test results. These parameters can be found
in Table 3. The results of the simulation are presented in
Fig. 12.

Chemo-mechanical behaviour. The parameters defining the
chemo-mechanical behaviour of the model are determined
through curve-fitting processes on the results of the

oedometric tests under mechanical loading. The chemical
form factors �, ª� and ª� are determined using plots of the
oedometric modulus, yield stress and plastic stiffness
modulus respectively against the osmotic suction. The values
of the three parameters are presented in Table 3. These
parameters were used to simulate three of the other
oedometric tests under mechanical loading. The results of
the simulation are plotted in Fig. 13. The model results
correspond well with the experimental results.

Verification
The calibration of the numerical model has been verified

with two tests under both mechanical and chemical loading.
These tests were conducted at a higher initial void ratio,
e0 ¼ 1.03. To take this difference into account, p9c0, the
representative initial yield stress at a reference osmotic
suction �0, and its evolution were calculated through the
results of the oedometer tests at � ¼ 0.61 MPa and
the vertical yield stress–osmotic suction plot (Fig. 5). The
simulations were then run for stress paths C1 and C2,
including a chemical loading step at approximately 30 kPa
and 80 kPa in the first and second cases respectively. Their
stress paths are presented in Figs 14 and 16 respectively, and
the simulations are presented in Figs 15 and 17 respectively.
The model and experimental results correspond well, at least
until the chemical loading. The discrepancies between the
experimental and the modelling results can be addressed
separately for the two stress paths. For test C1, the reduction
in volume associated with the chemical loading is well
reproduced. The analysis of the stress path in Fig. 14 and
the experimental points in Fig. 15 would suggest that the
vertical yield stress moved further than the value of vertical
stress at which the chemical loading occurred. In this sense,
during the subsequent increment of the vertical load, a more
pronounced transition from an elastic to an elasto-plastic
response should have been observed. For a better prediction
of this trend with the numerical simulation, a refinement of
the selection of the riso value (equations (12) and (13)) could
be considered. For stress path C2, the vertical deformation
associated with the chemical loading is slightly overesti-
mated. It is worth mentioning that this deformation is
modelled solely through the dependence functions of the
oedometric modulus, yield stress and plastic stiffness

Table 3. Model parameters for simulation of mechanical response
of illite mixed with distilled water and for simulation of chemo-
mechanical response of illite–sodium chloride solution mixtures

Elastic parameters

Kref ,0: MPa 560
Gref : MPa 165
ne 1

Isotropic plastic parameters

�0 37.7
c 0.002
re

iso 0.2

Deviatoric plastic parameters

b 0.6
d 1
�9: degrees 25
Æ 1
a 0.02
re

dev 0.5

Chemo-mechanical parameters

� 0.229
ª� 0.242
ª� 0.056
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Fig. 12. Simulation of one oedometric test under mechanical
loading only using chemo-mechanical constitutive model
ACMEG-C
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modulus. The slope of the plastic deformation and its order
of magnitude are well predicted.

CONCLUSIONS
Despite the vast number of situations in which couplings

between chemistry and mechanics occur, the available con-
stitutive models rely on limited experimental evidence. This
study extends the experimental database on the subject of
one-dimensional consolidation induced by a change in the
chemical composition in the pore liquid. In contrast to
earlier contributions, the osmotic suction, controlled through
the sodium chloride concentration in the pore water, is
considered to be the governing variable.

A laboratory programme was conducted. The total, matric

and osmotic suctions of the clay mixtures of illite powder
and distilled water or sodium chloride solutions were deter-
mined. Mixtures of the same composition were then sub-
jected to conventional oedometric tests. Furthermore, two
clay mixtures prepared with distilled water were subjected to
a conventional oedometric test including a chemical loading
path performed with incremental increases in the osmotic
suction.

From the suction determination, an empirical relationship
was determined for the osmotic suction as a function of the
sodium chloride concentration of the pore liquid. This
relationship followed a polynomial of the second order.
Subsequently, oedometric test results showed that the oedo-
metric modulus upon first loading and the vertical yield
stress decreased as the osmotic suction increased, whereas
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Fig. 15. Simulation of oedometric tests under mechanical loading
and chemical loading step at vertical mechanical stress of
approximately 30 kPa using chemo-mechanical constitutive model
ACMEG-C

0·12

0·11

0·10

0·09

0·08

0·07

0·06

0·05

0·04

0·03

0·02

0·01

0
1 10 100 1000 10000

Vertical mechanical stress, : kPaσv

V
ol

um
et

ric
 s

tr
ai

n,
ε v

Experimental results

Numerical simulation

Fig. 17. Simulation of oedometric tests under mechanical loading
and chemical loading step at vertical mechanical stress of
approximately 80 kPa using chemo-mechanical constitutive model
ACMEG-C
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the compression and swelling indices were independent of
the suction. Finally, the rate of consolidation due to chemical
solicitation was shown to follow a straight line in the �v –
log� diagram, and its slope did not change significantly
within the applied void ratio and vertical mechanical stress
ranges.

The findings allowed an extension of the ACMEG consti-
tutive framework to be developed. ACMEG-C (chemical
effect) is able to take changes in osmotic suction into
account, as well as the evolution of elastic and plastic
material parameters and the plastic deformation induced by
these changes. The mechanical behaviour was calibrated
with one oedometric test on a sample prepared with distilled
water, whereas the chemo-mechanical behaviour was cali-
brated with the oedometric test results under mechanical
loading. In all cases, the model results corresponded well
with the test results. The model was validated through the
two tests, including a chemical loading path. These stress
paths show that a large part of the chemo-mechanical
oedometric test can be predicted well. Improvements could
be made by taking into account the evolution of the oedo-
metric modulus and the compression indices, as well as by
researching the elastic behaviour after changing the direction
of the loading.

Further study should also include the investigation of
different kinds of salt and clay powder, to verify the
proposed independence of the materials. Only then can
previous results used, such as those by Di Maio and co-
workers (Di Maio, 1996; Di Maio & Fenelli, 1997; Di Maio
& Onorati, 1999), be properly compared.
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NOTATION
a material parameter defining size of elastic nuclei
b material parameter defining shape of deviatoric yield limit

Cc compression index
Cs swelling index

Cs0 slope of oedometric curve upon first loading
c sodium chloride concentration

cr material parameter
d ratio between yield and critical-state mean effective

stresses
Eoed oedometric modulus

e0 initial void ratio
F vector containing the loading functions

fdev yield function for deviatoric mechanism
fiso yield function for isotropic mechanism
G hypoelastic shear modulus

Gref reference shear modulus
gk plastic potential
H matrix of hardening moduli
K hypoelastic bulk modulus

Kref reference bulk modulus
Kref ,0 reference bulk modulus at reference osmotic suction

K0 lateral stress ratio for one-dimensional strain
M critical state parameter
ne material parameter
p9 mean effective stress
p9c mean yield stress

p9c0 mean effective yield stress at reference osmotic suction
p9ref reference mean effective stress

q deviatoric stress
R universal gas constant

rdev degree of mobilisation of deviatoric yield limit
re

dev material parameter defining size of elastic nuclei
riso degree of mobilisation of isotropic yield limit
re

iso material parameter defining size of elastic nuclei

s stress gradient vector
sm matric suction
T absolute temperature

w0 initial water content
Æ material parameter introducing non-associative behaviour
� plastic stiffness modulus
�0 plastic stiffness modulus at reference osmotic suction
ª� chemical evolution factor
ª� chemical evolution factor for yield stress
� material parameter
� strain tensor

d�ij total strain increment
�e

ij chemo-elastic strain tensor

�p
ij chemo-plastic strain tensor

d�p,k
ij ‘partial’ plastic strain increment for mechanism k
�e

d chemo-elastic deviatoric strain

�p
d deviatoric plastic strain
�v volumetric strain
�e

v chemo-elastic volumetric strain
�p

v plastic volumetric strain
�p,iso

v volumetric plastic strain induced by isotropic mechanism
ºp

k plastic multiplier for mechanism k
ºp plastic multiplier vector
	 number of constituent ions
� osmotic suction
�0 initial osmotic suction

rsolution density of solution
�9 effective stress tensor
� 9ij effective stress tensor
�c vertical yield stress
�c0 vertical yield stress at �0

�v vertical stress
�9 shear strength angle at critical state
ł total suction
ø internal variable vector
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Solids Struct. 1, No. 3, 273–295.

Marine, I. W. & Fritz, S. J. (1981). Osmotic model to explain
anomalous hydraulic heads. Water Resour. Res. 17, No. 1,
73–82.

Mesri, G. & Olson, R. E. (1970). Shear strength of montmorillonite.
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Reduction of the clogging potential of clays: new chemical applications
and novel quantification approaches

R. ZUMSTEG�, M. PLÖTZE� and A. PUZRIN�

Earth pressure balance machines are increasingly being used for tunnelling in difficult soils and
ground conditions. In clayey soils, clogging of the working tools is among the main hazards. Attempts
to reduce this risk by adding anti-clogging chemicals do not always produce the desired effect. In this
paper, the limited efficiency of the existing conditioning chemicals is quantified and explained, and an
enhanced interaction mechanism is proposed. This mechanism is based on sealing the clay aggregates
against the penetration of water; it requires the addition of polyamine chemicals, as a newly patented
application. These chemicals have been shown to dramatically reduce the clogging potential of
different clay pastes over a broad range of water contents, using novel approaches for quantifying the
clogging behaviour of clays in general. These methods also establish important correlations between
empirical stickiness and more fundamental soil parameters, and in particular the ratio between
adhesion and strength. Together with microscopic investigations and adsorption measurements, this
provides insight into the working mechanism of the new chemicals at the particle level; it also
highlights the differences between this mechanism and that of commercially used foams and
polymers.

KEYWORDS: chemical properties; clays; ground improvement; particle-scale behaviour; shear strength; soil/
structure interaction

INTRODUCTION
Tunnelling excavations with earth pressure balance (EPB)
machines use the excavated soil to support the tunnel face,
and to facilitate installation of the permanent support sys-
tem. The boundaries of soil conditions for the use of this
tunnelling method are constantly expanded, not least thanks
to the application of new chemical additives. The injection
of foams and polymers at the cutter head, in the pressure
chamber and in the screw conveyor can enhance the soil
properties and offer various benefits. In general, a deform-
able paste of soft consistency, with well-defined compressi-
bility, small adhesion and low clogging potential, is regarded
as the optimum supporting soil mass (Milligan, 2000;
EFNARC, 2005).

One of the main hazard scenarios when excavating in
clayey soils is clogging of the working tools or, in the worst
case, of the whole machine. For conditioning of these soils,
the application of relatively high amounts of dispersing
foams and polymers is recommended (EFNARC, 2005).
Although this was helpful in several reported cases (Lang-
maack, 2000; Feng, 2004), full elimination of clogging
problems cannot always be guaranteed on the construction
site (Borghi, 2006). Alternative clogging prevention methods
for tunnel boring machines (TBMs), such as electro-osmosis
(van Baalen, 1999), have not shown adequate success either.

Quantification of the benefits of injecting chemicals for
clogging reduction and their relation to adhesion and
strength properties is a difficult task, with no reliable estab-
lished methods presented in the literature. An attempt has
been made by Zumsteg & Puzrin (2012) to overcome these
difficulties by developing new devices and procedures, which
demonstrated mainly a lubrication mechanism of commercial

foams and polymers, with limited effect on stickiness reduc-
tion of soft clay pastes.

Objectives
Based on the analysis of limited efficiency of commercial

chemicals, the main objectives of the present work are

(a) to introduce for tunnelling application newly patented
chemicals whose enhanced interaction mechanism with
clays leads to a dramatic stickiness reduction of soft soils

(b) to use the testing devices and procedures developed in
Zumsteg & Puzrin (2012) to quantify the beneficial effects
of the new chemicals in terms of mechanical parameters

(c) to obtain insight into the behaviour of the new chemicals
at the particle level using adsorption measurements and
microscopic observations, and to show the validity of the
proposed mechanism based on chemical coating of the
clay aggregates

(d ) to provide further verification of the proposed mechanism
by varying different mixture parameters (mixture water
content, molecular weight of the chemical, clay aggregate
size), and to demonstrate the potential of the patented
chemicals for practical applications.

DEFINITIONS
Clogging of TBM

Numerous problems can occur during TBM excavation in
clayey soils, with openings in the cutter head being plugged
and steel surfaces covered by the excavated material (Braun,
1997; Weh et al., 2010). These phenomena are called
‘clogging’, and lead to hindered material transport, stand-
stills, and the necessity for expensive cleaning works. So far,
evaluation of the clogging potential of an in situ soil for
machine tunnelling has been based mostly on the index
properties of the soil, such as the plasticity index Ip and the
soil-consistency index Ic,
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Ic ¼
wl � w

wl � wp

(1)

where w is the actual soil water content, wl is the liquid
limit and wp is the plastic limit. The consistency index
corresponds to 1 � LI, where LI is the liquidity index after
Mitchell & Soga, 2005)

LI ¼ w� wp

wl � wp

(2)

The most widely used diagram was developed by Thewes
(1999), based on construction-site reports and laboratory
measurements. The clogging potential is divided into three
zones: the highest potential is attributed to in situ soils with
a plasticity index Ip . 0.2 and a stiff-to-hard consistency Ic

between 0.75 and 1.25. Often the transformation of the in
situ soil from stiff to soft consistency for an optimum EPB
operation cannot prevent the addition of a certain amount of
water, leading to serious clogging problems. The problem,
however, is that the benefits of the different conditioners on
this transformation process and clogging potential cannot be
quantified with the existing index parameter classification.

Stickiness of clay pastes
To describe the tendency of soil to adhere to different

surfaces in general, often the term ‘stickiness’ is used.
Stickiness is rooted in the attractive forces on clay surfaces,
and in the amount and availability of water between these
charged surfaces. Mechanical crushing of a compacted, low-
water-content clayey soil (e.g. during the excavation process)
leads to the creation of clay aggregates with a high internal
strength due to cohesion forces, but low adhesion and
stickiness when the aggregates are brought into contact with
a steel surface (Fig. 1(a)). The addition of a sufficient
amount of water to these aggregates makes the clay sticky.
The water molecules are attracted by the single clay platelets
inside the aggregate, facilitating the entry of water, which in
turn leads to a weakening of the bonds and to disintegration
of the aggregate boundaries (Fig. 1(b)). The behaviour of
the matrix is therefore determined at the micro scale by the
weakened forces between the individual clay particles. As a
result, the shear strength of the material decreases. Further-
more, the relatively weakly bonded water in the vicinity of
the single clay platelets can also interact with other material
surfaces via van der Waals and capillary forces (Mitchell &
Soga, 2005), thus creating adhesion between clay and steel.
Consequently, the reduction of shear strength and the in-
crease of adhesion bring these two values into the same
order-of-magnitude range and lead to stickiness.

The Æ ratio
The above processes can be described with the help of a

ratio between adhesion and strength for different states of
the clayey material. Considering a soil mass with average
shear strength sc and average tangential adhesion between
soil and a steel plate of ac, the following adhesion-to-
cohesion ratio can be proposed (Fig. 2)

Æ ¼ ac

sc

(3)

Naturally, the material properties vary, following a certain
probability distribution. If, however, the ratio Æ (calculated
from average values) is low, then the strength is higher than
the adhesion, and it is possible to separate almost all the
clay particles from the steel surface. If the ratio Æ ap-
proaches unity, more of the material will remain sticking to
the steel surface. Apart from these limiting cases, however,

attempts to use the parameter Æ for universal quantification
of stickiness for different types of clay, either pure or mixed
with conventional clay dispersing chemicals, have not been
successful (Zumsteg & Puzrin, 2012): that is, for a different
composition and structure of the clay minerals, smaller
values of the ratio Æ do not necessarily imply that the paste
is less sticky.

500   mμ

(b)

Zoom

20   mμ

(c)

500   mμ

(a)

Fig. 1. Disintegration of clay aggregates through addition of
water (environmental scanning electron microscope (ESEM)
images): (a) base material, dry illite aggregates; (b) addition of
water; (c) disintegration of aggregates
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The º ratio
Although the ratio Æ allows for a qualitative description

of stickiness, no standard test for the evaluation and defini-
tion of this property exists. To overcome this lack for
tunnelling application, Zumsteg & Puzrin (2012) introduced
a new approach based on the existing and widely used
mixing test. The resulting empirical stickiness ratio º is
defined as the ratio between the weight of soil sticking to
the mixing tool (GMT) and the total weight of soil involved
in the mixing process (GTOT)

º ¼ GMT

GTOT

(4)

The relevance of the ratio º is demonstrated in Fig. 3.
When the empirical stickiness ratios at different water
contents (in the consistency range from Ic ¼ 0 to 1.2) for
two highly plastic clays are plotted against the consistency
indices of the mixtures, good agreement between these
numbers and the categorisation of Thewes (1999) can be
found (left-hand diagram in Fig. 3). This allows for the
quantification of low, medium and high clogging potential
by assigning the corresponding ranges of parameter º (see
the table in Fig. 3).

Effects of clay-dispersing chemicals
The study by Zumsteg & Puzrin (2012) clearly showed

that commercial chemicals reduce strength both between the
soil particles and in the clay/steel interface, leading to
decreased maximum and residual shear strength of the soil,
and to a decreased tangential adhesion and sliding resistance
(Fig. 4(a)). In addition, a logarithmic correlation between
adhesion and empirical stickiness ratio has been established

(Fig. 4(b)) for a variety of conditioning agents (pure water,
foam and polymer) and clays (kaolin, illite, bentonite). This
implies that although the stickiness can in principle be
reduced by decreasing the soil resistance, the extent of this
reduction is rather limited. Considering the stickiness behav-
iour at different consistencies (water contents) of the investi-
gated soil, a higher reducing effect can be seen at higher
water contents, with the polymer influence becoming negli-
gible at stiffer soil consistencies (Fig. 4(c)). As a result, the
soil is still sticky in the operation range of the TBM, and
the clogging potential is not significantly reduced in the
consistency range, where the highest risk of clogging is
expected.

MATERIALS AND METHODS
Testing procedures
Evaluation of stickiness: empirical mixing test. The Hobart
mortar mixer is often used in the mixing test, to determine
the influence of different conditioning agents on soil behav-
iour in the mixing process, and to create a homogeneous
clay–chemical paste (Fig. 5). The performance, however, is
mostly judged intuitively. In order to quantify the clogging
potential of soft soil mixtures empirically, this method was
expanded by measuring the weight of soil sticking to the
mixing tool after mixture preparation in the mortar mixer.
The resulting empirical stickiness ratio º (equation (4))
quantifies the tendency of the conditioned soil paste to
remain sticking on a mixing tool after a mixing process in a
mortar mixer.

Although this test is empirical, and cannot fully represent
the complex conditions during excavation, it is a very simple
measure of the interaction between soil and steel tools in a
rotational operation mode similar to TBM excavation.

Adhesion measurement: plate shear test. Adhesion is re-
garded as the main cause of clogging in tunnelling, and is
expected to decrease after the injection of soil conditioners.
Because of the lack of reliable and established laboratory
methods for quantification of tangential adhesion, a new
measurement device was developed, allowing measurement of
both the tangential adhesion and the sliding resistance
between conditioned soft pastes and steel surfaces at different
applied pressures as they occur in the pressure chamber of an
EPB-TBM. The concept of the apparatus is very simple, as
shown in Fig. 6; a detailed description can be found in
Zumsteg & Puzrin (2012). The upper part of the apparatus
consists of a soil box, which can be filled with the
conditioned soil, and allows the installation of a steel plate

Soil body
Strength of conditioned soil sc

Ratio: α �
a
s

c

c

Adhesion between conditioned soil
and steel surface ac

Steel body

α

α

0

No stickiness

1

High stickiness

→

→

Fig. 2. Concept of Æ ratio and its relation to stickiness
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(with desired surface roughness) at its mid height. After
application of the desired pressure at the bottom plate of the
box, the plate can be rotated at the desired velocity with a
continuous record of the torque moment. Assuming a
constant shear stress at every point of the plate, the tangential
adhesion ac(max) can be calculated using the maximum torque
moment and the sliding resistance ac(res) from the average
residual torque moment (Fig. 6).

For determination of the maximum conditioned shear

strength sc(max) and the residual conditioned shear strength
sc(res) of the mixtures, the new pressurised vane shear-test
apparatus was used. This apparatus was also developed for
soil-conditioning purposes, to the measure strength proper-
ties of conditioned pastes under EPB conditions, namely
different applied pressures and rotation rates of the vane. It
is described in detail in Messerklinger et al. (2011). General
measurement results for different clays with different con-
ditioning can be found in Zumsteg et al. (2012).
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Fig. 4. (a) Influence of commercial soil conditioners on strength and adhesion of illite pastes; (b) correlation between empirical
stickiness and adhesion for different mixtures�; (c) effect of dispersing polymer on stickiness behaviour of illite at different soil
consistencies�; (d) mixing paddle after test with illite at consistency Ic 0.5. �Reprinted from Zumsteg & Puzrin (2012), with
permission from Elsevier

(a) (b) (c)

Fig. 5. (a) Photograph of mixer used, with mixing tool; (b) mixing process; (c) mixing tool after mixing process (reprinted from Zumsteg
& Puzrin, 2012, with permission from Elsevier)
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Chemicals and soils used
New chemicals used. Polyamines in general are widely used
as additives in drilling fluids (Jarrett & Dye, 2005), where
they act mainly as hydration suppressants. Their proposed use
in this study as a conditioner with the aim to change
properties of soft clays in general, and for tunnelling
application specifically, is novel. Polyamines used in this
study are summarised in Table 1.

Clays used. Three different clays – kaolin, illite and
bentonite – were used in this study, each with a predominant
specific clay mineral (kaolinite, illite and montmorillonite
respectively). The properties of these clays are summarised in
Table 2. The kaolin and bentonite were delivered in powdered
form; the illite was delivered in larger pieces and then milled
to smaller-sized aggregates, allowing for the study of the
effects of the aggregate size. The standard grain size of the

illite material for this study was smaller than 0.5 mm. To
investigate the influence of aggregate size on the chemical
efficiency of the amines, one base material with smaller and
one with larger average grain size was produced and tested
(Table 3). The detailed grain-size distributions of all the clays
can be found in Appendix 2.

Mixture preparation and composition
Production of the clay pastes for determining the mech-

anical parameters of the mixtures followed the described
procedure. For the non-treated mixtures, 1500 g of dry clay
was weighed in the mixing bowl of a Hobart mortar mixer.
Depending on the desired final water content of the mixture,
demineralised water was added and the mixing process was
started. For the amine-treated mixtures, the desired concen-
tration of amine (cA, always expressed as weight of amine
per weight of dry soil) was added to the demineralised
water. This water–chemical mixture was added to 1500 g
clay and moulded in the mortar mixer for a defined time
period of 3 min.

RESULTS AND DISCUSSION
Effect of new chemicals: drastic stickiness reduction

The mixing test and determination of the empirical sticki-
ness ratio for all three clays revealed a dramatic effect of
amine addition (even in modest concentrations) on the
stickiness behaviour of the mixtures (Fig. 7). Whereas after
preparation of an illite paste with pure water at a soft
consistency the mixing tool is completely clogged, it remains
almost clean after the mixing process of the same clay at
the same overall water content with the addition of 1% of
pentaethylenehexamine (PEHA) only, with the empirical
stickiness ratio º dropping from 0.55 to almost zero. Con-
ducting tests at different water contents and paste consisten-
cies demonstrates that this effect persists over the whole
range of water contents, and particularly at problematic stiff
consistencies (Fig. 7(a)). A similar result is obtained for
bentonite clay (Fig. 7(b)), where the clogging potential can
be reduced from high (º . 0.4) and medium (0.2 , º , 0.4)
to low (º , 0.2) over the whole range of water contents,
with the empirical stickiness ratio never exceeding 0.1.
Although for kaolin the dependence of this ratio on the paste
consistency is different, in this case also º is reduced to very
low values over the whole range of practical interest (Fig.
7(c)). These results clearly demonstrate the main and most
important benefit of the newly patented applications of the
polyamine chemicals.

Adhesion and strength
The study of the influence of different polyamines on

adhesion and strength values (Fig. 8) reveals important
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Fig. 6. Shear-plate apparatus: (a) three-dimensional schematic;
(b) photograph; (c) typical test results (reprinted from Zumsteg &
Puzrin, 2012, with permission from Elsevier)

Table 1. Polyamines used in the present study

Polyamine Code Structure Formula

Diethylenetriamine DETA H N2

N
H

NH2
C4H13N3

Triethylenetetramine TETA H N2
N
H

N
H

NH2 C6H18N4

Tetraethlyenepentamine TEPA H N2
N
H

N
H

NH2
N
H

C8H23N5

Pentaethylenehexamine PEHA H N2
N
H

N
H

NH2
N
H

N
H

C10H28N6
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information about the different effects of these chemicals.
Clear tendencies for increasing polyamine molecular size
can be observed. Whereas tangential adhesion ac(max) and
sliding resistance ac(res) are slightly larger for DETA, for
amines with higher molecular weight they remain close
to the values for the non-treated paste. The residual
hear-strength value sc(res) follows the same trend, and even
approaches the adhesion value for PEHA. Of critical
importance, however, is the behaviour of the maximum shear
strength sc(max), which increases continuously with the mole-
cular length of the amines used: for PEHA, it reaches a
value three times higher than for a mixture at the same
overall water content without chemical treatment.

Influence of chemicals on Æ ratio
The changes in strength and adhesion after commercial

foam and polymer treatment (Fig. 4) clearly demonstrate that
the lubricants used are capable of decreasing adhesion, but
at the same time they also reduce the shear strength of the
mixture to a similar extent. This inevitably results in a
limited reduction of the Æ ratio. In this case low stickiness
is achieved mainly by reducing the strength and adhesion to
very low values, which is possible only at liquid consisten-
cies. This is not a desired conditioning effect.

Attempts to find a general correlation between the param-
eter Æ and the empirical stickiness parameter º for different
types of clay mixed at the same overall water content with
conventional clay-dispersing chemicals were not successful
(Fig. 9(a)). Apparently, because of the different composition
and structure of the clay minerals used, they have to be
considered separately. What all types of clay have in com-
mon, however, is that chemical treatment with commercial
products leads to a rather small change of the ratio Æ, when
compared with the non-treated paste of the same clay at the
same water content. The biggest effect in Fig. 9(a) is evident
for illite, where polymer application in particular manages to
a certain extent to reduce both Æ and the stickiness º. The
data points for illite indicate a possible correlation between
Æ ratio and stickiness ratio º, although the trend is not very
clear.

Plotting the Æ ratios for these illite mixtures treated with
amines against their empirical stickiness ratio º displays a
good correlation (Fig. 9(b)), clearly supporting the hypoth-
esis that the reduced Æ ratio is mainly responsible for the
decreased stickiness. When these results are plotted as º
against adhesion, together with the results for non-treated
and commercially treated pastes (Fig. 10), it becomes clear
that in the case of polyamines a different interaction me-
chanism is at work; the polyamine- treated pastes do not
follow the general logarithmic correlation seen in (and limit-
ing the stickiness-reduction capacity of) commercial chemi-
cals.

Interaction mechanism of commercial products: lubrication
When water is added together with the commercially

tested polymers and foams, their chemical interaction me-
chanism is based on reducing the attractive potential in theT
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Table 3. Different illite base materials (Sarospatakite extra,
Füzérradvány, Hungary, 2007)

Clay Preparation/ grinding/grain size

Illite, fine-grained Pebble mill (1 h)
Illite, medium-grained Jaw breaker , 0.5 mm
Illite, coarse-grained Jaw breaker , 4 mm
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water films around the individual clay particles in their
immediate proximity. Ion exchange and complexation reac-
tions between clays and chemicals lead to decreased electro-
static forces, and therefore to enhanced mobility of water
molecules between clay particles and at the clay/steel inter-
face (lubrication). With respect to the resulting soil structure,
there is no principal difference between adding pure water
or aqueous lubricant solutions. Together with the water, the
chemicals enter the clay aggregates, dissolve the boundaries
and enhance lubrication at the contact points between parti-
cles. Mechanically this leads to decreased adhesion, but also
to decreased strength. As a result, the Æ ratio and also the
stickiness can be reduced, but only to a very limited extent.

Interaction mechanism of polyamines: sealing of aggregates
The polyamines used increase the difference between

adhesion and shear strength, causing a reduction in the Æ
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ratio. This is assumed to be achieved by partially maintain-
ing the aggregate structure (and the shear strength) of the
clay during the addition of water, preventing destruction of
the clay aggregates. This inhibition of water entrance is
based on adsorption of the applied amines (which have a
high affinity to clay surfaces) on aggregate surfaces. As a
result, the chemicals seal the clay/aggregate surface and hold
the water in thick layers around the aggregates. Evidence for
this mechanism is also given in the following sections, based
on a number of alternative investigations.

Microscopic investigations: ESEM. The mechanism of seal-
ing by the applied chemicals is clearly visible at the
aggregate scale in micrographs taken with an environmental
scanning electron microscope (ESEM). Fig. 11 confirms the
different soil structure of the amine-conditioned paste, if
compared with a paste at the same water content but without
the addition of any chemicals (Fig. 1). The aggregate
boundaries are still easily visible, clearly indicating that the
water is attracted around the particles, but is not able to
dissolve the agglomerates. The mechanical behaviour of this
matrix is to a large extent determined by the properties of the
aggregate, and not by the single-particle contacts inside the
aggregates, as is the case for the addition both of pure water
and of commercial conditioners.

Adsorption measurement. One necessary condition for the
sealing mechanism is chemical coating of the clay aggre-
gates, and therefore adsorption of the chemicals on the clay
surface. A simple procedure was developed to determine
amine adsorption for the three different clays and two types
of amine. Details of the procedure and results are described
in Appendix 1. In all cases the results clearly confirm a
strong amine adsorption on the clay/aggregate surfaces, with
the adsorbed quantity depending strongly on the available
concentration of amines and on the type of clay. Amines with
higher molecular weight adsorbed in bigger quantities on the
same type of clay, directly supporting the model of increased
efficiency through increased amine size.

Water content. The mixing test clearly showed the beneficial
anti-sticking behaviour of amines over a large range of paste
consistency (Fig. 7). For a consistency of Ic ¼ 0.5, it has been
shown (Fig. 9) that this effect was linked to a decrease of the
ratio between adhesion and strength. Fig. 12 shows shear
strength and adhesion measurements for a range of paste
consistencies, for both non-treated and amine-treated illite
pastes at four different water contents. Although the amine
treatment does reduce adhesion to some limited extent (Fig.
12(b)), the main effect is as expected, based on the shear
behaviour (Fig. 12(a)), with reduced residual and increased
maximum shear strength, compared with the strength values
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Fig. 11. Effect of water and amine addition on structure of clay (ESEM images): (a) base material, dry illite aggregates; (b) addition of
water and 1% PEHA (no disintegration of clay agregates)
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for non-treated pastes. Another, indirect validation of the
sealing mechanism comes from analysis of the slopes of the
fitted strength curves (power-law trend lines in Fig. 12(a)). For
amine-treated pastes the slope is flatter, which means that less
water is needed to reduce the strength by the same amount as
in a non-treated paste. This can be explained by assuming that
in the case of amine treatment the added water is distributed
around the clay aggregates, producing a thicker water film
than in non-treated pastes, where water is distributed inside the
aggregate around the individual clay particles with much
larger specific surface. The thicker water film in the amine-
treated pastes leads to the faster strength reduction.

Particle grain size. The assumed aggregate-sealing mechan-
ism suggests that for a smaller average aggregate size,
because of the larger surface area, a larger concentration of
amines is needed to achieve the same sealing effect. To
validate this assumption, three illite base materials with
different aggregate size, different water contents but compar-
able maximum conditioned shear strengths were tested (Fig.

13). Indeed, in order to achieve a clearly reduced stickiness
ratio º, small aggregates (fine-grained illite) require a higher
amount of amine addition (4%), whereas for coarse
aggregates (coarse-grained illite) only a small concentration
(0.5%) is needed to produce the desired effect. Moreover, for
small aggregates, even when a higher concentration of
amines is used, the reductions in both the Æ ratio and the
correlated stickiness ratio º are smaller than in the coarse
base material. This is a further confirmation of the
mechanism of aggregate sealing, which becomes, as ex-
pected, less efficient as the aggregate size approaches the size
of the single clay platelet.

CONCLUSIONS
Quantification of the stickiness-reducing effects of com-

mercially available clay-dispersing foams and polymers and
their relation to the more fundamental parameters of shear
strength and adhesion was carried out in a previous study,
using novel devices and characterisation methods. The estab-
lished logarithmic correlation between the empirical sticki-
ness ratio and both adhesion and shear strength for different
types of clay and chemicals used indicated a limited effi-
ciency of the commercial products for reducing stickiness
and clogging potential.

This limited efficiency of the commercial chemicals can be
attributed to their lubrication mechanism, and can be quanti-
fied in terms of adhesion, shear strength, their ratio Æ and the
stickiness parameter º (Fig. 14). In fact, during the tunnel
excavation process the problem of clogging occurs after the
penetration of added water into the crushed clay agglomer-
ates. This leads to destruction of the aggregate structure,
reduction of its internal strength, and the development of
adhesion stresses between the single clay platelets and the
steel surfaces. Once the adhesion and strength values are in
the same range, both the ratio between them (Æ ratio) and the
stickiness (º ratio) become significant. The main effect of
commercial products is lubrication between clay particles and
between the clay and steel at their interface, leading not only
to reduced adhesion but also to decreased shear strength. As
a result, the Æ ratio is not significantly reduced, and a large
reduction in stickiness can be achieved only at liquid consis-
tency, which is not feasible for TBM operation.

This indicates the need for an enhanced chemical inter-
action mechanism for stickiness reduction. The proposed
mechanism is based on adsorption of the chemicals on the
clay surface, leading to coating and sealing of the clay
aggregates, preventing the entrance of water and maintaining
their shape and internal strength. As a result, the intact clay
aggregates maintain a certain structure with a higher strength
compared with clays mixed only with water or with water
and commercial conditioners. At the same time, as the water
is prevented from entering the aggregates, it accumulates
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around the aggregates in thicker water films, ensuring that
the adhesion stays low. This guarantees a low Æ ratio,
resulting in a low empirical stickiness ratio º (Fig. 14).

The proposed sealing mechanism has been realised with
the help of polyamine chemicals (which is a novel patented
application), and has been validated in electron microscopy
observations, adsorption tests and parametric studies varying
the molecular weight of the chemicals, clay minerals, clay
aggregate size and water content of the mixtures. The
presented results clearly show the great potential of the
polyamines for reducing the stickiness of all types of clay
tested over the entire consistency range. The study also
confirms the applicability of the recently developed charac-
terisation procedures and devices for stickiness and clogging
problems, and the proposed sealing mechanism is expected
to contribute to the development of new conditioning pro-
ducts to reduce potential risks for tunnelling in clay soils.
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APPENDIX 1: ADSORPTION MEASUREMENTS
Amines in general are reactive substances, and are known to form

stable complexes, especially with divalent cations (Ca2þ, Mg2þ,

Cu2þ). This fact is used, for example, for determination of the cation
exchange capacity (CEC) of clays with the copper complex method
(Meier & Kahr, 1999), where the amine–Cu2þ complexes are
responsible for the exchange reaction. Because the complexes are
violet-blue in colour, their concentration can be easily determined
photometrically.

Procedure
The measurement method used is based on the above reaction, and

was adopted in this case for determination of the adsorbed amount
of amine on the clay particles. Water–amine solution (40 ml) at five
different amine concentrations (0 g, 0.0125 g, 0.0475 g, 0.2 g, 1 g)
was mixed with 10 g of clay. Constant, slow turnover shaking of the
suspension bins for 30 min allowed an equilibrium state to be
reached. In a second step, the suspensions were centrifuged for
20 min at 2000 rev/min. After that, 0.5 ml of the clear supernatant
solution of each sample was removed and mixed with 0.5 ml copper
sulphate (0.2 mol/l), leading to the formation of Cu2þ complexes
with the non-adsorbed amines. Extinction measurement of these
solutions at 610 nm in a 10 mm cuvette (Dr Lange CADAS 100
photometer) enabled the solution colour depth to be determined.
Extinction values at the same amine concentrations without any
addition of clay served as a control, showing linear dependence on
concentration. This allowed back-calculation of the supernatant and
adsorbed concentration in the clay samples.

Results
The results in Fig. 15 clearly show that the suggested amines

adsorb on the clay particles. The amount of adsorbed TEPA is
dependent on the equilibrium concentration in solution and, to a high
degree, on the type of clay (Fig. 15(a)). For bentonite, for example, a
few percentages (wt% of clay) can be adsorbed; for kaolin the
adsorption is much lower (, 1%). Adsorption increases with
increasing molecular weight of the amines used, indicated by a
stronger adsorption for TEPA compared with TETA on illite clay
(Fig. 15(b)).
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APPENDIX 2: GRADING CURVES
The grading curves for the different materials were determined

with particle-size analysis (Horiba LA 950, laser particle sizer), and
are given in Fig. 16.

NOTATION
ac average resistance between conditioned soil and steel plate

ac(max) tangential adhesion
ac(res) sliding resistance

cA concentration of amine (wt% of dry clay)
GMT weight of soil sticking to mixing tool

GTOT total weight of soil sample
Ic soil consistency index
Ip plasticity index
LI liquidity index
sc average shear strength of conditioned soil

sc(max) maximum conditioned shear strength
sc(res) residual conditioned shear strength

w soil water content
wl liquid limit
wp plastic limit
Æ ratio of adhesion to shear strength
º empirical stickiness ratio
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Coupled chemical-hydraulic-mechanical behaviour of bentonites

A. DOMINIJANNI�, M. MANASSERO� and S. PUMA�

Bentonites are clay soils characterised by a high specific surface and a permanent negative electric
charge on their solid skeleton. Their common use as hydraulic and contaminant barriers for landfill
and soil remediation applications, including the final disposal of nuclear waste, needs to be supported
by adequate theoretical modelling of their mechanical behaviour and transport properties, in order to
assess the expected performance in the long term. To this end, a theoretical approach has been
proposed in order to derive constitutive equations for their coupled chemical-hydraulic-mechanical
behaviour. The phenomenological parameters that govern the transport of electrolyte solutions through
bentonites – that is, the hydraulic conductivity, the reflection coefficient (which is also called the
chemico-osmotic efficiency coefficient), and the osmotic effective diffusion coefficient – have been
measured through laboratory tests on a bentonite with porosity of 0.81, over a range of sodium
chloride concentrations in the pore solution that varied from 5 mM to 100 mM. The relevance of the
osmotic phenomena has been shown to decrease when the salt concentration increases. The obtained
results have been interpreted by assuming that the microscopic deviations of the pore solution state
variables from their average values are negligible. In this way, it is possible to interpret the
macroscopic behaviour on the basis of the physical and chemical properties of the bentonite
mineralogical components.

KEYWORDS: chemical properties; clays; constitutive relations; expansive soils; laboratory tests; pore
pressures

INTRODUCTION
The term ‘bentonite’ is commonly used to indicate a clay
soil with a high content (. 70%) of montmorillonite, a
mineral of the smectite group. Montmorillonite particles are
thin lamellae that are characterised by a high specific surface
(defined as the surface per unit weight) and a permanent
negative electric charge. Bentonite is used in hydraulic and
contaminant barriers, because of its low hydraulic conductiv-
ity, k, to permeation with water and dilute aqueous solutions
(k typically < 3 3 10�11 m/s). Geosynthetic clay liners
(GCLs), which consist of a thin layer of bentonite (,5–
10 mm thick) sandwiched between two geotextiles, are ex-
amples of such barriers. GCLs are currently used in bottom
and cover landfill barriers to limit water infiltration and
contaminant migration.

Owing to its physical and chemical properties, bentonite’s
macroscopic mechanical behaviour and transport properties
cannot be modelled through classical soil mechanics ap-
proaches (Manassero & Dominijanni, 2003). In fact, bento-
nite swells or shrinks in response to changes in the chemical
composition of the pore solution. Moreover, when a hydraul-
ic pressure gradient, or a solute concentration gradient, is
applied to it, both a volumetric flux and a diffusive solute
mass flux occur, as in semi-permeable membranes. For this
reason, a theoretical approach that accounts for the electric
interaction that occurs between the solid skeleton of the
bentonite and the ions contained in the pore solution is
proposed in the first part of this paper. The experimental
determination of the swelling pressure and the transport
properties of a natural sodium bentonite is described in the
second part. The obtained results have been interpreted with

the proposed theoretical model, in which the microscopic
properties of the bentonite have been linked to the observed
macroscopic behaviour.

THEORY
Montmorillonite lamellae are characterised by a negative

electric charge, owing to the isomorphic substitution of a
portion of the tetravalent silicon (Si4þ) and the trivalent
aluminium (Al3þ) in their crystalline structure, with metals,
such as magnesium (Mg2þ), which have a lower valence.
This electric charge per unit solid volume can be expressed
as F � �ccsk,0, where F is Faraday’s constant (96 485 C/mol) and
�ccsk,0 is the molar concentration per unit solid volume of the
solid skeleton electric charge, which is assumed to have unit
valence (i.e. zsk ¼ �1). �ccsk,0 represents the moles of solid
skeleton electric charge per volume of solids and, in order to
be compared with the ion concentrations of the pore solu-
tion, it needs to be divided by the void ratio, e, which
represents the pore volume per volume of solids. Dominijan-
ni & Manassero (2012b) have shown that �ccsk,0 is propor-
tional to the effective specific surface of the solid particles,
and decreases when the montmorillonite lamellae aggregate
to form the so-called tactoids.

If the pore solution contains a single salt that is com-
pletely dissociated with the stoichiometric reaction

Cationð Þ	1

z1
Anionð Þ	2

z2
! 	1(Cation)z1 þ 	2(Anion)z2

where z1 and z2 are the electrochemical valences of the
cation and the anion, and 	1 and 	2 are the stoichiometric
coefficients of the cation and the anion respectively, then the
following condition has to be satisfied in order to preserve
electroneutrality within a saturated porous medium, even in
the presence of the solid skeleton electric charge

z1�cc1 þ z2�cc2 ¼
�ccsk,0

e
(1)
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where �cc1 and �cc2 are the molar concentrations of the cation
and the anion respectively, and e is the void ratio.

As a consequence, the solid skeleton electric charge influ-
ences the distribution of the ions contained in the pore
solution. This phenomenon is known as the ion partition
effect, and is expected to be more relevant for porous media
characterised by higher solid skeleton charge concentrations.

Equilibrium conditions
When an electrically charged porous medium is placed in

contact with an external bulk solution that contains the same
ions as are present in the pore solution, a thermodynamic
equilibrium condition is reached, after a certain period of
time, in which the water chemical potential and the ion
electrochemical potentials between the two solutions are
equal. The external bulk solution can be considered as a
‘chemical thermometer’ in order to evaluate the equilibrium
conditions of the porous medium (Coussy, 2004). The elec-
troneutrality condition in the external solution is given by

z1c1 þ z2c2 ¼ 0 (2)

where c1 and c2 are the molar concentrations of the cation
and the anion that are contained in the bulk solution.

It is convenient to define the salt concentration, cs, of the
external solution as

cs ¼
c1

	1

¼ c2

	2

(3)

Using equation (3), the electroneutrality condition, equation
(2), provides the relation between the electrochemical va-
lences and the stoichiometric coefficients as

z1	1 þ z2	2 ¼ 0 (4)

As a result, the equilibrium condition can be characterised
by the following state variables of the external bulk solution:
the absolute temperature, T; the hydraulic pressure (refer-
enced to the atmospheric pressure, as is usual in soil mech-
anics), u; and the salt concentration, cs: The corresponding
variables of the pore solution can be evaluated from the
following conditions

�TT ¼ T (5)

�

w ¼ 
w (6)

�

ec
i ¼ 
ec

i i ¼ 1, 2 (7)

where �TT and T are the absolute temperature in the pore
solution and in the external bulk solution respectively; �

w

and 
w are the water chemical potential in the pore solution
and in the external bulk solution respectively; and �

ec

i and

ec

i are the electrochemical potentials of the ith ion in the
pore solution and in the external bulk solution respectively.

The water chemical potential, 
w, and the ion
electrochemical potentials, 
ec

i , of the external solution can
be related to the hydraulic pressure, u, and the salt concen-
tration, cs, for a dilute solution according to (Katchalsky &
Curran, 1965; Dominijanni & Manassero, 2012a)


w ¼ 
0
w Tð Þ þ u�—

cw

(8)


ec
i ¼ 
i þ ziF� ¼ 
0

i Tð Þ þ RT ln 	icsð Þ þ ziF� i ¼ 1, 2

(9)

where 
0
w and 
0

i are integration constants that only depend
on the absolute temperature T; cw is the water molar
concentration; — ¼ RT

P 2
i¼1	ics is the osmotic pressure; 
i

is the chemical potential of the ith ion; R is the universal
gas constant (¼ 8.314 J/(mol K)); and � is the electric
potential.

The state variables in the external bulk solution can be
measured easily, whereas it is very difficult to determine the
corresponding variables in the pore solution. Moreover, the
relations obtained by linking the chemical potentials to the
state variables of the pore solution are more uncertain,
owing to the interaction with the solid skeleton charge,
which alters the ion concentration distribution near the solid
particles. The simplest assumption that can be adopted
involves using relations analogous to equations (8) and (9),
as they are also considered valid for the pore solution. This
assumption, which was first proposed by Donnan (1911),
neglects the microscopic deviations of the ion concentrations
from their average values that are induced by the electric
potential distribution within the pores. If this approximation
is accepted, then the water chemical potential, �

w, and the
ion electrochemical potentials, �

ec

i , of the pore solution can
be expressed as

�

w ¼ �

0
w Tð Þ þ �uu� �——

�ccw

(10)

�

ec
i ¼ �

i þ ziF ��� ¼ �

0

i Tð Þ þ RT ln �ccið Þ þ ziF ��� i ¼ 1, 2

(11)

where �

0
w and �

0

i are integration constants that depend only
on the absolute temperature, T; �ccw is the molar concentration
of the water in the pore solution, which can be taken equal
to the molar concentration of the water in the external bulk
solution, that is, �ccw ffi cw; �—— ¼ RT

P 2
i¼1�cci is the osmotic

pressure of the pore solution; �

i is the chemical potential of
the ith ion in the pore solution; and ��� is the electric
potential in the pore solution.

The hydraulic pressure of the pore solution, �uu, and the ion
partition factor, î, defined as the ratio between the ion
concentration of the pore solution and the ion concentration
of the external bulk solution, can therefore be expressed on
the basis of equations (6) and (7), and using equations
(8)–(11)

�uu ¼ uþ �——�—ð Þ (12)

ˆi ¼
�cci

ci

¼ �cci

	ics

¼ exp �zi

F

RT
�łł

� �
i ¼ 1, 2 (13)

where �łł ¼ ���� � is the electric potential of the porous
medium, which is also called Donnan’s potential.

On the basis of this approach, the hydraulic pressure of
the pore solution is different from the hydraulic pressure of
the external solution that is in equilibrium with it. The
pressure difference between the pore solution and the ex-
ternal solution is called the swelling pressure, usw, and is
given by

usw ¼ �——�— (14)

Equations (12) and (13) for i ¼ 1, 2, together with equa-
tion (1), constitute a set of four equations that can be solved
to find the four unknown variables: the hydraulic pressure, �uu,
the ion concentrations, �cci for i ¼ 1, 2, and the electric
potential, �łł:

When the ion electrochemical valences are both unitary,
such as for soidium chloride, equation (13) implies that

ˆ1 ¼ ˆ�1
2 (15)

Inserting equation (15) into equation (1) results in the equa-
tion

ˆ�1
2 � ˆ2 �

�ccsk,0

ecs

¼ 0 (16)

which has a positive solution of the form
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ˆ2 ¼ �
�ccsk,0

2ecs

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ccsk,0

2ecs

� �2

þ 1

s
(17)

and

ˆ1 ¼ ˆ�1
2 ¼

�ccsk,0

2ecs

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ccsk,0

2ecs

� �2

þ 1

s
(18)

On the basis of equations (17) and (18), the swelling
pressure can be expressed as

usw ¼ RTcs ˆ1 þ ˆ2 � 2ð Þ

¼ 2RTcs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ccsk,0

2ecs

� �2

þ 1

s
� 1

2
4

3
5 (19)

Change in equilibrium
When the hydraulic pressure and/or the salt concentration

are changed in the external bulk solution, a new equilibrium
condition is restored in the porous medium after a suffi-
ciently long period of time. In order to evaluate this new
condition, the change in the free energy per unit initial
(undeformed) volume of the porous medium, =V, can be
determined by assuming that it is a function of the macro-
scopic strain tensor, �, and the concentration of each fluid
component (Dormieux et al., 2003). A second assumption
that can be made refers to the reversible mechanical behav-
iour of the solid constituents: in such a case, the intrinsic
dissipation, due to the solid skeleton strains, is zero (Dor-
mieux et al., 2003; Dominijanni & Manassero, 2012a). On
the basis of these assumptions, the increment in free energy
per unit initial volume, under isothermal conditions, can be
expressed as

d=V ¼ � : d�þ
X2

k¼w,1

�

k

d eckð Þ
1þ e0

(20)

where � is the total stress tensor and e0 is the initial void
ratio.

In equation (20), the chemical potentials of the pore
solution, �

i, can be substituted by the electrochemical
potentials, �

ec

i , since the adding term given by

F ���
d[e(z1�cc1 þ z2�cc2)]

1þ e0

� �
¼ F ���

d�ccsk,0

1þ e0

is null, if the solid skeleton charge, �ccsk,0, is assumed
constant.

Then, applying equations (6) and (7), the water chemical
potential and the ion electrochemical potentials in the pore
solution can be substituted by the corresponding potentials
in the external solution. If the electroneutrality condition,
equation (2), is taken into account, the ion electrochemical
potentials of the bulk solution can be substituted by the ion
chemical potentials. As a result, d=V can be expressed using
the readily available chemical potentials of the external bulk
solution, instead of the chemical potentials of the pore
solution. If the analysis is restricted to a unidimensional
geometry, equation (20) becomes

d=V ¼ �d�þ
X2

k¼w,1


k

d eckð Þ
1þ e0

(21)

The free energy of the solid skeleton, which accounts for
the interaction with the fluid phase, =sk

V , can be derived by
subtracting, from =V, the free energy of the fluid phase that

is given as a function of the specific free energies of the
components of the external bulk solution, Fk (k ¼ w, 1, 2),
to give

=sk
V ¼ =V �

e

1þ e0

X2

k¼w,1

�cckFkð Þ (22)

The free energy change, due to the interaction between the
solid skeleton charge and the ions in the pore solution, is
included in =sk

V because the specific free energy of the
equilibrium bulk solution is subtracted from =V, instead of
the specific free energy of the pore solution.

Using the thermodynamic relations


k ¼ Fk þ
uk

ck

k ¼ w, 1, 2 (23)

d
k ¼
duk

ck

k ¼ w, 1, 2 (24)

dFk ¼ �ukd
1

ck

� �
k ¼ w, 1, 2 (25)

where uk represents the partial pressure of the kth compo-
nent of the bulk solution, the change in =sk

V can be ex-
pressed as

d=sk
V ¼ �d�þ

X2

k¼w,1

uk

1þ e0

d
eck

ck

� �
(26)

Observing that �ccw ffi cw and

uw ¼ u�— (27)

where the osmotic pressure represents the sum of the ion
partial pressures

— ¼
X2

i¼1

ui (28)

the increment d=sk
V can be expressed as

d=sk
V ¼ �d�þ u�—ð Þ de

1þ e0

þ
X2

i¼1

ui

1þ e0

d
eci

ci

� �
(29)

For infinitesimal strains, assuming that the solid component
is incompressible

d� ¼ � de

1þ e0

(30)

and, as a consequence, equation (29) can be expressed as

d=sk
V ¼ [� � (u�—)]d�þ

X2

i¼1

ui

1þ e0

d
eci

ci

� �
(31)

In order to derive the mechanical constitutive equations, it
is convenient to work with the Gibbs free energy, Gsk

V , which
is the following Legendre transform of =sk

V

Gsk
V ¼ [� � u�—ð Þ]�þ

X2

i¼1

e

1þ e0

ui

�cci

ci

� =sk
V (32)

Taking into account equations (31) and (24), the infinitesi-
mal increment in Gsk

V is given by

dGsk
V ¼ �[d� � (du� d—)]þ

X2

i¼1

eci

1þ e0

d
i

¼ �[d� � du� d—ð Þ]þ e �cc1 þ �cc2ð Þ
1þ e0


 �
1

	1 þ 	2

d
s

(33)
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where d
s is the salt chemical potential increment, which is
defined as

d
s ¼ 	1d
1 þ 	2d
2

¼ 1

cs

d—
(34)

The function Gsk
V can be considered to depend on the

variables [� � (u�—)] and 
s: therefore the simplest con-
stitutive equations that can be inferred are

d� ¼ �vv[d� � (du� d—)]þ �vsd
s (35)

d[e(�cc1 þ �cc2)]

(	1 þ 	2)(1þ e0)
¼ �sv[d� � (du� d—)]þ �ssd
s (36)

Symmetry of the coefficients (i.e. �vs ¼ �sv) can be demon-
strated by considering Gsk

V as a continuous function of the
variables [� � (u�—)] and 
s (Dominijanni & Manassero,
2012a).

Equation (35) can also be expressed in the form

d� � du� dusw ¼ Md� (37)

where M ¼ 1/�vv is the unidimensional elastic modulus of
the porous medium and dusw represents the swelling pressure
increment, which is given by

dusw ¼ �vd— (38)

where v ¼ 1þ (�vs=�vvcs) is the swelling coefficient
(Dominijanni & Manassero, 2012a).

Since it is known, from experimental observations, that
the swelling pressure tends to zero when cs !1, the
swelling pressure, usw, can be obtained as

usw ¼
ð1
—

vd— (39)

The effective stress principle can be restored, on the basis of
equation (37), if the effective stress increment, d�9, is
defined as

d� 9 ¼ d� � du� dusw (40)

The classical definition of effective stress, d�9 ¼ d� �du,
corresponds to the particular case for which dusw ¼ 0, that
is, v ¼ 0 and �vs ¼ ��vvcs:

Adopting Donnan’s assumptions and using equation (14),
the swelling coefficient can be expressed as

v ¼ 1� d �——

d—
(41)

Dominijanni & Manassero (2012b) have demonstrated that
equation (41) can also be expressed in the form

v ¼ 1� d �——

d—

¼ 1� 	1 þ 	2

	1ˆ2 þ 	2ˆ1

ˆ1ˆ2

(42)

Transport equations
If clay is interposed between two reservoirs with different

hydraulic pressures or ion concentrations, a pore solution
volumetric flux, q, and an ion mass flux, Ji, relative to the
solid skeleton, are generated. In order to derive appropriate
flux equations, the linear momentum balance equations of
the fluid components can be developed on the basis of a
number of assumptions. If only unidimensional problems are
considered and inertial effects are neglected, these equations

can be expressed as (Ehlers, 2002; Dominijanni & Manass-
ero, 2010)

� @ nuwð Þ
@x

þ f w ¼ mw (43)

� @ nuið Þ
@x

þ f i ¼ mi i ¼ 1, 2 (44)

where n is the porosity, x is the spatial coordinate, fw is the
external force per unit volume acting on the water, mw is the
momentum supply of water, fi is the external force per unit
volume acting on the ith ion, and mi is the momentum
supply of the ith ion.

The external forces are gravity, which can be considered
only to act on the solvent (i.e. water) in the x direction, and
the electric force, which is proportional to the electric
potential gradient.

f w ¼ nrwg (45)

f i ¼ �nciziF
@���

@x
i ¼ 1, 2 (46)

where rw is the water density and g is the gravitational
acceleration.

The momentum supply of the fluid components can be
expressed as

mk ¼ ��uuk=nþ mE
k k ¼ w, 1, 2 (47)

where mE
k represents the extra-momentum supply of the kth

fluid component, which can be associated with the friction
between the porous medium components that move with
different velocities.

If the extra-momentum supply is associated with the
frictional force per unit volume exchanged with the other
components of the porous medium, it can be assumed to be
equal to the sum of the binary interactions

mE
w ¼ mE

w,sk þ
X2

i¼1

mE
w,i (48)

mE
i ¼ mE

i,w þ mE
i, j þ mE

i,sk i, j ¼ 1, 2; i 6¼ j (49)

where w is the water, sk the solid skeleton, and i and j are
the ith and jth ions. The friction between the ions and
between the ions and the solid skeleton can be considered
negligible for a dilute solution compared with the friction
between the ions and the solvent

mE
i, j; mE

i,sk � mE
i,w i, j ¼ 1, 2; i 6¼ j

mE
i ffi mE

i,w i ¼ 1, 2 (50)

Moreover, on the basis of the assumption of binary inter-
action, it can be assumed that

mE
w,i ¼ �mE

i,w i ¼ 1, 2 (51)

For the friction forces per unit volume, the following
constitutive equations can be adopted.

mE
w,sk ¼ Æn vw � vskð Þ ¼ Æq (52)

mE
i,w ¼ �mE

w,i ¼ �inci vi � vwð Þ i ¼ 1, 2 (53)

where Æ and �i are friction coefficients, and vw, vsk and vi

are the water, solid skeleton and ith ion velocities respec-
tively.

The factors n and (vw � vsk) in equation (52), as well as
nci and (vi � vw) in equation (53), have been picked out as
an indication of the fact that mE

w,sk ¼ 0 if n ¼ 0 or
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(vw � vsk) ¼ 0, and mE
i,w ¼ 0 if nci ¼ 0 or (vi � vw) ¼ 0.

However, this does not mean that the friction coefficients Æ
and �i are independent of n, �cci and the relative velocities.

Taking into account these constitutive assumptions, and
using the thermodynamic relation that relates the chemical
potentials to the partial pressure

d�

k ¼
d�uuk

�cck

k ¼ w, 1, 2 (54)

the following flux equations can be derived from equations
(43) and (44).

q ¼ n vw � vskð Þ

¼ � n

Æ
�ccw

@�

w

@x
� rwg þ

X2

i¼1

�cci

@�

ec
i

@x

 !
(55)

J i ¼ nci vi � vskð Þ

¼ qci � n
Di

RT
�cci

@�

ec
i

@x
i ¼ 1, 2

(56)

where Di ¼ RT/�i represents the macroscopic diffusion coef-
ficient of the ith ion.

At this point, it is convenient to introduce the concept of
a virtual external bulk solution that is in thermodynamic
equilibrium with the pore solution at the generic position x
within the porous medium (Dormieux et al., 1995; Yarosh-
chuk, 1995). The virtual solution coincides with the real
bulk solutions in contact with the porous medium at the
boundaries. The thermodynamic potentials in equations (55)
and (56) can be substituted with the corresponding potentials
of this virtual solution, using equations (6) and (7). This
leads to a formulation that does not depend on the determi-
nation of the pore solution variables. Therefore, equations
(55) and (56) can be expressed as

q ¼ � n

Æ

@u

@x
� @—
@x
� rwg þ RT

X2

i¼1

ˆi

@ci

@x
þ F

�ccsk,0

e

@�

@x

 !

(57)

J i ¼ qˆici � nDiˆi

@ci

@x
� ziˆici

nDi

RT
F
@�

@x
i ¼ 1, 2 (58)

If an external electric current is not applied to the porous
medium, the electric potential derivative in equations (57)
and (58) can be eliminated by means of the condition of
electric current, Ie, equal to zero.

Ie ¼ F
X2

i¼1

ziJ i ¼ 0 (59)

The resulting flux equations can be expressed as follows

q ¼ � k

ªw

@u

@x
� ø

@—

@x

� �
(60)

J s ¼ 1� øð Þqcs � nD�ø
@cs

@x
(61)

where

k ¼ nªw

Æ 1þ RT

Æ

ˆ1 � ˆ2ð Þ2	1	2cs

	1ˆ2D2 þ 	2ˆ1D1

" # (62)

ø ¼ 1� 	1D2 þ 	2D1

	1ˆ2D2 þ 	2ˆ1D1

ˆ1ˆ2 (63)

J s ¼
J1

	1

¼ J2

	2

(64)

D�ø ¼ 1� øð ÞDs (65)

Ds ¼
	1 þ 	2ð ÞD1D2

	1D2 þ 	2D1

(66)

where k is the hydraulic conductivity, ø is the reflection
coefficient, Js is the salt molar flux, D�ø is the osmotic
effective diffusion coefficient, and Ds is the macroscopic salt
diffusion coefficient.

Dominijanni & Manassero (2012b) have demonstrated
that, if the microscopic deviations of the variables from their
average values are assumed to be negligible, the macro-
scopic ion diffusion coefficients, Di, are equal to the ion
effective diffusion coefficients, D�i

Di ¼ D�i ¼ �mDi,0 i ¼ 1, 2 (67)

Ds ¼ D�s ¼
	1 þ 	2ð ÞD�1 D�2
	1D�2 þ 	2D�1

¼ �m

	1 þ 	2ð ÞD1,0D2,0

	1D2,0 þ 	2D1,0

¼ �mDs,0

(68)

where �m is the dimensionless matrix tortuosity factor, which
accounts for the tortuous nature of the actual diffusive path-
way through the porous medium (Malusis & Shackelford,
2002b); Di,0 is the free (aqueous) solution diffusion coeffi-
cient of the ith ion; D�s is the salt effective diffusion coe-
fficient; and Ds,0 is the free-solution diffusion coefficient of
the salt.

An interesting observation is that the reflection coefficient,
ø, results as equal to the swelling pressure coefficient, v,
when the ion free-solution diffusion coefficients are equal.

When the solid skeleton electric charge is equal to zero,
the ion partition coefficients, î, are equal to 1, and equa-
tions (60) and (61) reduce to the Darcy equation and the
classical advective diffusion equation respectively.

The osmotic effective diffusion coefficient, D�ø, results as
related to the reflection coefficient, ø, through equation
(65), so that D�ø ¼ 0 when ø ¼ 1. As a result, the condition
ø ¼ 1 implies a null salt flux through the porous medium,
which in this case can be said to act as a ‘perfect’ or ‘ideal’
barrier.

If equation (65) is compared with the expression for D�ø
proposed by Malusis & Shackelford (2002b) and Malusis et
al. (2012)

D�ø ¼ �rD
�
s (69)

where �r is the restrictive tortuosity factor, the result is that
�r is given by

�r ¼ 1� øð Þ Ds

D�s
(70)

Moreover, if the hypotheses implied by equation (68) are
adopted, the expression for �r reduces to

�r ¼ 1� ø (71)

The coefficient k can be measured, under steady-state
conditions, using traditional permeameters. Malusis et al.
(2001) developed a testing apparatus to determine ø and
D�ø: This apparatus is able to impose the condition of no
volumetric flux (q ¼ 0) through a soil sample in contact with
two external solutions, maintained at constant salt concentra-
tions, so that the global or averaged values of the coeffi-
cients can be measured. The global values of ø and D�ø are
defined as (Auclair et al., 2002)
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øg ¼
1

˜cs

ðct

cb

ødcs (72)

D�øg ¼
1

˜cs

ðct

cb

D�ødcs (73)

where ct and cb represent the salt concentration at the top
and the bottom boundaries of the clay sample respectively,
and ˜cs ¼ ct � cb is their difference. These coefficients can
be determined by means of the following relations under
steady-state conditions.

øg ¼
˜u

˜—

� �
q¼0

(74)

D�øg ¼
L

n

J s

˜cs

� �
q¼0

(75)

where ˜u ¼ ut � ub and ˜— ¼ —t �—b represent the differ-
ences between the hydraulic pressure and the osmotic pres-
sure at the boundaries of the clay sample, and L is the
length of the sample.

It is interesting to observe that the relationship between
D�ø and ø is also maintained between their corresponding
global values; in fact, inserting equation (65) into equation
(73) with Ds ¼ D�s leads to

D�øg ¼ 1� øgð ÞD�s

¼ 1� øgð Þ�mDs,0

(76)

For a salt constituted by monovalent ions, inserting equation
(63) into equation (72) and using equations (17) and (18),
the following expression for øg is obtained

øg ¼ 1þ �ccsk,0

2˜cse
Z2 � Z1 � 2t1 � 1ð Þ ln Z2 þ 2t1 � 1

Z1 þ 2t1 � 1

� �
 �
(77)

where

t1 ¼
D1,0

D1,0 þ D2,0

(78)

Z1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2cte

�ccsk,0

� �2
s

(79)

Z2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2cbe

�ccsk,0

� �2
s

(80)

and t1 is the cation transport number.

MATERIALS AND METHODS
Materials

The powdered bentonite tested in this study is an Indian
sodium bentonite that is used for the production of a needle-
punched GCL. The bentonite is characterised by a cation
exchange capacity (CEC, measured using the methylene blue
adsorption method) of 105 meq/100 g. The mineralogical
composition, evaluated through X-ray diffraction analysis,
indicates a bentonite that is composed primarily of smectite
(. 98%), with traces of calcite, quartz, mica and gypsum.

The bentonite is characterised by a liquid limit (LL) of
525% and a hydraulic conductivity of 8 3 10�12 m/s, meas-
ured at a 27.5 kPa confining effective stress using de-ionised
water (DW) as the permeant liquid.

Sodium solutions were prepared with sodium chloride
(ACS reagent, purity > 99%) and DW. The sodium solutions

were prepared at different molarity values in the range 5–
100 mM, with the aim of investigating the effect of the
monovalent cations on the osmotic behaviour of the bento-
nite. The DW (pH ¼ 6.95; electrical conductivity (EC) at
208C ¼ 0.6 mS/m) consisted of tapwater processed through a
series of activated carbon filters, a reverse osmosis process
and, finally, an ultraviolet (UV) lamp (Elix Water Purifica-
tion system). Moreover, the DW was de-aerated prior to use.
The EC measured at 208C for the sodium chloride solutions
ranged from 60.5 mS/m to 1.1 mS/m.

Bentonite preparation. Prior to the osmotic property deter-
mination, the bentonite was submitted to a process with the
aim of removing the soluble salts (mainly sodium) that are
naturally present inside the material, owing to its marine
origin. The treatment prevents soluble salts from interfering
with the determination of the osmotic properties.

Previous studies (Malusis et al., 2001; Malusis & Shack-
elford, 2002a, 2002b; Shackelford & Lee, 2003; Yeo et al.,
2005; Kang & Shackelford, 2009; Di Emidio, 2010) have
used the ‘flushing’ method to remove soluble salts. This
method consists of an initial permeation phase, performed
under back-pressure, which requires a long period of time
(i.e. from months to a year), because of the low bentonite
hydraulic conductivity.

In this study the ‘squeezing’ method has been used, with
the aim of reducing the salt removal time. The squeezing
method consists of a series of consecutive phases of powder
bentonite hydration with DW, at a higher water content than
the LL, and drained consolidation, performed in a consolid-
ometer under a maximum load of 500 kPa. Moreover, the
drained solution is sampled daily, and the EC is monitored
to evaluate the soluble salt concentration in the bentonite
pore water. After the squeezing process, the material is
oven-dried at 1058C and pulverised once again. When a 5 l
consolidometer is used, the above procedure can produce
about 500 g of squeezed dry powder bentonite, characterised
by an EC value lower than 50 mS/m, in 40–50 days. The
results of the EC monitoring during the squeezing process
are reported in Fig. 1.

The specimen for the chemico-osmotic test is prepared by
rehydrating the squeezed bentonite with DW at a lower water
content than the LL value, and then by statically compacting
the material in a compaction mould, while allowing the
excess water to be released.

Dry powder bentonite is required for the swelling pressure
test.

Testing apparatus and procedures
Chemico-osmotic test. The testing apparatus used to measure
the global reflection coefficient and the global osmotic
effective diffusion coefficient is described in detail in Malusis
et al. (2001). The main components of the apparatus, shown
in Fig. 2, are the osmotic cell, the flow pump system, the
pressure transducer, which is used to measure the differential
pressure that develops across the specimen during the test,
and the data acquisition system.

The cell consists of a modified rigid-wall permeameter, in
which the top piston and the bottom pedestal are equipped
with three ports each: two enable the different solutions to
circulate through the top (sodium chloride solution) and the
bottom (DW) porous stones, with the aim of establishing a
constant concentration gradient across the specimen. The
third port is installed in both the top piston and the bottom
pedestal to allow the differential pressure across the speci-
men to be measured.

The flow pump system, which consists of a dual-carriage
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syringe pump and two stainless steel accumulators (Model
33 twin syringe pump, produced by Harvard, Holliston,
MA), prevents volumetric flux through the specimen by
simultaneously injecting into and withdrawing from the
porous stones the same volume of solution. In order to
obtain this result, the syringes have to move at the same
rate.

The test was performed according to the procedure pro-
posed by Malusis et al. (2001): a solution containing a
known electrolyte concentration (sodium chloride) was circu-
lated in the top porous stone, while DW was circulated in
the bottom porous stone. The concentration difference across
the specimen was maintained constant by continuously infus-
ing the two liquids at the boundaries of the specimen.

As the specimen was first squeezed with DW to remove
the soluble salts, the EC of the electrolyte solutions in the
flux exiting from the porous stones at the steady state was

induced solely by the contributions of Cl� and Naþ ions.
Moreover, the calibration reported in Fig. 3 shows that the
relation between the EC and solution molarity was linear
over the concentration range examined in the study. As a
consequence, the EC of the withdrawn fluxes (i.e. from the
top and bottom porous stones) was monitored by sampling
the solution contained in the pistons, and the sodium chlor-
ide molar concentration was derived using a linear relation.
Since the volumetric flux through the specimen was hin-
dered, the global reflection coefficient could be calculated
using equation (74).

The diffusive solute flux through the specimen was calcu-
lated for the nth sampling interval according to

Jn
s ¼

Pn
m¼1 cm

s ˜V mð Þ
AS˜tn

¼ ˜Qn

˜tn
(81)
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where cn
s is the solute molar concentration measured by

sampling the solution coming out from the bottom porous
stone, ˜V m is the volume of the solution circulating in the
porous stones in the interval ˜tm, AS is the cross-section of
the specimen, and ˜Qn is the cumulative salt molar mass
per unit area that passed through the specimen. The global
osmotic effective diffusion coefficient, D�øg, is calculated at
the steady state as

D�øg ¼
˜Q

˜t

L

n ct,avg � cb,avgð Þ
(82)

where ct,avg and cb,avg are the average top and bottom salt
concentrations respectively.

Swelling pressure test. The swelling pressure apparatus,
shown in Fig. 4, consists primarily of a stainless steel
oedometer cell, a sodium chloride solution supply tank placed
above the pressure panel, a displacement transducer connected
to the cell top piston, which is used to measure the axial strains
of the specimen, a load cell, and a data acquisition system.

The swelling pressure apparatus consists of a rigid cell
that confines the sample (i.e. the oedometer), which allows
access to the water through both porous stones. The cell is
connected to a pressure panel that allows the specimen to be
back-pressurised. The rigid piston above the upper porous
stone is connected to the load cell, which measures the
pressure that has to be applied in order to hinder the axial
strain of the specimen.

The test procedure requires a known amount of dry
material to be dusted inside the oedometer ring, the cell to
be assembled, and a sodium chloride solution to be sup-
plied. The specimen, which is characterised by an initial
dry height of 5 mm, is allowed to swell to 10 mm. The
piston is then blocked, the sample is back-pressurised, and
the steady-state swelling pressure is recorded after a short
transitional phase.

Since the bentonite that is initially dusted inside the
oedometer is dry, the pressure increases for a number of
days during the hydration phase, and the steady-state swel-
ling pressure is reached when hydration has been completed.

RESULTS
Chemico-osmotic test results

The chemico-osmotic test was performed using the oven-
dried squeezed material, rehydrated with DW and then
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statically compacted, in a drained compaction mould, at a
porosity n equal to 0.81 (e ¼ 4.26). After the preparation
phase, the 17 mm thick specimen was transferred to the cell
for the osmotic test.

After assembling the cell, DW was circulated through the
top piston and the bottom pedestal for 2 weeks in order to
establish a steady baseline differential pressure, before a
concentration gradient was applied to the specimen. A
source concentration of sodium chloride was then injected
into the top porous stone, while DW was continuously
circulated in the bottom porous stone.

A multiple-stage chemico-osmotic test was performed by
sequential circulation of chemical solutions containing 5.16,
10.27, 20.24, 51.94 and 109.31 mM sodium chloride concen-
trations at a constant flow rate of 0.05 ml/min.

The EC values of the salt mass fluxes withdrawn from the
top and the bottom porous stones, measured during the
testing stages, are shown in Fig. 5. The measured values
depend on the sodium chloride concentrations imposed at
the boundaries of the specimen: the EC values progressively
increase during the test as the sodium chloride concentration
of the injected solution in the top porous stone rises. The
trends of the electrical conductivity of the flux withdrawn
from the top porous stone, ECt,exit, and of that withdrawn

from the bottom porous stone, ECb,exit, both show that a
steady state has been reached for each stage.

Moreover, the difference between the EC values measured
in the flux withdrawn from the top porous stone (ECt,exit)
and those of the solutions injected into the same stone
(ECt,ref ) is due to the loss in sodium chloride mass induced
by the diffusion through the bentonite from the top to the
bottom boundary.

The global reflection coefficient values, øg, obtained dur-
ing the multiple-stage chemico-osmotic test, are shown in
Fig. 6 as a function of time. The øg values are determined
using equation (74), on the basis of the differential pressure,
˜u, measured during the test with a time step of 10 min,
and the osmotic pressure, ˜—, calculated from the average
of the top and bottom sodium chloride concentrations. The
steady-state values of the variables are reported in Table 1
for each concentration stage. The sodium chloride concentra-
tions were derived from the measured EC using the linear
calibration reported in Fig. 3.

As far as the EC measurements are concerned, the trend
of the global reflection coefficient shows that a steady state
has been reached for each stage. The steady-state øg values
tend to decrease as the salt concentration in the top porous
stone increases. The recorded values range from 68%, for a
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5.16 mM sodium chloride source concentration, to 5%, for a
109.31 mM sodium chloride source concentration. The glo-
bal reflection coefficient can be assumed approximately null
for higher molarities.

The cumulative molar mass per unit area, Q, of the
sodium chloride that migrated through the specimen during
the multiple-stage test is reported in Fig. 7. The values of
the global osmotic effective diffusion coefficient, D�øg, which
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Table 1. Steady-state values of variables involved in multiple-stage chemico-osmotic test

ct,ref : mM ct,exit: mM cb,exit: mM ct,avg: mM cb,avg: mM ˜u: kPa ˜—: kPa øg D�øg: m2/s

5.16 5.12 0.83 5.14 0.42 15.65 23.02 0.68 –
10.27 9.61 0.85 9.94 0.43 26.87 46.33 0.58 2.54 3 10�10

20.24 18.93 1.45 19.58 0.72 30.32 91.89 0.33 3.52 3 10�10

51.94 47.39 4.39 49.67 2.19 32.38 231.30 0.14 4.19 3 10�10

109.31 97.18 9.78 103.24 4.89 23.96 479.21 0.05 4.60 3 10�10

0

0·01

0·02

0·03

0·04

0·05

0·06

0·07

0 50 100 150 200

C
um

ul
a

tiv
e 

m
ol

ar
 m

as
s 

pe
r 

un
it

ar
ea

,
: m

ol
/m

Q
2

Time,  : h
(a)

t

Q t
R

0·003667 0·00037
0·998

� � �
�2

0

0·05

0·10

0·15

0·20

0 50 100 150 200

C
um

ul
a

tiv
e 

m
ol

ar
 m

as
s 

pe
r 

un
it

ar
ea

,
: m

ol
/m

Q
2

Time,  : h
(b)

t

Q t
R

0·010066 0·0010181
0·9997

� � �
�2

0

0·1

0·2

0·3

0·4

0·5

0·6

0·7

0·8

0 50 100 150 200 250 300
Time,  : h

(c)
t

Q t
R

0·089631 0·0030206
0·9928

� � �
�2

Q t
R

0·14964 0·0070837
0·9956

� � �
�2

C
um

ul
a

tiv
e 

m
ol

ar
 m

as
s 

pe
r 

un
it

ar
ea

,
: m

ol
/m

Q
2

C
um

ul
a

tiv
e 

m
ol

ar
 m

as
s 

pe
r 

un
it

ar
ea

,
: m

ol
/m

Q
2

0

0·5

1·0

1·5

2·0

0 50 100 150 200 250 300
Time,  : h

(d)
t

Fig. 7. Cumulative molar mass of sodium chloride per unit area as a function of time during multiple-stage chemico-osmotic test:
(a) ct,ref 10.27 mM; (b) ct,ref 20.24 mM; (c) ct,ref 51.94 mM; (d) ct,ref 109.31 mM

66 DOMINIJANNI, MANASSERO AND PUMA



have been obtained from the Q measurements shown in Fig.
7, are reported in Table 1.

Swelling pressure test results
The swelling pressure test was performed using dry speci-

mens, prepared with the squeezed, oven-dried bentonite and
characterised by an initial dry height of 5 mm, which were
allowed to swell to 10 mm during hydration. The final
hydrated volume of the specimens corresponded to n ¼ 0.81.

The test was performed by hydrating five specimens with
five different sodium chloride solutions, characterised by
increasing concentrations: 5, 10, 20, 50 and 100 mM. After
hydration, the specimen volume change was inhibited, and
the value of the swelling pressure was recorded after a short
transitional phase.

The swelling pressure trend is reported in Fig. 8 for each
test as a function of time. Since, during the tests, the load
cell was unloaded until the specimen swelled to 10 mm, the
initial swelling/hydration phase of the dry material (from 5
to 10 mm) was characterised by null swelling pressure
values.

All the tests show that the swelling pressure increases for
approximately 15–20 h, during the controlled hydration
phase (i.e. when the volumetric strain is inhibited), and that
the equilibrium swelling pressure is reached when the
hydration phase is completed. Moreover, in the tests with
lower sodium chloride concentrations (i.e. for 5 and 10 mM
sodium chloride equilibrium solutions), the specimens were
successively back-pressurised to 300 kPa. The obtained re-
sults show that the swelling pressure value does not change
after back-pressurisation.

In the test performed using the 100 mM sodium chloride
solution, the bentonite specimen did not rise to 10 mm, as it
stopped at a height of 9.5 mm, and the load cell was never
loaded during the test. For this reason, the swelling pressure
for this test was taken equal to zero.

INTERPRETATION OF TEST RESULTS
The experimental results can be related to the physical

and chemical properties of the tested bentonite under the
assumption that the microscopic deviations of the state
variables from their average values are negligible. In such a
case, both the global reflection coefficient and the swelling
pressure depend on the solid skeleton electric charge through
equations (19) and (77). Therefore, from the best-fitting of
the theoretical curves with the experimental data of both
tests, a value of �ccsk,0 equal to 90 mM was found. The
obtained theoretical curves are reported in Figs 9 and 10,
together with the experimental data.
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The salt concentration at the top boundary was taken
equal to ct,avg to determine øg, and the salt concentration at
the bottom boundary was considered equal to zero: that is,
cb ffi cb,avg ffi 0: The sodium transport number was calculated
from the sodium and chloride free-solution diffusion coeffi-
cient values (Shackelford & Daniel, 1991):
DNa,0 ¼ 13.3 3 10�10 m2/s, DCl,0 ¼ 20.3 3 10�10 m2/s.

In Fig. 11, the experimental reflection coefficient data
were also fitted with the empirical semi-log linear curve
proposed by Shackelford et al. (2003) and Malusis et al.
(2003),

øg ¼ Aþ B log ct,avgð Þ (83)

where A and B are the regression parameters. The value of
the coefficient of determination R2 close to 1 confirms the
ability of this empirical curve to fit the øg experimental
data, as was found by Malusis et al. (2003) for the Kemper
& Rollins (1966) and Malusis & Shackelford (2002a) data.
However, the regression parameters A and B should be
intended as functions of the soil porosity (Malusis et al.,

2003) and of the bottom boundary condition (i.e. cb,avg). The
advantage of interpreting the experimental data with the
proposed theoretical model is that, when the single unknown
parameter, �ccsk,0, has been calibrated on a restricted experi-
mental dataset, the global reflection coefficient values can be
estimated for different soil porosities and boundary condi-
tions through equation (77).

The tortuosity factor was determined by plotting the
measured values of D�øg as a function of the corresponding
values of the complement to 1 of øg – that is, (1 � øg) –
and finding the intercept of the linear regression with the
ordinate axis at (1 � øg) ¼ 1 – that is, øg ¼ 0 (Fig. 12).
The tortuosity factor in equation (76) is in fact given by

�m ¼
D�øg

Ds,0

 !
øg¼0

(84)

where Ds,0 is the sodium chloride free-solution diffusion
coefficient, which is equal to 16 3 10�10 m2/s (Shackelford
& Daniel, 1991).

A value of �m equal to 0.31 was obtained from the data
plotted in Fig. 12. The resulting theoretical curve of D�øg is
reported in Fig. 13 as a function of the top boundary salt
concentration.

The obtained values of �ccsk,0 and �m are compared in Table
2 with those derived by Dominijanni & Manassero (2012b)
from the interpretation of the experimental results of Malusis
& Shackelford (2002a, 2002b), relative to a geosynthetic
clay liner, with a bentonite porosity, n, of 0.79 for different
concentrations of potassium chloride (KCl). The differences
in the parameters obtained from the two studies can be
attributed both to the different mineralogical compositions of
the tested bentonites and to the different salts contained in
the pore solutions.

The theoretical linear relationship between D�øg and
(1 � øg) in Fig. 12 is a consequence of assuming that the
pore-scale variations in the hydraulic pressure, ion concen-
trations and water velocity within the soil are negligible; as
a result, the agreement of the experimental data with the
linear relationship is an indication of the acceptability of this
assumption.

The goodness of the linear fitting shown in Fig. 12
(R2 ¼ 0.9810) and the possibility of fitting both the global
reflection coefficient and the swelling pressure data with a
single value of �ccsk,0 are indications of the ability of the
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proposed theoretical approach to simulate the bentonite
behaviour.

CONCLUSIONS
A theoretical approach that takes into account the inter-

action between the electric charge of the bentonite solid
skeleton and the ions contained in the pore solution has
been proposed. The phenomenological parameters intro-
duced in this theoretical approach were measured for a
bentonite specimen with porosity, n, of 0.81, over a range
of sodium chloride concentrations in the pore solution
varying from 5 mM to 100 mM. Both the global reflection
coefficient, øg, and the swelling pressure, usw, were found
to decrease with an increase in the salt concentration. This
result is in agreement with the trends given by the
proposed theoretical model, assuming that the microscopic
deviations of the pore solution state variables from their
average values are negligible. If this assumption is ac-
cepted, the experimental data can be used to derive the
electric charge of the solid skeleton (per unit solid vol-
ume), �ccsk,0, and the tortuosity factor, �m: The mechanical
behaviour and the transport properties of bentonite can be
estimated from these physical properties to evaluate its
performance as a hydraulic and contaminant barrier in field
applications. However, in order to verify the applicability
of the proposed model under different boundary conditions
and for different salts contained in the pore solution,

further experimental evaluations must be conducted. More-
over, the results obtained for a single salt contained in the
bentonite pore solution need to be extended to the more
general problem of a solution containing an unspecified
number of salts, in order to evaluate the performance of
bentonites that are used as contaminant barriers for real
leachates.

NOTATION
A, B regression parameters

AS cross-section of specimen
cb salt concentration at bottom boundary of

specimen
cb,avg average salt concentration at bottom boundary of

specimen
cb,exit salt concentration of flux withdrawn from

bottom porous stone
ci molar concentration of ith ion in equilibrium

bulk solution
�cci molar concentration of ith ion in pore solution
ck molar concentration of kth fluid component in

equilibrium bulk solution
�cck molar concentration of kth fluid component in

pore solution
cs salt molar concentration in equilibrium bulk

solution
˜cs salt concentration difference
�ccsk,0 molar concentration per unit solid volume of

solid skeleton electric charge
ct salt concentration at top boundary of specimen

ct,avg average salt concentration at top boundary of
specimen

ct,exit salt concentration of flux withdrawn from top
porous stone

ct,ref source salt concentration
cw water molar concentration in equilibrium bulk

solution
�ccw water molar concentration in pore solution
Di macroscopic diffusion coefficient of ith ion

Di,0 free (aqueous) solution diffusion coefficient of
ith ion

D�i effective diffusion coefficient of ith ion
Ds macroscopic salt diffusion coefficient

Ds,0 free (aqueous) solution salt diffusion coefficient
D�s effective salt diffusion coefficient

D�ø osmotic effective diffusion coefficient
D�øg global osmotic effective diffusion coefficient

ECb,exit electrical conductivity of flux withdrawn from
bottom porous stone

ECt,exit electrical conductivity of flux withdrawn from
top porous stone

ECt,ref electrical conductivity of source solution
e void ratio

e0 initial void ratio
F Faraday’s constant (96 485 C/mol)

Fk free energy per unit molar mass of kth
component of fluid phase
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Fig. 13. Global osmotic effective diffusion coefficient, D�øg, as a
function of average sodium chloride (NaCl) concentration at top
boundary of bentonite specimen, with the best-fitting theoretical
curve, obtained for �ccsk,0 ¼ 90 mM and �m 0.31 in equations (76)
and (77) (continuous line)

Table 2. Comparison between physical parameters derived from interpretation of experimental results in this work and those obtained
by Dominijanni & Manassero (2012b) from interpretation of tests carried out by Malusis & Shackelford (2002a, 2002b)

Experimental
data

Material Method for
removing
soluble salts

Tests Salt in pore
solution

Porosity, n Solid skeleton charge
concentration, �ccsk,0:

mM

Tortuosity
factor, �m

This study Natural sodium
bentonite

Squeezing Chemico-osmotic test
and swelling pressure test

NaCl 0.81 90 0.31

Malusis &
Shackelford
(2002a, 2002b)

Geosynthetic
clay liner
containing
natural sodium
bentonite

Flushing Chemico-osmotic test KCl 0.79–0.80 46 0.14
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fi external force per unit volume acting on ith ion
fw external force per unit volume acting on water

Gsk
V Gibbs free energy of solid skeleton per unit

(undeformed) volume of porous medium
g gravitational acceleration
Ie electric current density
=V free energy per unit (undeformed) volume of

porous medium
=sk

V free energy of solid skeleton per unit
(undeformed) volume of porous medium

Ji molar flux of ith ion relative to solid skeleton
Js salt molar flux
k hydraulic conductivity
L length of specimen

M unidimensional elastic modulus of porous
medium

mi momentum supply of ith ion
mE

i extra-momentum supply of ith ion
mk momentum supply of kth fluid component
mE

k extra-momentum supply of kth fluid component
mE

l,m extra-momentum supply exchanged between lth
and mth components of porous medium
(sk ¼ solid skeleton, w ¼ water, 1 ¼ cation,
2 ¼ anion)

mw momentum supply of water
n porosity
Q cumulative salt molar mass per unit area

˜Q increment in cumulative salt molar mass per unit
area

q water volumetric flux relative to solid skeleton
R universal gas constant (¼ 8.314 J/(mol K))
T absolute temperature in equilibrium bulk

solution
�TT absolute temperature in pore solution
t time

˜t time interval
t1 cation transport number
u hydraulic pressure in equilibrium bulk solution

˜u hydraulic pressure difference
�uu hydraulic pressure in pore solution

ub hydraulic pressure at bottom boundary of
specimen

ui partial pressure of ith ion component in
equilibrium bulk solution

�uui partial pressure of ith ion component in pore
solution

uk partial pressure of kth fluid component in
equilibrium bulk solution

�uuk partial pressure of kth fluid component in pore
solution

usw swelling pressure
ut hydraulic pressure at top boundary of porous

medium
uw partial pressure of water in equilibrium bulk

solution
�uuw partial pressure of water in pore solution

˜V m volume of solution circulating in porous stones
vi velocity of ith ion

vsk velocity of solid skeleton
vw water velocity

x spatial coordinate
zi electrochemical valence of ith ion

zsk electrochemical valence of solid skeleton
electric charge

Æ, �i friction coefficients
�ss, �sv, �vs, �vv phenomenological parameters in chemo-

mechanical constitutive laws

î partial coefficient of ith ion
ªw water unit weight (¼rwg)
� scalar strain in unidimensional geometry
� strain tensor

i chemical potential of ith ion in equilibrium bulk

solution
�

i chemical potential of ith ion in pore solution


0
i , �

0

i , 
0
w, �

0

w integration constants


ec
i electrochemical potential of ith ion in

equilibrium bulk solution
�

ec

i electrochemical potential of ith ion in pore
solution


k chemical potential of kth fluid component in
equilibrium bulk solution

�

k chemical potential of kth fluid component in
pore solution


s salt chemical potential in equilibrium bulk
solution


w water chemical potential in equilibrium bulk
solution

�

w water chemical potential in pore solution
	i stoichiometric coefficient of ith ion
— osmotic pressure in equilibrium bulk solution

˜— osmotic pressure difference
�—— osmotic pressure in pore solution

—b osmotic pressure at bottom boundary of
specimen

—t osmotic pressure at top boundary of specimen
rw water density
� scalar total stress in unidimensional geometry
�9 scalar effective stress in unidimensional

geometry
� total stress tensor

�m matrix tortuosity factor
�r restrictive tortuosity factor
� electric potential in equilibrium bulk solution
��� electric potential in pore solution
�łł Donnan’s electric potential
ø reflection coefficient
øg global reflection coefficient
v swelling pressure coefficient

Indexes
i index for ions (1 ¼ cation, 2 ¼ anion)
j index for ions (1 ¼ cation, 2 ¼ anion)
k index for fluid components (w ¼ water,

1 ¼ cation, 2 ¼ anion)

Subscripts
1 cation
2 anion
b bottom of specimen
g global value

sk solid skeleton
t top of specimen

w water
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Environmentally enhanced crack propagation in a chemically degrading
isotropic shale

M. M. HU� and T. HUECKEL�

Crack propagation is studied in a geomaterial subject to weakening by the presence of water, which
dissolves a mineral component. Such weakening is common when tensile microcracks develop,
constituting sites of enhanced mineral dissolution. A previous concept is adopted of reactive chemo-
plasticity, with the yield limit depending on the mineral mass dissolved, causing chemical softening.
The dissolution is described by a rate equation and is a function of variable internal specific surface
area, which in turn is assumed to be a function of dilative plastic deformation. The crack vicinity in
plane strain is subject to a constant subcritical all-round uniform radial tensile traction. The behaviour
of the material is rigid-plastic with chemical softening. The extended Johnson approximation is
adopted, meaning that all fields involved are axisymmetric around the crack tip, with a small,
unstressed cavity around it. Initial dissolution proportional to the initial porosity activates the plastic
yielding. The total dissolved mass diffuses out from the process zone and the exiting mineral mass
flux can be correlated with the displacement of the crack tip. A simplified semi-analytical solution for
this model is presented.

KEYWORDS: geology; numerical modelling; rocks/rock mechanics

INTRODUCTION
This paper focuses on understanding the mechanisms of
crack propagation caused by chemically induced weakening
of intact rock material, with a view to application to shale
and industrial argillites. There are multiple geochemical
changes that induce mechanical response in earthen materi-
als; these include deformational or permeability reactions of
clays to changes in ionic concentration, or dielectric constant
of the invading pore fluid (Hueckel, 1992, 1997, 2002; Gajo
et al., 2002; Loret et al., 2002; Wahid et al., 2011); changes
in mechanical properties of rocks and sands as a result of
their inundation with water (Hueckel et al., 2001, 2005; Hu
& Hueckel, 2007a, 2007b); and slope instabilities in re-
sponse to infiltration of acid rain water into cracks between
clay mineral layers (Zhao et al., 2011). The specific mechan-
isms of these chemo-mechanical interactions are various and
include osmotic effects, diffuse double layer changes, ion
replacement phenomena, dissolution and precipitation of
minerals, and transformation of clay minerals (Hueckel &
Pellegrini, 2002; Zhao et al., 2011).

This study addresses a possible mechanism in which rocks or
cohesive soils undergo a chemical reaction of dissolution
resulting in the removal of the mineral mass and hence weaken-
ing of soil/rock mass at and around the chemical reaction site.
The focus is on a particular situation at a crack tip, at which
degradation is induced in the form of an advanced irreversible
deformation aside and ahead of the crack, as a swarm of micro-
fissures in mode I (Lin & Labuz, 2011). The chemically
induced propagation of a stressed crack under a constant mech-
anical load is investigated. An extension of the Cam-Clay
model into a chemical domain is used (Hueckel, 1992, 1997,
2002), in particular a concept of chemical softening, which is
coupled with irreversible deformation (Hu & Hueckel, 2007a).
A simplified semi-analytical solution of an extended cavity

expansion concept is applied to model the crack vicinity; this
can be easily coupled with an axisymmetric solution for the
chemical fields around the crack tip process zone.

In the past few decades, there has been a growing under-
standing that a number of problems in relation to rock
mechanics and rock engineering in general could be, or need
to be, tackled by addressing fracture mechanics. Some of the
examples stem from areas of energy engineering and slope
stability. The technique of hydraulic fracturing has been
increasingly used all over the world owing to its advantages
in efficiently creating fractures in the rock formation, which
dramatically enhances rock or sediment permeability and
hence oil/gas production (Howard & Fast, 1970; Carter et
al., 2000; Dershowitz et al., 2001; Rahman, 2008; Jackson et
al., 2011), as well as heat extraction from geothermal fields
(Portier & Vuataz, 2010; Zimmermann et al., 2011). More
recently, attention has shifted towards fracture propagation
enhancement by acidising the rock (i.e. injecting chemically
active fluids), especially for low-permeability carbonate re-
servoirs (He et al., 2010) or to enhance a geothermal system
(Portier & Vuataz, 2010; Zimmermann et al., 2011).

Meanwhile, a heated debate on acidising treatment in
hydraulic fracturing performance arose, owing to the potential
harm caused by disposal and transport of the toxic wastewater,
which may include formaldehyde, boric acid, hydrochloric
acid and isopropanol (Jackson et al., 2011). Poorly controlled
hydraulic fracturing, often due to inadequate understanding of
fracture mechanisms involving acid–rock interactions, may
not only pose threats to the environment, but also result in
unnecessary costs and low productivity (Rahman, 2008).

This paper addresses possible chemo-mechanical mechan-
isms of rock/shale weakening resulting in fracture propaga-
tion enhancement, to arrive at an effective predictive tool to
control the efficiency of hydraulic fracture and the fate of
possible contaminants.

CONCEPT OF CHEMO-PLASTICITY
Solid–fluid interaction in geomaterials has been studied

for many years, focusing on the effect of pore pressure on
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the rock and soil matrix. The concept of reactive chemo-
plasticity is based on the notion that a mineral mass
removed from or added to a solid can affect both the
medium compliance and strength (Hueckel et al., 1998;
Hueckel, 2002; Hu & Hueckel, 2007a, 2007b). As one of
the primary sources of mass removal, chemical dissolution
has attracted much attention. A key mechanism that links
the chemical process and mechanical degradation has been
known for some time to be rock microcracking. Bathurst
(1958) and Ostapenko (1968, 1975) noted that microcracking
leads to the generation of a new solid–fluid interface, where
enhanced mineral dissolution takes place. Tada et al. (1987)
found that micro-fractures and plastic deformation play an
important role in the process of pressure solution.

The concept of chemical dissolution coupled with plasti-
city was addressed by Hu & Hueckel (2007a, 2007b),
linking the irreversible dilatancy and the related increase of
free specific surface area to the amount of mineral dissolu-
tion per unit volume. This coupling mechanism, usually
referred to as ‘reactive chemo-plasticity’, acts at a compara-
tively long time scale, as distinguished from ‘non-reactive
chemo-plasticity’, which is when the mechanical properties
of a solid skeleton can be affected instantaneously by an
altered concentration (of selected species) in the pore fluid.

From a microscopic point of view, reactive chemo-
plasticity starts when a mineral mass dissolves into water at
available dissolution sites on the solid–fluid interface. It is
commonly assumed that the dissolution reaction rate and
hence mass removal rate is proportional to the specific surface
area of the interface. It is hence postulated that the irreversible
damage-induced dilatancy is associated with the generation of
new microcrack walls. The increased wall surface area adds to
the pre-existing specific surface area of the pores, hence
advancing the overall mineral mass production of the medium.
Because mass removal affects the strength of the medium, the
central part of the description of the chemo-mechanical cou-
pling is how to quantify the amount of weakening of the
material owing to dissolution. Therefore, the coupling between
the irreversible strain and the chemically induced mass re-
moval is a two-way coupling (see also Hueckel & Hu (2009)).

To quantify the above coupling mechanisms, a representa-
tive elementary volume (REV) of the drained porous med-
ium is considered, represented by a single geometrical point,
to which both mechanical and chemical properties are attrib-
uted. The solid phase material is assumed as rigid-plastic.
This assumption is a matter of convenience because it
enables a semi-analytical solution to be obtained. On the
other hand, the elastic stress component is much smaller than
the irreversible one in the area of interest near the crack tip.
The partial stress carried by the fluid phase is considered
negligible. The theory of plasticity states that the yield locus
of a material is affected by stress � ij and, when a sufficient
load is applied, that induces initial yielding, also owing to
variation of a set of internal variables. In reactive chemo-
plasticity (Hueckel, 2002), the internal chemical variables
denoted as �n (n ¼ 1, 2, . . .) are the accumulated dissolved
masses of the n th species of mineral per unit volume of the
porous medium. The mechanical, strain-hardening variable is
chosen as the irreversible deviatoric strain intensity (�irr

q ):
The rate of the deviatoric strain intensity is defined as an

invariant of deviation strain rate _eirr
ij

_�irr
q ¼

2

3
_eirr

ij _eirr
ij

� �1=2

(1)

where

_eirr
ij ¼ _�irr

ij �
1

3
_�irr

kk�ij

With the assumption of rigid-plasticity, there are no elastic
strain rates and no strain at all for a stress state below the
yield limit, that is when f (� ij) , 0: With the stress at the
yield locus, the strain rate is non-zero and irreversible.
Hence

f ¼ f (� ij, pc), and _f ¼ _f ( _� ij, _pc) (2)

_�ij ¼ 0 when f , 0, or f ¼ 0, _f , 0 (3)

_�ij ¼ _�irr
ij 6¼ 0 when f ¼ 0 and _f ¼ 0 (4)

where the superimposed dot over a symbol denotes the time
rate. Tensile stress and strain are considered as negative. pc

denotes a geometric size characteristic of the yield locus,
and it plays the role of the hardening function of irreversible
deviatoric strain (�irr

q ) and of the accumulated relative dis-
solved mass of each mineral species (�1, . . ., �n), hence
pc ¼ pc(�irr

q , �1, . . ., �n): During the process of dissolution,
the material is chemically softened to the condition where
there is dilatant microcracking; on the other hand, plastic
deviatoric strain induces a hardening effect. This indicates
that the two factors, plastic deviatoric strain and chemical
softening, affect the yield locus of the material with opposite
contributions. At an imposed constant stress at yielding, the
plastic deviatoric strain hardening compensates for the dis-
solution-induced strength loss.

The chemical softening parameters (�1, . . ., �n), represent-
ing the accumulated mass removal of each particular mineral
species, can be calculated from the rates of reactions in
which the given species is involved. In reality, multiple
reactions may affect the strength of any geomaterial, the
processes of which might be simultaneous or sequential,
with varied rates of progression or within different time
scales. However, there is currently no widely accepted ap-
proach to identify and quantify contributions of individual
mineral components to the overall degradation of material
strength or other mechanical properties. Meanwhile, it is
common for one type of chemical reaction to be predomi-
nant, as, for instance, in the case of carbonate reservoirs
subjected to an acid environment or calcite exposed to water
(Ciantia & Hueckel, 2013). In what follows, a single reac-
tion effect with a single rate will be considered only, and the
chemical softening parameter becomes the reaction progress
variable �, and hence, pc ¼ pc(�irr

q , �): The mechanisms of
chemically induced mass removal will be detailed in the
following section.

The irreversible strain rate can be obtained through the
associated flow rule

_�irr
ij ¼ _̧ @ f

@� ij

(5)

where the multiplier _̧ can be expressed as a function of the
rate of stress and the chemical reaction process

_̧ ¼
@ f =@� ij

� �
_� ij þ @ f =@�ð Þ _�

� @ f

@�irr
q

2

3

@ f

@skl

@ f

@skl


 �1=2
;

_̧ ¼ 0 if f , 0 or f ¼ 0 and _f , 0

(6)

and is determined by way of the extended Prager consistency
law, _f (� ij, �irr

q , �) ¼ 0: The yield locus gradient @ f =@� ij

determines the mode of strain rate, whereas the magnitude
of strain rate is controlled by the multiplier _̧ , which
implies that a purely chemical process can promote the
development of irreversible strain when stress is fixed (see
Hu & Hueckel (2007a, 2007b) for details).
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MECHANISMS OF MINERAL DISSOLUTION IN A
CARBONATE GEOMATERIAL COUPLED WITH
VOLUMETRIC STRAIN

As one of the two major reservoir lithotypes, carbonates
(the other is sandstones) have been intensely studied in the
petroleum industry (Dusseault, 2011). The most common
chemical process in carbonate reservoirs is the dissolution of
calcite and dolomite (André et al., 2007). Because the
dissolution of dolomite, described as

CaMg(CO3)2 þ 2Hþ $ Ca2þ þMg2þ þ 2HCO3
�

is found to be geochemically similar to calcite, calcite
dissolution is discussed here as a representative for carbonate
minerals in general. When subjected to low-concentration
acid in an aqueous environment, calcite undergoes the
predominant reaction described as

CaCO3(s)þ Hþ(aq)$ Ca2þ(aq)þ HCO3
�(aq) (7)

This is usually the first step of the calcite–water interaction;
the product HCO3

� formed in aqueous solution is unstable
and inclined to convert to CO2(g) with the presence of
excessive Hþ: However, since it is the most significant
reaction involved in solid mass removal, the present authors
believe it is acceptable to omit the subsequent reactions and
consider reaction (7) as the dominant and hence only reac-
tion. Based on the mass conservation of calcium, the mole
number of calcite removed from the solid phase (CaCO3) is
equal to the change in number of calcium ions in the
solution, and the reaction rate is expressed as

daCa2þ

dt
¼ ~AAªCa2þ (kþaCaCO3

aHþ � k�aCa2þaHCO3
� ) (8)

where ~AA is a non-dimensional quantity denoting the total
fluid–solid interface surface area per unit volume; ai are
activities and ªi are activity coefficients of the ith species;
kþ and k� are rate constants of the forward and backward
reactions, respectively.

The rate of calcite removal from the solid phase of
carbonate material can be represented by the rate of change
of activity of Ca2þ in pore water, written as

_� ¼ s
daCa2þ

dt
(9)

where s denotes a ratio between the number of moles of
water and that of calcite in the initial state. To maintain the
linearity of the proposed model, the precipitation term in
equation (8) is omitted.

Scalar variable ~aa is introduced to represent a normalised
amount of the increased surface area per unit volume of the
medium, which is linked to the dimensionless total reactive
surface area per unit volume of fluid (denoted by ~AA) by way
of

~aa ¼ ~AA
nrw

r0

where r0 ¼ 1 kg=m
3
, rw is the density of water and n

denotes the porosity taken at its initial value.
The newly generated specific surface area can be assumed

as proportional to the irreversible dilatant volumetric strain,
as suggested by a model of a two-dimensional hexagonal
crystal assembly (Hu & Hueckel, 2007b). Then, ~aa ¼
8=(

ffiffiffi
3
p

�)j�irr
v j � 1m for �irr

v , 0, where � denotes an average
microcrack opening at the apex. Hence

~AA ¼ f (�irr
v ) ¼ �j�irr

v j þ �c, �irr
v , 0 (10)

� ¼ 0, �irr
v . 0 (11)

where � is a proportionality constant and �c denotes the
dimensionless specific surface area of the pre-existing voids

per unit volume. When the volumetric strain is compressive,
it is assumed that there is no microcracking and that the
specific surface area remains constant.

NUMERICAL SIMULATION OF CRACK PROPAGATION
IN THE PRESENCE OF COUPLED DAMAGE–
DISSOLUTION PROCESSES

There are at least two circumstances of industrial interest
involving the chemical enhancement of crack propagation.
One typical scenario features a remote constant radial tensile
stress, which goes to zero at the inner (artificial) boundary
of the process zone, r ¼ a. At the same time, yielding,
which induces irreversible deviatoric strain, is localised near
the crack tip, also producing a proportional amount of
irreversible dilatancy (meaning microcracking). The latter
induces the chemical mass removal enhanced by its rate
dependence. Owing to the chemical action of the fluid, the
material weakens in that zone. The circumferential stress is
also tensile everywhere. Because of boundary constraints,
the stress state does not evolve significantly, hence the whole
process is dominated by compensation of the chemical soft-
ening by the strain hardening (Hueckel, 2009).

One other scenario describes a single crack being affected
by the pressure of the fluid acting on the walls of the crack,
and at the same time by a chemical infiltrating from the
crack and weakening the crack surroundings. No other load
is considered. The action of the pressure transmitted to the
rock causes dilatant damage near the crack tip and hence
engages the chemo-mechanical coupling in that location.
The stress state near the crack tip is different from the
previous one in that the stress near the crack tip is compres-
sive orthogonally to the crack edges. This problem is dealt
with elsewhere.

From the field point of view, in the former scenario the
chemical effect plays a primary role, whereas the stress field
plays a secondary role. In what follows this case becomes
the focus. It corresponds to a situation of a pre-existing
crack inundated with water or an aggressive liquid (e.g. acid
rain), while a tensile stress source is remote. A possible field
analogue could be a reactivation of a landslide with a pre-
existing slip zone (see, for example, Zhao et al. (2011)). In
the latter case, both factors, chemical and mechanical, are
equally important. This case is likely to occur during a fluid
pressure (static) pulse assisted by the chemically aggressive
fluid component.

Classically, a mechanically stimulated crack extends when
a sufficiently high level of stress intensity is attained in the
material at the crack tip. The microcracking can be repre-
sented macroscopically through the inelastic strain near the
crack tip and its yielding is affected by the strain softening.
In contrast, in the considered case, the external tractions are
kept constant, while the process is activated and driven by
way of the chemical field.

To address the solution of the boundary-value problem for
the system of equations describing the coupled chemo-
mechanical processes around the crack tip, the extended
Johnson approximation is adopted (Johnson, 1970), assuming
that all the fields involved are axisymmetric around the
crack tip point with a small, unstressed cavity around it, as
shown in Fig. 1. This is analogous to the cylindrical cavity
expansion problem often used for pile or piezocone model-
ling in geotechnical problems – see, for example, Collins &
Stimpson (1994) or Bigoni & Laudiero (1989). For simpli-
city, the plane strain is considered. The boundary conditions
impose the radial stress at the external boundary as constant
and uniform, and zero at the inner boundary

� rjr¼a ¼ 0; � rjr¼b ¼ const: (12)
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Note that the other boundary conditions that one normally
would impose on a boundary-value problem, as shown in
Fig. 1, such as zero circumferential stress at the crack faces,
are ignored by virtue of adopting the Johnson approxima-
tion, which makes it possible to use axial symmetry fields.
While notably the obtained solutions are not exact, the
benefit from capturing principal interrelationships between
the variables involved and their distribution and evolution is
significant. Note also that assuming zero radial stress at the
inner boundary excludes any realistic description of the
stress concentration near the crack tip. However, the current
focus is rather on the adjacent process zone of microcrack-
ing, which is away from the crack tip by a non-negligible
distance, represented in this case by the radius a (Bazant &
Kazemi, 1990; Lin & Labuz, 2011).

The equilibrium equation and kinematic relationships for
the plane strain axisymmetric problem are given as

d� r

dr
þ � r � �Ł

r
¼ 0 (13)

_�r ¼ �
d _u

dr
, _�Ł ¼ �

_u

r
, _�z ¼ 0 (14)

where Ł and r denote the circumferential and radial coordi-
nates (respectively) and u, which denotes a radial displace-
ment, is defined as positive when pointing outwards. The
circumferential displacement is null owing to axisymmetry.

A linearised yield surface is chosen for simplicity after
Mróz & Kwaszczyńska (1971) and Hueckel & Mróz (1973),
as shown in Fig. 2(a). Tensile stress or strain is considered
negative in the present system, hence, the process of yield-
ing starts from the third quadrant in Figs 2(a) and 2(b). The
locus segment ED determines the relationship between � r

and �Ł at the initial yielding

�Ł0 ¼ tan
�

4
� W

� �
� r0 � tan

�

4
� W

� �
þ tan�


 �
� 01

where W, � and � 01 are parameters shown in Fig. (2a). The
linearised yield locus undergoes an expansion with an in-
crease of the shear strain intensity (equation (1)), while it
shrinks with the square of the loss of the mineral mass, �:
The assumed hardening rules are

� r ¼ � r0(1þ Æ�irr
q � ��2); (15)

�Ł ¼ tan
�

4
� W

� �
� r � tan

�

4
� W

� �
þ tan�


 �

3 � 01(1þ Æ�irr
q � ��2)

(16)

It should be noticed that equation (15) and equation (16)
apply exclusively for �Ł , � r , 0: Æ and � are constant
coefficients for strain hardening and chemical weakening,
respectively. Deviatoric strain intensity �irr

q can be calculated
using equation (1) integrated with time. The axial stress
component �z is assumed not to influence yielding in the
plane strain rate conditions. It can be calculated through
equation (5) from the condition d�irr

z ¼ 0 as

� z ¼
1

2
(� r þ �Ł)� 3BJ

1=2
2

where B is a constant and J2 is the second invariant of
deviatoric stress, and the sign � refers to either the top or
the bottom part of the yield locus in Fig. 2(a) (see also
Mróz & Kwaszczyńska (1971)).

Recall that the precipitation effect has been neglected.
Hence, the combination of equations (8) and (9) yields

_� ¼ s ~AAªCa2þkþaCaCO3
aHþ (17)

It is further assumed that the activities and activity coeffi-

r a� r b�

Crack

r

Tension,   ( )
uniformly distributed

p t

Conceptualised
process zone

Fig. 1. Schematic diagram of the process zone around the crack
tip
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Fig. 2. (a) Linearised yield locus for the material. (b) Sketch of
stress profiles within the process zone
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cients are unities for the convenience of simulation, and
hence _� can be rewritten as

_� ¼ skþ(�j�vj þ �c), �v , 0 (18)

Hence, if �v is negative

��2 ¼ �

ðt

0

_�dt

� �2

¼ �s2k2
þ �

ðt

0

j�vjdt þ �ct

� �2

(19)

which leads to

��2 ¼ K2

ðt

0

j�vjdt

� �2

þ 2KKct

ðt

0

j�vjdt

� �
þ K2

c t2 (20)

where K ¼
ffiffiffi
�

p
skþ� and Kc ¼

ffiffiffi
�

p
skþ�c represent the over-

all chemical softening rate coefficients associated with newly
generated microcracking and the initial void ratio, respec-
tively.

An initial dissolution, proportional to a constant specific
surface area associated with the initial porosity, even for a
low stress prior to yielding, that is, for

� ij : f ¼ f � ij ¼ const:, � ¼ Kc

�
t

� �
, 0

through a slow mass removal _� . 0 and corresponding
shrinkage of the yield locus can eventually activate the
plastic yielding at ED (Fig. 2(a)), in other words, bring the
condition f ¼ 0 around the initially subcritical crack. At
that point, with the continuing reaction, _� . 0, but now also
enhanced by the microcracking as manifested by _�v . 0, the
coupled process is significantly intensified.

Numerical solutions were obtained by solving (using
Matlab#) the above-mentioned system of equations, given the
initial and boundary conditions, as specified earlier. The input
parameters are Æ ¼ 1, � ¼ 1, W ¼ �=6, tan� ¼ 0:2, b=a ¼ 10,
Kc ¼ 2:0 3 10�8 s�1, and K is set to be 5:0 3 10�6 s�1,
unless it is a subject of a parametric study. The displacement
ua at the internal circumference is used to represent propaga-
tion of the crack tip and its dimensionless form ua=a, as shown
in Fig. 3. If the value of the chemical softening coefficient, K,
is increased by one order of magnitude, the displacement ua

within 1 month (30 days) starts growing exponentially, mean-
ing an accelerated crack propagation, which is an expected
result of the damage–dissolution coupling. Fig. 4 further

demonstrates the relationship between the crack propagation
as represented by ua=a and a total integrated dissolved mass

1

b� a

ðb

a

ðt

0

_�dtdr

Notably, within the range studied at an advanced mass
removal, a decelerating crack propagation is observed for a
sufficiently high valued K: As seen also, for the same
accumulated mass of dissolution, a smaller chemical coeffi-
cient K leads to a deeper crack penetration, as _� is propor-
tional to K and �irr

v , whereas the latter is linked to ua. The
evolution of the distribution of relative mass dissolution as
well as the evolution of the dissolution rate is shown in Fig.
5 and Fig. 6, respectively. Fig. 5 indicates that the evolution
of the accumulated dissolved mass distribution along the
radius is confined to the near-crack-tip area. The maximum
accumulated relative mass removal reaches 0.67, which is
very high. Note that dissolution of carbonate rock can be
very fast and advanced (see, for example, Ciantia & Hueckel
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(2013)). The confinement to the near-tip zone is even sharper
in the dissolution rate distribution; as Fig. 6 demonstrates,
the rate of chemical dissolution in the inner area of the
process zone undergoes a huge change, while that outside
the area is almost negligible because it comes mainly from
the pre-existing surface area of the initial porosity. The rate
distribution is clearly linked to that of dilatancy, along the
radius, which (as shown in Fig. 7) develops in a similar
fashion, indicating that the near-crack-tip area is subject to
the most severe damage. Given the linear form of the yield
locus and the normality rule, there is no compaction in the
process zone. Fig. 8 and Fig. 9 show the evolution of the
radial and circumferential stress component distribution, re-
spectively. Because the radial stresses on both the interior
and exterior boundaries are fixed, there is little freedom for
any evolution. However, the distribution of �Ł undergoes a
noticeable change, specifically from t ¼ 550 h to t ¼ 1100 h,
during which the crack penetrates almost ten times deeper
(as observed in Fig. 3). It is interesting to notice that in the
near-crack-tip area, the tensile (negative) stress experiences a

small increase before it collapses back, which indicates an
initially dominating strain-hardening followed by the progres-
sive overtaking by chemical softening. This is visible at the
stress profiles for two representative moments in the evolu-
tion delineated in Fig. 2(b), where A1, A2 stand for stress
state at the interior, r ¼ a, and B1, B2 represent the counter-
part exterior, r ¼ b, respectively. The exterior of the process
zone is subjected to consistent but much more modest
chemical weakening, mainly linked to the background dis-
solution, because the deformational effect is very small.

MODELLING OF DIFFUSION OF DISSOLVED CALCITE
COUPLED WITH IRREVERSIBLE DAMAGE INSIDE THE
PROCESS ZONE

Inside the process zone, the phenomenon of diffusion
occurs once the solute, that is the calcite, is dissolved in
water. The reference condition is set as a uniform dissolution
at the surface of pre-existing voids within an REV. Inter-
connected voids within the process zone form microchan-
nels, providing pathways for calcite transport (see Fig. 10).
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At the crack tip, it is assumed that within the macro-pore,
water washes away the excess mineral, and for simplicity
zero concentration is assumed, hence xCa2þ ¼ 0 at r ¼ a: The
exterior of the process zone is an artificial boundary and is
assumed to stay as it was at the initial state of the material,
when dissolution was limited to the pre-existing micropores,
hence xCa2þ ¼ x0 at r ¼ b: An initial background steady-state
diffusion field is created with the imposed boundary condi-
tions.

The reactive diffusion is approximated as an axisymmetric
field of concentrations (molar fraction of calcite) with
uniformly distributed sources (reaction sites) described by
the following governing partial differential equation with
given boundary conditions as well as the initial conditions.

@xCa2þ

@t
¼ D

@2xCa2þ

@r2
þ 1

r

@xCa2þ

@r

� �
þ kþ(�j�v r, tð Þj þ �c)

(21)

where xCa2þ is the molar fraction of calcium in the fluid
phase within the process zone, and D represents the calcium
diffusion coefficient, which is assumed a constant within the
process zone. As seen in equation (21), the source term
depends on the amount of volumetric deformation, hence its
solution is coupled to the solution of independent equations
(12)–(21).

The damage-affected zone of the material induces evolu-
tion of the concentration of solutes, coupled with the
evolving deformation (microcracking). The distribution of
mineral concentration and the flux of the solute mass are
hence affected by the solid mechanics of the problem. The
diffusive flux at the inner boundary, representing the influ-
ence of the mechanical damage on the net dissolved mass, is
of particular interest, and it can be correlated with the
displacement of the crack tip, or crack propagation. Figs 11
and 12 show the evolution of mass flux J at r ¼ a and its
dimensionless counterpart. M is a coefficient representing
the effect of deformation/damage associated with the dilatant
volumetric strain on the mass transfer, M ¼ s�kþa2=Dx0:
M ¼ 0 means a pure diffusion process without the presence
of chemo-mechanical coupling. As indicated in both Fig. 11
and Fig. 12, the reactive dissolution coupled with the
irreversible damage of the medium plays an important role
in the diffusion processes. Finally, it is possible to set the
crack propagation against the flux of the solute at the near-
tip perimeter, Fig. 13. Because the total flux of mass
removal is experimentally measurable, it is possible to verify

the simulation results against an experiment and perform an
in situ calibration.

CONCLUSIONS
A damage-enhanced reactive chemo-plasticity model was

adopted to describe a simplified scenario of a chemically
induced propagation, of an otherwise subcritical crack in a
pre-stressed geomaterial. An open system was selected,
meaning that the local precipitation is neglected, and chemi-
cal dissolution was considered as a form of mass removal.
The chemo-plasticity coupling effect was investigated with
an assumption of simple hardening rules, the linear form of
the yield condition and rigid behaviour prior to yielding; yet
a number of meaningful conclusions were reached. The
results have demonstrated a significant role of the compensa-
tory mechanism between strain hardening and chemical soft-
ening. It was possible to obtain the rate of crack propagation
against time, against total accumulated relative mass removal
and against the exiting mineral flux. Chemical softening
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Fig. 10. Coupled diffusion–damage-affected zone around the
crack tip
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intensity, dominating the rate of mineral dissolution, has
been proved essential to the progress of crack propagation,
as well as that of soil/rock degradation.

Most importantly, it is seen that with the mass removal,
the rate of crack penetration initially substantially increases.
However, at some point (around 700 h) the penetration rate
starts decelerating (for K ¼ 5 3 10�6 s�1). This time corre-
sponds to the moment when the quadratic nature of the
chemical hardening formula in the hardening law starts to
be felt. In other words, starting from that time, there needs
to be much more of the mass loss to compensate for the
linear strain hardening term (which is a linear function of
the crack tip displacement). The findings of this paper may
be applied to several energy source harvesting areas includ-
ing petroleum/natural gas and geothermal engineering (to
such processes as acid-enhanced hydraulic fracturing or
reservoir engineering), as well as in the area of slope
stability, and so on, where the soil/rock mass is subjected to
chemically induced degradation.
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NOTATION
A1, A2 stress states at the interior, r ¼ a

~AA non-dimensional quantity denoting total fluid–
solid interface surface area per unit volume

a radius
~aa scalar variable

ai activities of ith species
B constant

B1, B2 stress states at the exterior, r ¼ b
D calcium diffusion coefficient

_eirr
ij invariant of deviation strain rate
f function

@ f =@� ij yield locus gradient
J mineral mass removal

J 2 second invariant of deviatoric stress
K ¼

ffiffiffi
�

p
skþ�, overall chemical softening rate

coefficient associated with newly generated
microcracking

Kc ¼
ffiffiffi
�

p
skþ�c, overall chemical softening rate

coefficients associated with initial void ratio
kþ, k� rate constants of forward and backward

reactions respectively
M coefficient representing the effect of

deformation/damage associated with dilatant
volumetric strain on the mass transfer

n porosity taken at its initial value
pc geometric size characteristics of the yield locus
r radial coordinate
s ratio between number of moles of water and that

of calcite in the initial state
u radial displacement

xCa2þ molar fraction of calcium in the fluid phase
within the process zone

Æ constant coefficient for strain hardening
� constant coefficient for chemical weakening
ªi activity coefficients of ith species
� average microcrack opening at the apex

(�irr
q ) irreversible deviatoric strain intensity
Ł circumferential coordinate
W angle, as denoted in Fig. 2(a)
_̧ multiplier
� reaction progress variable

(�1, . . ., �n) accumulated relative dissolved mass of each
mineral species

�n, (n ¼ 1, 2, . . .) accumulated dissolved masses of the nth species
of mineral per unit volume of porous medium

rw density of water n denotes porosity taken at its
initial value

� ij stress
�r radial stress component
�z axial stress component
�Ł circumferential stress component
� 01 initial yield criterion constant
� proportionality constant
�c dimensionless specific surface area of pre-

existing voids per unit volume
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Zimmermann, G., Blöcher, G., Reinicke, A. & Brandt, W. (2011).
Rock specific hydraulic fracturing and matrix acidizing to
enhance a geothermal system – concepts and field results.
Tectonophysics 503, No. 1–2, 146–154.

80 HU AND HUECKEL
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A chemo-poro-mechanical model for sequestration of carbon dioxide
in coalbeds

M. S. MASOUDIAN�, D. W. AIREY� and A. EL-ZEIN�

To reduce the emissions of carbon dioxide into the atmosphere, it is proposed to inject anthropogenic
carbon dioxide into deep geological formations. Deep, unmineable coalbeds are considered to be a
possible carbon dioxide repository because coal is able to adsorb a large amount of carbon dioxide
inside its microporous structure. However, the response of coalbeds is complex because of coupling
between the flow and mechanical responses. Injection of carbon dioxide causes coal to swell, which
leads to reductions in permeability and hence makes injection more difficult, and at the same time
leads to changes in the mechanical properties that can affect the stress state in the coal and overlying
strata. Apart from the influence of swelling on permeability, the chemo-mechanical aspects of carbon
dioxide sequestration in coalbeds have been little studied. In this paper, the results of a series of
triaxial tests on a bituminous coal are presented that show a reduction in elastic modulus as a result
of carbon dioxide adsorption. Using these experimental results, a linear relationship between the
reduction in elastic modulus and the amount of adsorbed gas was found. This relationship, in
conjunction with a dual-porosity model, has been employed to simulate the hydromechanical response
of a coal bed to carbon dioxide injection. The results of the numerical simulation show that the
softening of the coal can change the permeability and stresses in the coal, and suggest that consider-
ing the softening effect is crucial for accurate assessment of the performance and safety of carbon
dioxide storage in coalbeds.

KEYWORDS: laboratory tests; numerical modelling; permeability; rock/rock mechanics

INTRODUCTION
To reduce the emissions of anthropogenic greenhouse gases
into the atmosphere, it has been proposed that carbon
dioxide be stored in deep geological formations such as
coalbeds. Coalbeds are favourable because the methane they
contain can be displaced by injecting carbon dioxide, and if
captured, this can partly offset the sequestration expenses.
This process is known as carbon-dioxide-enhanced coalbed
methane recovery (ECBM). A number of studies have
demonstrated the economic feasibility of carbon dioxide
sequestration in coalbeds (Gentzis, 2000), and demonstration
projects have been undertaken in the USA, Europe and Asia
to investigate its technical feasibility (e.g. Reeves, 2001;
Yamaguchi et al., 2006; Wong et al., 2007; Botnen et al.,
2009). However, large-scale projects have not commenced,
partly because of insufficient understanding of the coalbed
response to carbon dioxide injection, especially in the long
term.

Coal is an organic sedimentary rock that has a polymeric
structure composed of varying amounts of carbon, hydrogen
and other elements, including mineral matter (Ward &
Suárez-Ruiz, 2008). Coal is generally considered to be a
dual-porosity medium (Fig. 1) that contains fractures, also
known as cleats, and matrix blocks (Harris & Yust, 1976;
Pashin, 2008). The cleats provide the large-scale porosity of
coal, and the matrix contains smaller micropores.

In coalbed geosequestration, carbon dioxide is injected
into deep coal seams. The gas flows through the cleats, a
process that is usually described by Darcy’s law (Pashin,

2008), and diffuses into the microporous matrix, where it is
absorbed by the coal matrix, and this is where the major
part of the stored gas resides (Parkash & Chakrabartty,
1986). The diffusion process is usually described by Fick’s
law and the adsorption by an isotherm such as Langmuir’s.

The adsorption of carbon dioxide is accompanied by
changes in volume of the coal matrix – that is, coal
swelling. Some authors explain this process by the plasticis-
ing effect of the carbon dioxide causing a shortening of the
polymer chains and a partial breakdown of the coal structure
(Larsen, 2004). Other authors simply consider the substitu-
tion of carbon dioxide molecules in the nanoporous structure
to be responsible (Vandamme et al., 2010; Hol et al., 2012),
while again others consider changes in surface energy (Pan
& Connell, 2007). As the coal matrix swells, it reduces the
cleat aperture and hence the permeability of the coal. Swel-
ling is also a concern because it can lead to stress changes
in the sealing (low permeability) cap rock, possibly inducing
fractures and flow paths for the gas to return to the surface.
Many studies have investigated the swelling of the coal
matrix (e.g. Walker et al., 1988; Day et al., 2008) and its
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effect on the cleat permeability (Viete & Ranjith, 2006;
Mazumder & Wolf, 2008), and various models have been
proposed (e.g. Palmer & Mansoori, 1996; Shi & Durucan,
2004; Liu & Rutqvist, 2010). It is believed that coal
swelling is responsible for the large decreases in measured
carbon dioxide injection rates with time in trial ECBM
projects in the USA (Reeves, 2001; Botnen et al., 2009),
Japan (Reeves, 2001) and Poland (Van Bergen et al., 2006).

In addition to matrix swelling, the adsorption of carbon
dioxide has also caused accompanying reductions in stiffness
(Viete & Ranjith, 2006; Hol et al., 2011) and strength (Viete
& Ranjith, 2006; Masoudian et al., 2011; Perera, 2011;
Wang et al., 2011). However, the results of Ates & Barron
(1988) have been shown to be inconclusive on the topic of
strength reductions. These reductions can be significant, with
Perera (2011) reporting reductions of the elastic modulus of
a black coal from 3.7 GPa to 1.1 GPa as the carbon dioxide
saturation pressure was increased from 0 to 8 MPa. However,
these large reductions were measured from unconfined com-
pressive strength (UCS) tests, whereas in a test when a
confining stress of 10 MPa was applied the reduction in
stiffness was less (Viete & Ranjith, 2007). Although the
reductions in stiffness and strength were observed in various
studies, there are few data on the magnitude of this effect
for different coals. or on the influence of confining stress,
and the tests described in this paper have been conducted to
address this deficiency. In addition, the effect of confining
stress on the diffusivity and adsorption has received little
study, with Hol et al. (2011) suggesting that adsorption
decreases with increasing confining stress, as later explained
and modelled by Hol et al. (2012).

From the preceding discussion, it is apparent that numerical
models for reservoir simulation studies need a coupled hydro-
mechanical code to capture the important features of the
response of coalbeds to carbon dioxide injection. Various
strategies have been employed to capture the coupling in
previous numerical studies of coal seam reservoirs, as shown in
Table 1. Although these studies have employed some coupling
between the chemical, hydraulic and mechanical effects, they
have all made simplifying assumptions about the transfer of
gas between the fractures and the matrix, and in none of these
analyses were the changes to the stiffness considered.

This paper presents the results of a series of triaxial
compression tests showing the effect of carbon dioxide
adsorption on the mechanical properties of coal, and intro-
duces a chemo-hydro-elastic model in which the experimen-
tal results are implemented. The numerical model used in
this paper employs a recent dual-porosity model (Connell &
Lu, 2007; Lu & Connell, 2007, 2011) that employs a fully
transient fracture–matrix transfer function to estimate the gas
transport in both fractures and the coal matrix. The model
includes the effects of strain on fluid flow, the effects of
stress on permeability, and the softening effect of carbon
dioxide on the elasticity of coal. The results of a numerical
simulation of carbon dioxide injection into a coal layer are
presented to demonstrate the effects of the modulus reduc-
tion on the flow and stress changes.

EXPERIMENTAL OBSERVATIONS
In this paper, the results of a series of triaxial tests on

specimens of black coal are reported to show the influence
of saturation with carbon dioxide on the mechanical re-
sponse. These results are then used to develop a model that
accounts for the effect of carbon dioxide adsorption on the
elastic modulus of coal.

Experimental procedure
Specimens with a diameter of 25 mm and a height-to-

diameter ratio of 2 were cored from blocks of bituminous
black coal obtained from the stockpile of a mine in the
Sydney Basin. The specimens had dry densities of 1.23–
1.41 g/cm3 (mean 1.29 g/cm3) and porosities of 6.8–21.1%
(mean 14.9%), determined by the water displacement meth-
od. Only specimens that appeared to be homogeneous and
contained no cleats were used for the triaxial tests. The
triaxial tests were performed using a standard soil mechanics
cell mounted in a 70 kN load frame in a room with a
controlled temperature (228C). Water pressure inside the
triaxial cell was provided from a GDS pressure controller,
which could also measure volume changes during carbon
dioxide saturation. Thirty-three triaxial tests were carried out
with confining stresses up to 2.5 MPa. Water-saturated speci-
mens were prepared by first permeating the air-dry coal
specimen with water, followed by the use of an elevated
back-pressure to ensure saturation before isotropic compres-
sion to the desired stress level. The carbon-dioxide-saturated
specimens were prepared by isotropic compression of the
air-dry coal to the desired stress level, and then by permea-
tion with carbon dioxide. During permeation, the carbon
dioxide injection pressure was chosen to be the same as the
confining pressure, while the other end of the specimen was
open to the atmosphere. The carbon-dioxide-saturated sam-
ples were exposed to carbon dioxide for at least 72 h, by
which time volume changes had ceased. Shearing com-
menced after closing the gas injection tap, and specimens
were loaded to failure with a strain rate of 0.01 mm/min,
with the drain line open to the atmosphere. To ensure fully
drained conditions during shearing, the loading was paused
in two tests, and no significant change in the applied load
was observed; then the tests were resumed. A schematic
illustration of the experimental set-up is shown in Fig. 2.

Experimental results
Typical results from the shearing stage of the triaxial tests

are shown in Fig. 3(a). The initially soft responses are
related to end effects, but otherwise the responses are very
linear until close to failure, and elastic moduli have been
determined from the linear portion of the responses. When
the results from all 33 triaxial specimens are considered
together, as illustrated in Fig. 3(b), it is evident that the
elastic moduli of the carbon-dioxide-saturated specimens are
lower than those of the water-saturated samples. There is
considerable scatter in the data for both the water- and

Table 1. Recent coupled hydromechanical models for gas transport in coalbeds

References Effect of strain
on fluid flow

Matrix–fracture
transfer function

Swelling/permeability Softening
effect

Main feature/objective

Connell (2009)
Connell & Detournay (2009)

No Pseudo-steady state Yes No Improving permeability
predictions

Liu & Smirnov (2009) Yes Pseudo-steady state Yes No Coupled response of coalbed
Wei & Zhang (2010) Yes Pseudo-steady state Yes No Coupled response of coalbed
Wu et al. (2010) Yes Pseudo-steady state Yes No Dual poro-elastic model for

permeability
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carbon-dioxide-saturated specimens, which is primarily a
consequence of the natural variability of the coal. It is
possible that very small cleats could have influenced the
scatter, but care was used in selecting specimens that were
visually cleat free, and this is not believed to have signifi-
cantly affected the results. These results are consistent with
previous studies in showing a reduction in modulus for
carbon-dioxide-saturated specimens, and previous studies
have also shown that there is little difference between the
moduli measured for specimens that have been oven-dried,
saturated with nitrogen, and saturated with water (Viete &
Ranjith, 2007; Masoudian et al., 2011). It may also be noted
from Fig. 3(a) that there is a reduction in strength for the
carbon-dioxide-saturated specimen, and this reduction in-
creased with carbon dioxide saturation pressure in a similar
manner to the modulus.

As discussed above, the cause of the swelling and change
of the coal mechanical properties is believed to result from

the damaging plasticising effect that carbon dioxide satura-
tion has on the polymeric structure of coal (Larsen, 2004).
Carbon dioxide is a known plasticiser, being used in the
polymer industry to increase the fluidity of several polymers
(Tomasko et al., 2003). Fig. 4 shows typical scanning
electron microscope pictures of the coal before and after
saturation with carbon dioxide. It is clear from Fig. 4 that
there has been a significant change in the appearance of the
coal, and the well-defined structure of the water-saturated
specimen is not as clearly evident in the carbon-dioxide-
saturated specimen. Larsen (2004) has explained that
coal has a chemical structure similar to that observed in
short-chain polymers. Carbon dioxide acts as a plasticiser,
shortening the polymer chain length and reducing the en-
tanglement of the polymer chains, thus reducing the resis-
tance to deformation so that the modulus reduces. This
process also reduces the strength, which is a function of the
degree of entanglement of the polymer chains. It has also
been suggested that the process of adsorption of carbon
dioxide molecules on the surface of the coal releases energy,
which stimulates the partial breakdown of the macromolecu-
lar structure, allowing the coal to reach a state with higher
entropy or lower internal energy, and this can be related to
the swelling effect (Pan & Connell, 2007).

Elastic modulus reduction model
As shown earlier in Fig. 3(b), the elastic modulus of coal

decreases when it is saturated with carbon dioxide. To
simplify the modelling, we consider a linear relationship

Carbon
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atmospheric
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Membrane
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Fig. 2. Schematic illustration of the experimental set-up used
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between the concentration of adsorbed carbon dioxide and
the change in the properties. In order to determine this, a
model to estimate the amount of adsorbed gas is required.
The most widely used adsorption model is the Langmuir
model for ideal gases, which is described by


s ¼ 
MP

PL þ P
(1)

where 
s is the adsorbed volume of gas per unit mass of
coal; 
M is a constant that represents the maximum mono-
layer adsorption volume; P is the gas pressure; and PL is the
Langmuir pressure, the pressure at which the adsorbed
volume of gas is half of the maximum monolayer adsorp-
tion. Previous studies of the adsorption of carbon dioxide on
black coals from the Sydney Basin (Saghafi et al., 2007)
have shown that the Langmuir model provides a reasonable
fit to the experimental data from adsorption tests. Saghafi et
al. (2007) have reported a range of values for PL, and we
choose a value of 3.0 MPa, which is within their reported
range. Using this value, the amount of adsorbed gas can be
estimated from equation (1). If this is then combined with
an assumed linear relationship between carbon dioxide con-
centration and the elastic modulus of the coal, the effect of
carbon dioxide on the modulus can then be evaluated
according to

ECO2

Ewater

¼ 1� º

s


M

(2)

where º is a dimensionless coefficient that could be ex-
pected to vary with coal type or rank. Substituting equation
(1) into equation (2) gives the final equation for the elastic
modulus reduction due to carbon dioxide adsorption as

ECO2

Ewater

¼ 1� º
P

PL þ P
(3)

As explained earlier, the gas injection pressure, Pi, was
the same as the confining stress in the experiments. How-
ever, the discharge valve was open to atmospheric pressure
during the saturation time, and therefore, if we assume that
the gas pressure throughout the height of the coal sample is
linear, the average pressure in the specimen can be assumed
to be half of the injection pressure. Knowing this, the gas
pressure can be replaced by half of the injection pressure,
Pi, which leads to

ECO2

Ewater

¼ 1� º
0:5Pi

PL þ 0:5Pi

(4)

The difference between the best-fit lines to the data pre-
sented in Fig. 3(b) can be described by equation (3) using a
value of 0.54 for º. In fact, º is a parameter that represents
the maximum possible reduction in elastic modulus due to
carbon dioxide adsorption. In other words, when 
s is equal
to 
M, the value of the elastic modulus decreases by 54%.

It should be noted that Fig. 3(b) shows that the reduction
in modulus increases with confining pressure up to the
maximum gas pressure used in these experiments of
3.0 MPa. However, the in situ stresses and gas pressures at
underground formations suitable for sequestration purposes
are likely to be significantly greater than 3 MPa. Neverthe-
less, it has been shown by Perera (2011) that the stiffness
continues to decrease, approximately linearly, for carbon
dioxide saturation pressures up to 10 MPa, and thus it is
reasonable to expect that equation (3) can apply for higher
gas pressures. Further tests covering a wider range of carbon
dioxide saturation pressures, as well as a wider range of
confining stresses, are required to confirm its reliability and
applicability.

MODELLING APPROACH
To formulate the coupled chemo-hydro-elastic model,

several assumptions are invoked, as listed below.

(a) The fluid contains only one phase and component, which
is carbon dioxide.

(b) The flow of gas inside the fractures is a bulk flow, which
is described by Darcy’s law.

(c) The gas is assumed to be slightly compressible, and its
viscosity is constant.

(d ) The movement of gas inside the matrix blocks is assumed
to be driven by the gradient of concentration, and is
described by Fick’s law.

(e) The temperature remains constant during carbon dioxide
injection.

( f ) Coal is a homogeneous, isotropic elastic continuum.
(g) The elastic modulus of the coal is a linear function of the

amount of adsorbed gas according to equation (2), where
the value of º is assumed to be 0.54.

Gas flow in coal
With the assumptions described earlier, and following the

basic flow equation in poroelasticity (Detournay & Cheng,
1993), the flow of gas in the dual porous structure of coal
can be written as

@P t, X fð Þ
@t

� kf

�f 
f cf

=2P t, X fð Þ

¼ Q t, X fð Þ
�f cfrf0 1þ cf P t, X fð Þ � P0½ �

� �
� Æ

�f cf

@�v t, X fð Þ
@t

(5)

where �f is the fracture porosity of coal; kf is the absolute
permeability of the fracture continuum; cf is the total
compressibility of fractures and the fluid within them; Æ is
the Biot coefficient; 
f is the dynamic viscosity of the fluid;
rf is the density of the fluid within fractures; rf0 is the
density of the fluid at the reference pressure, P0; t represents
the time; Xf represents the position in the fracture conti-
nuum; and =2 is the Laplacian operator. Note that Xf can be
in any arbitrary system of coordinates, and in this paper a
cylindrical system is used. In addition, there are three
parameters that are defined as functions of time and posi-
tion: P represents the pressure of gas in the fractures; Q is
the matrix–fracture transfer function, which defines the
amount of gas transferred into the matrix blocks; and �v is
the volumetric strain. Note that the second term on the
right-hand side of this equation is the expression that
couples the fluid flow to mechanical deformation of the coal
seam.

The matrix–fracture function, Q, represents the dual-porosity
effect. In order to evaluate this function, Fick’s law needs to be
solved alongside the boundary and initial conditions.

@
(t, X m, X f )

@t
¼ Dm=2
(t, X m, X f )

@
(t, X m, X f )

@X m

����
centroid

¼ 0


(t, X m, X f )jouter boundary ¼ 
s P t, X fð Þ½ �


(t, X m, X f )j t¼0 ¼ 0

(6)

where Dm is the effective diffusion coefficient of gas in a
coal matrix block; 
 is the concentration of gas at any point
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inside the matrix block; 
s is the equilibrium amount of gas
at P(t, Xf ), which is determined by the Langmuir adsorption
isotherm (equation (1)); and Xm is the position inside the
matrix blocks, which can be in any arbitrary system of
coordinates, regardless of the chosen system of coordinates
in the fractures. Assuming that the adsorption on the ex-
ternal surface of the matrix blocks is instantaneous, the
adsorption isotherm can provide a boundary condition for
this equation. Lu & Connell (2007) applied an analytical
solution for the concentration, 
, inside the matrix block.
The concentration inside the matrix block can be related to
Q, and then the matrix–fracture transfer function for a
rectangular isotropic matrix block can be obtained (Lu &
Connell, 2011) as

Q t, X fð Þ ¼ � 8

�2

X1
m¼1

X1
n¼1

X1
p¼1

H2
s m, n, pð Þ3 Dm

mnpð Þ2

3
m2

l2
x

þ n2

l2
y

þ p2

l2
z

 !

3

ðt

0

e�Dm m2=l2
xþn2=l2

yþp2=l2
zð Þ @
s t, X fð Þ

@Ø
dØ

(7)

where lx, l y, lz are the side lengths of the rectangular blocks
in the x, y and z directions respectively, and

H s m, n, pð Þ ¼ 1� cos m�ð Þ½ �3 1� cos n�ð Þ½ �

3 1� cos p�ð Þ
� � (8)

Also, 
s is the equilibrium amount of gas at the pressure
P(t, Xf ), and is determined by an adsorption isotherm, which
is Langmuir’s isotherm (equation (1)) in this paper. Substi-
tuting equation (5) into equation (7) gives

@P t, X fð Þ
@t

� kf

�f 
f cf

=2P t, X fð Þ ¼ � Æ

�f cf

3
@�v t, X fð Þ

@t
� 1

�f cfrf0 1þ cf P t, X fð Þ � P0½ �
� �

3
8

�2

X1
m¼1

X1
n¼1

X1
p¼1

H2
s m, n, pð Þ3 Dm

mnpð Þ2
3

m2

l2
x

þ n2

l2
y

þ p2

l2
z

 !

3

ðt

0

e�Dm m2=l2
xþn2=l2

yþp2=l2
zð Þ @
s t, X fð Þ

@Ø
dØ

(9)

Equation (9) is the equation that needs to be solved numeri-
cally to simulate the flow of gas in the coal seam.

Chemoelasticity of coal
The elastic constitutive equations used in this paper are

expressed in rate form, and relate the strain to stress and the
concentration of adsorbed carbon dioxide. The strain rate
can be decomposed into a mechanical part, _�m, and a
chemical (sorption) part, _�s:

_� ¼ _�m þ _�s (10)

Assuming that the stiffness of the coal is constant during
small time steps, the relationship between effective stress,
_� , and mechanical elastic strain is given by

_�½ � ¼ De½ �3 _�½ � (11)

where [De] is the stiffness tensor. The assumption of con-
stant elastic modulus is unrealistic, but it has been adopted

for simplicity, and because the experimental observations
suggest it is not unreasonable if the increments of analysis
are small enough. However, the value of elastic modulus is
updated anyway, using equation (2), during the analysis.
Now the stress–strain equation can be written in an incre-
mental form, following the approach used by Shi & Durucan
(2004), where the chemical strains can be also included in
the stress–strain formulation. This leads to the following
expanded form in cylindrical coordinates.

��� rr � Æ�PP ¼ E

1þ 	ð Þ 1� 2	ð Þ 1� 	ð Þ���m
rr þ 	 ���m

ŁŁ þ ���m
zz

� �h i

þ E

1� 2	
���s

rr

���ŁŁ � Æ�PP ¼ E

1þ 	ð Þ 1� 2	ð Þ 1� 	ð Þ���m
ŁŁ þ 	 ���m

rr þ ���m
zz

� �h i

þ E

1� 2	
���s
ŁŁ

��� zz � Æ�PP ¼ E

1þ 	ð Þ 1� 2	ð Þ 1� 	ð Þ���m
zz þ 	 ���m

ŁŁ þ ���m
rr

� �h i

þ E

1� 2	
���s

zz

(12)

where E is the elastic modulus and 	 is Poisson’s ratio. By
assuming an isotropic sorption strain (���s

rr ¼ ���s
ŁŁ ¼ ���s

zz ¼ ���s
v=3)

and uniaxial strain conditions (���m
rr ¼ ���m

ŁŁ ¼ 0), the equation
below is obtained.

��� rr � Æ�PP ¼ ���ŁŁ � Æ�PP

¼ 	

1� 	
��� zz � Æ�PPð Þ þ E

3 1� 	ð Þ���
s
v

(13)

If we assume that total vertical stress is constant during
carbon dioxide sequestration (��� zz ¼ ��� e

zz þ Æ�PP ¼ 0), this re-
duces to the Shi & Durucan (2004) expression

��� rr ¼ ���ŁŁ ¼
1� 2	

1� 	
Æ�PPþ E

3 1� 	ð Þ���
s
v (14)

Thus, the change in effective stress is

��� e
rr ¼ ��� e

ŁŁ ¼ �
	

1� 	
Æ�PPþ E

3 1� 	ð Þ���
s
v (15)

Note that sorption strain has a maximum of �s
max, and is

assumed to be a linear function of the average concentration
of adsorbed gas, 
avg, as

�s
v ¼ �s

max


avg


m

(16)

Now the incremental change in vertical strain can be ex-
pressed by

���v ¼ ���zz ¼ ���m
zz þ ���s

zz

¼ 1

E
�	 ��� rr þ ���ŁŁð Þ � 1� 2	ð ÞÆ�PP
� � (17)

Permeability of coal
Owing to adsorption-induced swelling, the fracture poros-

ity decreases, and as a result the permeability of the fracture
decreases. In this paper, the permeability model is similar to
the one developed by Shi & Durucan (2004,) and therefore
the change in porosity and permeability in each increment
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of analysis can be evaluated using the incremental change in
horizontal effective stress.

k2 ¼ k1 exp �3cf ��� e
rr

� �
(18)

�2 ¼ �1 exp �cf ��� e
rr

� �
(19)

where subscripts 1 and 2 denote the previous and current
increments of analysis.

Solution procedure
To model the chemo-hydro-mechanical processes success-

fully, we need to implement all the necessary equations in
the numerical engine. Thus the integro-partial differential
term in equation (9) is solved in each time step; then, using
equations (15) and (16), the incremental change in effective
stress is calculated; and then the values of porosity (equation
(19)), permeability (equation (18)) and elastic modulus
(equation (2)) are updated for the next time step. Note that
the rate of volumetric strain at each time step is estimated
using the value of incremental change in strain calculated by
equations (14) and (17) divided by the value of the time
step. The numerical scheme used in this paper is an implicit
finite-difference method. However, solving equation (9) is
not straightforward, and its solution is numerically expen-
sive, as described by Connell & Lu (2007). On the right-
hand side of the equation there is an integral term inside a
triple infinite series, and at each time step it needs to be
solved from time zero to the current time of the analysis.
Therefore, to decrease the analysis run time, the value of the
integral can be saved from time zero to the current time at
each time step, and then it can be restored in the next time
step; hence the integral needs to be solved only for the last
time step (Lu & Connell, 2010). However, this algorithm
needs a lot of memory, as three values should be saved for
each spatial node, to be called for the next time step
calculations.

NUMERICAL SIMULATIONS
Example description

A series of numerical simulations were conducted to
model the storage of carbon dioxide in a hypothetical
isolated coal seam with a thickness of 1 m. We have
assumed that carbon dioxide is continuously injected into a
horizontal homogeneous isotropic coal seam at a constant
pressure, surrounded by impermeable rocks, through a cen-
tral wellbore drilled at its centre (Fig. 5). The parameters
used in this simulation are given in Table 2. Although the
parameters given here do not represent a particular site, they

have been chosen to be typical of deep coal seams and are
in the range of values used by Shi & Durucan (2004),
Connell & Detournay (2009) and Wu et al. (2010). To
simplify, we have assumed that deformation occurs only in
the vertical direction, and that the horizontal stress is ini-
tially isotropic.

Numerical results and discussion
The described model has been used to simulate carbon

dioxide injection for two cases. For the first case the
modulus is assumed to be constant (º ¼ 0), whereas in the
second case the modulus is assumed to decrease with carbon
dioxide adsorption, as described by equation (3) with param-
eter º ¼ 0.54. Fig. 6 illustrates the profiles of the pressure in
the coal seam during the injection period. It can be seen that
the pressure in the coal seam increases as the injection
continues. However, the rate with which the pressure in-
creases is slightly different for the two studied cases. At the
beginning of the injection there is not much difference
between them, but after 75 days the pressure in the coal
seam in the case of a constant elastic modulus is signifi-
cantly higher than that for a varying elastic modulus. In both
cases carbon dioxide is injected at a constant mass flow rate,
but the higher injection pressure when the elastic modulus is
constant occurs because the permeability is lower, as shown
in Fig. 7. This is a consequence of the swelling, which leads

CO injection wellbore2

Z

r

Coal seam

Fig. 5. Hypothetical coal seam where carbon dioxide was injected
from the vertical wellbore at the centre

Table 2. Input parameters for the numerical simulation

Parameter Value

Coal density: kg/m3 1400
Cleat porosity, �f 0.01
Initial intrinsic permeability, kf : m2 5 3 10�15

Fracture compressibility, cf : Pa�1 0.5 3 10�7

Matrix block size, lx ¼ l y ¼ lz: m 0.1
Effective diffusion coefficient, Dm: m2/s 1 3 10�10

Maximum monolayer adsorption, 
max: kg/m3 80
Langmuir pressure, PL: Pa 3 3 106

Maximum swelling, �s
max 0.01

Linear elastic modulus, E: Pa 3 3 109

Elastic modulus reduction factor (case 2), º 0.54
Poisson’s ratio, 	 0.35
Gas viscosity, 
f : Pas 1 3 10�4

Reference gas density, rf0: kg/m3 955.3
Reference gas pressure, P0: Pa 7 3 106

Initial reservoir pressure: Pa 0
Gas injection rate: kg/s 5 3 10�5

Radius of coal seam: m 100
Injection time: days 150
Numerical time step, ˜t: h 0.36
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Fig. 6. Profiles of pressure in the coal seam for both cases of a
constant and a varying elastic modulus
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to increases in effective stress and hence reductions in
permeability in the cleats. When the modulus reduces, the
changes in effective stress due to swelling are reduced, and
therefore the reduction in permeability is reduced. Because
the permeability is a function of concentration, and it takes
time for the gas to reach the far boundary, the difference in
the permeabilities reduces with radius for small times. It
should be noted that at later times the permeability starts to
increase slightly, which is due to the reducing effect of
swelling.

The profiles of carbon dioxide concentration inside the
matrix blocks of the coal seam are shown in Fig. 8. As
explained earlier, the total amount of adsorbed carbon
dioxide in the coal is proportional to the pressure in the
fractures according to Langmuir’s equation. Thus, the con-
centration of gas in the vicinity of the wellbore is higher
than that in the far field. However, the evolution of concen-
tration in the coal is much slower than that of pressure, and
because of this difference, and the interrelationship between
diffusion and permeation, it takes a longer time to reach the
steady state when compared with a regular, single-porosity
reservoir. As illustrated before, the pressure is higher when
the elastic modulus is constant, and thus one can expect a
higher concentration, as is shown in Fig. 8. The amount of
stored carbon dioxide in the whole layer of coal is shown in
Fig. 9. Note that these estimations do not take the free gas
(unadsorbed carbon dioxide residing in the cleats) into
account. Fig. 9 illustrates that assuming the modulus is
constant is likely to result in a slight overestimation of the
storage capacity of the coalbed, and this overestimation
increases as injection continues.

Figure 10 shows the profiles of elastic modulus inside the
coal seam for the case where the modulus changes with
carbon dioxide adsorption. As the carbon dioxide is injected,
the gas pressure inside the fractures increases, and hence the
concentration in the coal increases. As a linear relationship

between the change in elastic modulus and gas concentration
is assumed, Fig. 10 shows, as expected, that the elastic
modulus is reduced, with a maximum reduction in the
vicinity of the wellbore and a minimum reduction at the
outer boundary of the model, and the modulus reduction
increases as the gas injection continues.

Carbon dioxide injection also alters the stress state of the
coal bed. The incremental changes, between time steps, in
the horizontal effective stress are shown in Fig. 11. From
equation (15) it can be seen that the incremental swelling
has a positive sign, while the pore pressure effect has a
negative sign. As a result, swelling initially has a larger
effect on the stress changes, but these reduce with time.
Therefore, the incremental stress changes are initially posi-
tive, and gradually become negative as the injection pro-
ceeds. When the elastic modulus is constant, the gas
pressures in the cleats are larger, and this leads to a larger
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effect of swelling. Thus, the incremental stresses are always
larger for a constant modulus than for a varying modulus.
At later stages, when the swelling effect is smaller, the
higher pore pressure results in a more negative incremental
stress in the first case, whereas in the second case the lower
elastic modulus further reduces the swelling effect.

As shown in Fig. 12, the cumulative change in horizontal
effective stress is increasing at the beginning, and then at
some point it starts to decrease; it is shown that, after 150
days, the change in horizontal effective stress is lower than
that at 75 days. Fig. 12 also shows that the horizontal
effective stress is higher when the elastic modulus reduction
is not considered. The profiles of change in total stress are
depicted in Fig. 13, showing that they are higher if
the elastic modulus is assumed to be constant. However, the
total stress becomes larger as the injection continues. The
vertical strain is shown in Fig. 14. The strain is lower when
the elastic modulus reduction is taken into account. This is
due mainly to the significantly higher pore pressure in the
case of a constant elastic modulus.

CONCLUSION
This study has presented the results of a series of experi-

ments on black coal that show a significant reduction in the
elastic modulus of coal when carbon dioxide is adsorbed. It
is shown that carbon dioxide adsorption damages the coal
structure, allowing it to swell, soften and weaken. A chemo-
hydro-mechanical model has been developed that considers
the damaging effect of carbon dioxide on the mechanical
properties of coal, and employs a dual-porosity model that
can predict the fully transient flow of gas inside the coal
seam with an accurate matrix–fracture function to consider
the effect of gas diffusion and adsorption on the pressure
distribution in the cleat system of the coalbed. A simple
elastic constitutive model has been used to study the mech-
anical response of the coalbed. A numerical example was
solved for a single coalbed to demonstrate the effects that
the reduction in elastic modulus can have on the fluid flow
and geomechanical behaviour of the coalbed when carbon
dioxide is injected. It has been shown that the pore pressure,
permeability predictions and estimated storage can be sig-
nificantly different when the damaging effect of carbon
dioxide on the mechanical properties is considered.

This study has demonstrated the complex interactions
between coal and carbon dioxide, and has shown that
coupling between the chemical, flow and mechanical proper-
ties is required to understand the process of carbon dioxide
geosequestration in coal. Further studies of the effects of
carbon dioxide on the mechanical properties at the stresses
relevant to deep sequestration are required to improve the
reliability and relevance of this study.

NOTATION
cf compressibility of fractures and containing fluid

[De] tensor of elastic stiffness
Dm effective diffusion coefficient of carbon dioxide into coal

matrix
E elastic modulus of coal

ECO2
elastic modulus of carbon dioxide-saturated coal

Ewater elastic modulus of water-saturated coal
Hs cosine function of the Fourier series
kf fracture permeability of coal

lx, l y, lz dimensions of coal matrix blocks in x, y and z directions
respectively

m, n, p counter identifiers of triple series
P pressure of carbon dioxide in fractures
Pi gas injection pressure
PL Langmuir pressure; pressure at which absorbed carbon

dioxide on coal is 50% of 
M

P0 reference pressure
Q flux of gas transferred into coal matrix
t time

Xf position in fracture
Xm position in coal matrix
Æ Biot coefficient
_� rate of total strain

_�m rate of mechanical strain
_�s rate of chemical (sorption) strain

�s
max maximum volumetric sorption strain
�v volumetric strain
Ø variable of integration (time, from zero to current)
º elastic modulus reduction factor

f viscosity of fracture fluid
	 Poisson’s ratio
rf density of fracture fluid
rf0 density of fracture fluid at reference pressure

_� rate of total stress
�conf confining stress in triaxial tests


 concentration of gas at any point inside matrix block

avg average concentration of carbon dioxide inside coal

matrix blocks
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M maximum monolayer adsorption of carbon dioxide on
coal


s concentration of absorbed carbon dioxide on surface of
coal matrix

�f fracture porosity of coal
=2 Laplacian operator
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Growth of polymer microstructures between stressed silica grains:
a chemo-mechanical coupling

R. GUO� and T. HUECKEL�

Laboratory tests on the micro scale are reported in which two amorphous silica cubes were
compressed in a liquid environment, in solutions with different silica ion concentrations, for up to 3
weeks. Such an arrangement represents an idealised representation of two sand grains. The grain
surfaces and asperities were examined in the scanning electron microscope and atomic force
microscope (AFM) for fractures, silica gel growth and polymer strength. In 500 ppm solution, silica
gel structures a few hundred micrometres long appeared between stressed silica cubes. In 200 ppm
solution, silica deposits were found around damaged grain surfaces, while at 90 ppm (below silica
solubility in neutral pH), fibres a few micrometres in length were found growing in cube cracks. AFM
pulling tests found polymers with strength of the order of 100 nN. It was concluded that prolonged
compression produced damage in grains, raising local silicon ion concentration and accelerating
precipitation, polymerisation and gelation of silica on grain surfaces, enhancing soil strength at the
micro scale, and hence most likely contributing to the ageing phenomenon observed at the macro
scale.

KEYWORDS: chemical properties; particle-scale behaviour; sands; stiffness; time dependence

INTRODUCTION
Soils exhibit significant stiffening when subjected to pro-
longed compression at a constant load – what is known
under the name of soil ageing (Mitchell & Solymar, 1984;
Hueckel et al., 2005).

Soil ageing occurring in silts, sands and sand–clay mix-
tures at the engineering timescale (hours, weeks or months;
Joshi et al., 1995; Hueckel et al., 2001, 2005; Bowman &
Soga, 2003) bears many common features with pressure
solution phenomenon during diagenesis. Diagenesis is of
interest in geochemistry, structural geology and petroleum
engineering, and is believed traditionally to occur over
geological times (Sorby, 1862; Rutter, 1976). Notably, the
focus in pressure solution studies is on mineral mass transfer
and on porosity and permeability evolution, rather than
stiffening of the medium. In both phenomena, creep is seen
as a main component of the process.

While the phenomenon has been extensively measured in
the field and in the laboratory experiments, the mechanisms
behind soil ageing and variables controlling it remain a
subject of intense research (Baxter & Mitchell, 2004). Age-
ing in dry clean sand is attributed to creep or secondary
consolidation of sand. It is suggested that particles continu-
ously rearrange until stable equilibrium positions are reached
under applied load and kinematic constraints (Mesri et al.,
1990; Schmertmann, 1991; Bowman & Soga, 2003; Wang et
al., 2008). The presence of fines in dry sand soils also
increases creep strain and ageing rate (Wang & Tsui, 2009).
The mechanical properties of granular assemblies at the
macroscopic level are known to be affected by contact
networks, on the one hand, and the local response of grain
contact neighbourhoods on the other (Parry, 2004). In the
latter case, the response is determined not only by the

material itself, but also by how the grains of the material
interact with each other under stress. The physical (or
chemical) driving processes behind particle system rearran-
gement under constant load and their rates are not well
known, and are hypothesised to be mostly local, interparticle
processes: time-dependent interparticle friction, plastic yield-
ing of grain asperities following a chemical reaction rate law
(Eyring, 1936; Kuhn & Mitchell, 1993), capillary condensa-
tion of atmospheric moisture (Paterson & Kekulawala, 1979;
Israelachvili, 2011), and plastic or visco-plastic microcrack-
ing due to indentation in the contact area (Scholz &
Engelder, 1976; Tada et al., 1987; Hickman & Evans, 1995;
Hu & Hueckel, 2007a). However, the links between such
microscopic and localised processes and possibly ensuing
reconfiguration of particle chains, and then the strengthening
of soil at a macro scale, while very likely, are far from
being proven, as stressed by Kuhn & Mitchell (1993).

Still efforts using numerical tools to show that such
hypothetical micro-scale mechanisms are consistent with the
upscaled macroscopic behaviour of soils (e.g. Kuhn &
Mitchell, 1993; Hu & Hueckel, 2007a).

In saturated conditions, sand exhibited a 200% (with sea-
water) to 220% (with distilled water) larger penetration
resistance after 1 year of ageing compared with 30% larger
penetration in dry conditions (Joshi et al., 1995). Cohesion
was also significantly larger in sand when submerged in
water under constant load, compared with the same sand in
dried conditions. Joshi et al. indicated the presence of
cement bonding between grains due to dissolution and
precipitation of salts, and possibly silica, as the source of
the difference. Hence the mechanisms of ageing in the wet
condition are not purely mechanical, but are coupled with
much more significant chemical processes, such as dissolu-
tion, precipitation and possibly polymerisation and gelation
of materials around the contact region (Hu & Hueckel,
2007a, 2007b). Therefore there is sufficient evidence to
claim that strain and stress alone cannot alter the mechanical
properties of granular materials over time to the level that
they do in the presence of pore fluid. It is not known at
present what the specific mechanisms of coupling are
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between the chemical process and grain structure rearrange-
ment, to produce such a significant overall change in the
mechanical properties of soil.

In nature, the processes of dissolution and redistribution
of mass in tight rocks takes time on the geological scale,
such as during the formation of sandstone by the amorphous
silica mass that binds the sand grains together (Worden &
Morad, 2000). However, experiments at both the macro scale
and the micro scale have shown that such processes can also
occur on a timescale of days, weeks or months (Denisov &
Reltov, 1961; Hueckel et al., 2001, 2005; Meyer et al.,
2006; Hu & Hueckel, 2007b). Interestingly, in terms of
compressibility decline monitored over 3 months, up to 85%
of the change occurs in the first 2 weeks of the process
(Hueckel et al., 2001). A similar conclusion in terms of
mass transfer was reached by Oelkers et al. (2008).

One of the earliest hypotheses explaining the changes in
the strength of sand was put forward by Denisov & Reltov
(1961), who conducted experiments indicating that the
strength of the compacted submerged granular medium in-
creases gradually, owing to the formation of silicic acid gel
at the quartz surfaces in contact. On the other hand, in
studies of pressure solution it was noticed that the presence
of clay in the vicinity of contact substantially enhances the
dissolution of quartz (Becker, 1995; Bjorkum, 1996; Kris-
tiansen et al., 2011). Much more recently, atomic force
microscopy (AFM) and scanning electron microscopy (SEM)
studies of the stressed silica–muscovite contact have indeed
shown a silica dissolution rate almost an order of magnitude
higher at room temperature and low pressure to maintain
contact. This has previously been observed in sandstones in
the presence of mica (Heald, 1955; Renard et al., 1997). It
is believed that the enhanced silica dissolution has a much
higher rate, and is due to the difference in surface electro-
chemical potentials (Meyer et al., 2006). Meyer et al. (2006)
also revealed the development of silica gel structures in the
vicinity of the stressed contact.

The present work aims at clarifying the role and condi-
tions of formation of polymeric silica structures between
synthetic silica grains, as suggested originally by Denisov &
Reltov (1961), and endorsed by numerous subsequent stud-
ies. In previous work (Hu & Hueckel, 2007a) the authors
have theorised a mechanism through which a granular
material stiffens in submerged stressed conditions. It is the
generation of microcracking near the stressed intergranular
contact that constitutes a source of an increasing specific
surface area of interphase interface at which dissolution of
quartz occurs. This dissolution removes the mineral from the
solid phase, making the material in that zone weaker and
further enhancing the process of microcracking (Hueckel et
al., 2001). The dissolved mineral may either migrate away
in the presence of advective gradients or, in their absence,
when local concentrations grow sufficiently, precipitate,
polymerise or gelate. Driven by these hypotheses, the grains
will be brought in contact to stress conditions that are
slightly below the onset of microcracks, and the system will
be kept closed to any dissolved silica transport.

Specifically, this study presents preliminary findings from a
set of experiments on the effect of the polymerisation of silica
in the intergranular space on the bonding of one quartz grain
asperity and another quartz grain during environmentally
mediated indentation. The experiments included: precipitation
and quantifications of silica polymerising on unstressed
quartz grains; the AFM tensile strength of individual silica
polymer chains; the enhancement of silica polymerisation due
to stressing and damage of indenting grains; the tensile
strength of intergranular silica gel bonds; the effect of the
presence of muscovite mica sheet, and a lowered pH of the
fluid, on gelation, polymerisation and structure formation.

The study focuses on short-timescale phenomena (2–3
weeks), seen to produce sufficient dissolution and precipita-
tion, as well as compressibility change (Hueckel et al.,
2001, 2005; Meyer et al., 2006; Kristiansen et al., 2011).
Laboratory experiments are presented where amorphous
silica grains were compressed in a liquid environment rich
in silicon ions for up to 3 weeks. Silica deposits and
polymers observed in the stressed contact region using SEM
and AFM are measured and tested mechanically.

MATERIALS AND METHODS
Silica cubes and silicic acid

The quartz grains in stressed contact were simulated using
amorphous silica cubes (Figs 1(a) and 1(b)). Silica is found
in both crystalline and amorphous forms in nature. Crystal-
line silica has long-range orders, involving a tetrahedral
coordination of four oxygen atoms around a silica atom.
Quartz is by far the most common crystalline form of silica,
found in natural sand (Iler, 1955). Amorphous silica, on the
other hand, does not have any long-range order, but a
tetrahedral arrangement between oxygen and silica atoms
still exists locally. The choice of amorphous silica for the
test was motivated by two substantial considerations. First,
the rate of dissolution of amorphous silica is about one order
of magnitude greater than that of its crystalline counterpart
(Iler, 1955). It appears that this would not only reduce the
time of the tests, but also would lower the risk of biological
contamination. Second, most quartz grains in nature, which
are predominantly crystalline, are enveloped by a layer of
amorphous quartz (Oelkers et al., 1992). It is believed that
such an envelope is generated by silica dissolved from the
rock in the presence of mica (muscovite). Hence, for two
grains in contact, the indentation of an asperity would
penetrate first through the amorphous coating.

The silica cubes used are made of unpolished amorphous
quartz (Prism Research Glass Inc.). Quartz sheets are either
laser-cut into 1.5 mm 3 1.5 mm 3 1 mm parallelepipeds, or
blade-cut in to 30 mm 3 30 mm 3 30 mm cubes to simulate
common natural sand grain size. The laser processing of
cubes has the disadvantage of producing edges that are
relatively round, and of irregular length and inclination. This
reduced the effectiveness of such edges as indenters.

The indenting amorphous quartz cubes are placed in a
liquid environment containing an already high concentration

(a) (b)

F

F

Fig. 1. Configurations of compressed cubes in nature and in
laboratory setting to simulate intergranular stress: (a) 2D
representation of granular material; (b) laboratory simulation
of two grains in stressed contact in dotted line in (a)
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of silica to accelerate precipitation. To prepare the solution
to be used in the liquid chamber, silicic acid powder
(H2SiO3; Fisher Scientific) was added to 5 M sodium
hydroxide solution for complete ionisation. Solutions with
different silicon ion concentrations can then be made by
diluting this solution with nano-pure water. The pH value
of the solution remained above 10.0 to prevent the silicon
ions from precipitating and polymerising. Immediately be-
fore each experiment, 1 M nitric acid was used to lower the
pH value of the solution to between 5.0 and 5.5, to
simulate natural water. No glass containers were used
during the experiment, to prevent extra silicon ions from
glass dissolving in the solutions.

Quartz cube indenter
To simulate soil grains in compression, a quartz cube

environmental indenter as constructed at Duke University by
C. J. Rubin (Rubin, 2009) was used (Fig. 2). The central part
of the apparatus is the sample holder, where one silica cube is
placed on a platform in the liquid chamber at a 458 angle in
such a way that its corner edge faces the side of the other cube
held in a pincer. The liquid chamber is made of stainless steel,
and is connected to a pneumatic actuator (Bimba TB-1625) by
a rod, also made of stainless steel. The rod passes through an
O-ring, which prevents leakage around the rod. A small pincer
is screwed onto the rod in the liquid chamber, allowing the
mobile silica cube to be indented with a monitored displace-
ment into the other cube. The indentation force is recorded.

After placing two silica cubes in their respective positions,
the actuator is activated, which pushes the rod forwards and
presses one silica cube at the end of the rod against the
other cube on the platform in the liquid chamber. The
pressure in the pneumatic actuator is then gradually in-
creased to 170 kPa to prevent sudden movement of the rod
crushing the cubes. A solution containing silicon ions is
immediately added to the liquid chamber, and the chamber
is sealed off by Parafilm and left to mature under constant
force for up to 3 weeks using a pressure controller (Norgren
Excelon Pro). Details of the indenter design and character-
istics can be found in Rubin (2009). Images of the contact
region between cubes before and after the experiment were
taken using SEM (FEI XL30 ESEM) for comparison.

Silica polymer strength
In another experiment, designed to measure the mechani-

cal strength of silica micropolymer chains, an amorphous
silica cube was placed in solution with a predetermined
silicon ion concentration for 3 weeks. A liquid pulling
experiment was conducted on the cube surface using AFM
(Digital Instruments Dimension 3100) and Veeco TESP k
cantilevers. The cantilever tip was repeatedly lowered onto
the cube surface with silica polymers on it and then raised.
If the tip has picked up a silica-polymer-linked backbone on
the cube surface, raising it would straighten the polymer and
cause the cantilever to bend until the polymer chain broke.
The force required to break the silica polymer chain can be
calculated using the recorded cantilever tip deflection and tip
spring constant.

Silica gel growth in solution
Since solutions prepared for most of the cube compression

experiments were supersaturated in silica, it is necessary to
find the undisturbed precipitation and polymerisation rate of
silica and determine the extent to which the supersaturation
of silica contributes to the growth of polymers and deposits
found around stressed contact regions. Part of the same
solution with 300 ppm silicon ion concentration that was
used to fill the liquid chamber for cube compression experi-
ments was stored in Petri dishes and allowed to mature for
silica gel growth in an undisturbed environment. Samples
from the solutions were examined by AFM fluid imaging in
tapping mode at various stages over 3 weeks to determine
the size and growth rate of the silica gels.

Silica cube indenter-puller
An indenter-puller device was built in order to measure

the tensile strength of the intergranular silica polymer (Fig.
3). The two cubes are pushed together with a layer of 10 �m
mica sheet between. The force applied can be calculated by
multiplying the springs’ compression length with their spring
constants. The spring compression can be changed by turn-
ing the four wing-nuts on the top plate. The cubes are
submerged in a liquid bath with a predetermined silicon ion
concentration. The whole device is then sealed in a Styro-
foam box together with a wetted sponge to minimise water
evaporation. A ring is inserted on the bottom plate around
the cubes to create a semi-enclosed environment to help

Internal O-ring seal
with groove to
prevent fluid leakage

Shaft connecting to a
pneumatic actuator to
exert a compressive
force on silica cubes

Double-set screw shaft collar
to prevent movement of all
system components during
AFM imaging and/or pulling

Fluid reservoir

Area of interest:
where two silica
cubes are held in
place

Fig. 2. Central part of pneumatic cube indentation device. Left
cube sits on platform with edge pointing to the right. Right cube
secured by a pincer and pushed to the left by shaft connected to
pneumatic actuator (not shown). Double-set screw collar on the
right prevents shaft movement during AFM imaging and/or
pulling

Wing nut

Spring

Long screw

Threaded rod

Upper plate

Middle plate
with upper cube

Bottom plate
with lower cube

Silica cubes

Fig. 3. Schematic of cube indenter-puller. One cube sits on
bottom plate with one edge pointing upwards. Other cube
clamped on middle plate by screws with flat face facing
downwards. Four long screws through all three plates keep them
together. Springs compressed by turning wing nuts on top plate.
Long threaded rod connects middle plate to load frame during
extension experiment
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retain dissolved silica ions in the vicinity of the contact
region. The plates and the ring are made of aluminium, and
all other screws are made of stainless steel.

After 10–20 days, the device is taken out of the Styro-
foam box and connected to a load frame (Tinius Olsen
H50K-S) by a long threaded rod and lowered onto an
analytic scale (Mettler Toledo AL204) until the reading on
the scale slightly exceeds the total weight of the bottom
plate and the lower cube, measured before the experiment.
The upper plate, springs and screws are then removed from
the device, while the cubes on the lower and middle plates
are still sitting on the scale and pressed together. The load
frame is then raised at a speed of 0.050 mm/min until the
two cubes are completely detached from each other. The
reading on the scale is captured by a video camera. Immedi-
ately before the two cubes separate, any intergranular silica
polymers grown between the two cubes are stretched, and an
uplifting force is created on the lower cube. Such an
uplifting force lowers the reading on the analytical scale
momentarily until all polymer contacts are broken and the
weight on the scale returns to a constant. The intergranular
mechanical force is calculated by taking the difference in
mass reading recorded by the analytical scale.

Two experiments were conducted, one using a solution
with 500 ppm silicon ion concentration and aged for 10
days; and the other a solution with 300 ppm silicon ion
concentration and aged for 20 days. In both experiments the
compression force applied to the cubes was 180 N.

Experiments in the presence of muscovite
To investigate the effect that muscovite has on the dissolu-

tion, precipitation and polymerisation of silica around the
contact region, the cube indentation experiment mentioned
in the ‘Quartz cube indenter’ section is repeated with a
10 �m highest-grade muscovite mica sheet (S&J Trading,
New York) inserted between the two quartz cubes. The cubes
were under 140 kPa pressure for 2 weeks in a solution with
300 ppm silicon ion concentration. SEM images of the
contact region are taken at the end of the experiment.

RESULTS
Silica cubes compressed in solutions containing silicon ions

A series of tests to assess the rate of production of silica
polymer were conducted at different elevated concentrations
of silica ions in the environmental solution. The rationale
for using an initial elevated concentration (Rubin, 2009),
after finding a concentration high enough to induce polymer-
isation or gelation, is to bring the concentration somewhat
below that level, and allow some time for sufficient dissolu-
tion from the damaged material to bring the solution to the
level at which silica will polymerise. (The concentration of
silica in the pore solution may be much higher locally and
instantaneously near the asperities and stressed and dissol-
ving contacts than the average pore water concentration.)

In 500 ppm silicon ion concentration solution. After two
silica cubes were pressed against each other for 3 weeks in
solution with 500 ppm silicon ion concentration, polymers
were observed on the surfaces of both cubes in the SEM (Fig.
4). Some of the polymers connected to both cubes near the
contact regions were up to several hundred micrometres long.
A composition analysis of such polymers using an energy
dispersive X-ray spectrometer (EDS) on the SEM showed that
the structures were mostly silica, with minor traces of
chlorine, chromium, iron, sodium, carbon and oxygen
elements (Fig. 5). The minimal amount of carbon in the

sample may come from dust in the environment, and shows
that the structure is not of biological origin, otherwise carbon
would be a dominant element in the polymer structure.

In 300 ppm silicon ion concentration solution. A similar
experiment with the same set-up, but using 300 ppm silicon
ion concentration solution for 2 weeks, showed extensive
silica deposits with size of the order of 10 �m developed near
the asperities as a result of compression (Fig. 6(a)). The
experiment was repeated with a lower pressure (120 kPa)
applied to the cubes from the pneumatic actuator. It was
found that no microcracks had developed on either cube, and
no silica polymer deposits were found anywhere in the liquid
chamber (Fig. 6(b)).

In 90 ppm silicon ion concentration solution. Polymers a few
micrometres in length were found between a cube’s main
body and a piece of silica debris that was chipped off by
compression (Fig. 7). No extensive silica deposits were found
otherwise.

Comparing the size of these silica deposits with that of
silica polymers found growing in solution with the same
silicon ion concentration, but without compressed silica
cubes in the solution, the rate of silica gel growth around
the stressed contact was found to be greater than in the
undisturbed solution.

AFM pulling experiments on silica cube surfaces
Undisturbed (not loaded) silica cubes left in solutions with

silicon ion concentrations ranging between 130 ppm and
210 ppm for 2 weeks were put in the AFM, and pulling
experiments in water were conducted on the cube surfaces.
On the surfaces of the cube that was in the 210 ppm
solution, distinctive kinks were consistently captured on the
force curves (Figs 8(a) and 8(b)). The darker curve repre-
sents the force curve as the cantilever tip approaches the
surface. The lighter curve below the dark curve represents
the force curve as the cantilever pulls away from the surface.
The vertical distance between the two curves can be con-
verted to the additional force required for the cantilever to
overcome surface tension, short-range forces, and any poten-
tial polymers connecting the tip to the surface, by multi-

Fig. 4. SEM image of silica polymers growing around stressed
contact region between two silica cubes after 3 weeks in solution
with 500 ppm silicon ion concentration and neutral pH
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plying the cantilever deflection sensitivity (30 nm/mV) and
the spring constant (0.74 nN/nm). The peaks shown in Figs
8(a) and 8(b) may represent instances when polymer seg-
ments were broken as the cantilever was pulling away, and
therefore the vertical distances between the peaks of the two
curves can be converted to force magnitude for an estima-
tion of polymer strength. In Fig. 8(a) the average vertical
distance from a peak is about 15 mV, which converts to
about 330 nN, whereas in Fig. 8(b) the average peak dis-
tance is 21 mV, equivalent to about 450 nN force. Such force
patterns were not obtained on cube surfaces in solutions with
130 ppm and 170 ppm silicon ion concentrations. Small
jumps were recorded when the tip was about to leave the
cube surfaces, but they most probably occurred as a result of
surface tension.

Growth of silica gels in undisturbed supersaturated solution
Samples of 300 ppm silica ion concentration solution were

taken from a sealed plastic test tube 1 week and 2 weeks

(a)

(b)

Fig. 6. SEM images of contact regions between silica cubes in
300 ppm silicon ion concentration solution for 3 weeks: (a) silica
deposits growing in cube cracks when cubes under 170 kPa
pressure; (b) clean cube surfaces with no microcracks and no
silica deposits when cubes under 120 kPa pressure

Fig. 7. SEM image of two silica polymers less than 5 �m long
growing between silica cube main body and piece of silica debris
at centre of image
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Fig. 5. EDS spectrometer analysis of polymer chemical compositions. Silica the dominant element;
other elements include chromium, iron, chloride, sodium, oxygen and carbon
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after the experiment started at day 0, and imaged in AFM
fluid imaging mode. To maintain the concentration of silica
ions in the solution, the test tube was filled fully to minimise
the air space between the liquid surface and lid in order to
minimise evaporation. Figs 9(a) and 9(b) show the growth of
silica structures at day 8 and day 15 respectively. At day 8
(Fig. 9(a)), many silica seeds with diameter of the order of
tens of nanometres appear in the solution, represented as
bright spots on the mica substrate; at day 15 (Fig. 9(b)), an
interconnected network of gel appears in the solution, but
the height of the structure was only around 30 nm, and each
polymer width was at least one magnitude less than 1 �m.
Nevertheless, the density of such structures and their inter-
connectivity is quite impressive.

Silica cube environmental compression with damage followed
by an extension test

The test made it possible to calculate the resultant force
at rupture of the entire gel, as follows. The scale measures
the mass of the bottom plate and cube, minus an uplifting
intergranular force between the top and bottom cube. The
minimum reading of the scale during cube separation repre-
sents the value at the onset of the decrease of the intergra-
nular force. Hence the difference between that reading and
the final reading after two cubes are well separated repre-
sents the maximum intergranular force. To isolate the capil-
lary force between the cubes from this result, a control
experiment was performed in which clean silica cubes and
mica sheet were compressed and immediately separated. The

force value from the control experiment is taken off from
the actual experiment. For the experiment in solution with
500 ppm silicon ion concentration after 10 days of ageing,
that value was 0.235g, or equivalent to 2305 �N. Thus
2305 �N is an estimate of the intergranular forces from the
silica polymer chains between the two cubes.

SEM images taken of the cubes in solution with 500 ppm
silicon ion concentration after 10 days of compression in the
indenter-puller device showed substantial silica deposits
growing around damaged sites, concentrated at one corner of
the cube. Not only was the silica gel structure growing on
the cube surface around the contact region, it was seen to
bridge over microcracks at multiple sites (Fig. 10). In the
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Fig. 8. AFM force curves of silica polymers growing on cube
surface in solution with 210 ppm silicon ion concentration and
neutral pH
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Fig. 9. AFM images of solution with 300 ppm silicon ion
concentration on mica substrate: (a) silica gel seeds (bright spots)
as large as 10 nm in diameter appeared after 8 days; (b) network
of silica gel developed after 15 days
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figure, three microcracks with width less than 10 �m are
visible. Dehydrated hydrogel structures are indicated cover-
ing the cube surface, and other gel structures joining the
three microcracks are also marked. No significant amounts
of such a deposit were observed on other parts of the cube,
where no cracks were present.

For the experiment in solution with 300 ppm silicon ion
concentration, after 20 days of ageing, extensive silica gel
was found between the silica cube debris and the mica sheet
(Fig. 11). The massive gel had covered the mica surface
near the stressed contact region. It can be clearly seen that
the silica cube debris was attached to the mica sheet by the
growth of silica gel.

Growth of silica gel in stressed contact region between silica
cubes and muscovite mica sheet

Two silica cubes, 1.5 mm 3 1.5 mm 3 1 mm, were com-
pressed in the pneumatic quartz cube indenter in 300 ppm
silicon ion concentration solution for 2 weeks with a layer of

10 �m muscovite mica sheet between them. SEM images
have shown plenty of polymers growing in the vicinity of
the contact region on the mica sheet, as well as between the
mica sheet and the silica cubes, even though there was no
damage on either silica cube (Fig. 12). It can be seen clearly
from the image that silica polymers as long as 100 �m were
growing only near the contact region between the silica cube
and the muscovite mica sheet, with several polymers having
roots on both the cube and the mica. Further away from the
contact region, however, no polymers were seen growing on
the mica sheet.

DISCUSSION AND CONCLUSION
EDS analysis of the polymers found growing between

compressed silica cubes in 500 ppm silicon ion concentration
solution has confirmed that they were indeed made of silica.
Traces of chromium and iron may come from the stainless
steel chamber in the background. Sodium, nitrogen and
chlorine elements may come from the sodium hydroxide and
nitric acid used for pH control. If the polymers were of
biological origin, carbon would be a major element, but only
minor traces of carbon were found.

In the cube-in-compression experiment in 500 ppm silicon
ion concentration solution, polymers a few hundred micro-
metres in length were found near the contact region. It can
be seen in Fig. 4 that the silica polymers in the contact
region adhere to both the left and right silica cubes. Such a
configuration would create adhesion between the silica cubes
at the microscopic level that would enhance the macroscopic
strength of sand. In the experiment using the same set-up,
but in 300 ppm silicon ion concentration solution, deposits
of silica gel were found in the cracks. Such deposits were
roughly one magnitude smaller than those found at 500 ppm
silicon ion concentration.

To determine how much effect the stressed contact region
has on the precipitation and polymerisation of silica, two
types of approach were taken. In the first approach, the
experiment was repeated but with a force exerted that was
high enough to bring the two cubes in contact, but low
enough to prevent any damage to the cubes. No cracks were
found on either cube after 3 weeks, and no silica gel
deposits were observable anywhere on the cube surfaces. In

Fig. 10. SEM image of cube in cube indenter-puller for 10 days,
submerged in 500 ppm silicon ion concentration and under 180 N
force, after pulling experiment conducted. Three microcracks
visible, with extensive silica gel growth on cube surface

Fig. 11. SEM image of silica gel growth on mica sheet near silica
cube contact region after 20 days of ageing in 300 ppm Si ion
concentration solution. Piece of silica cube debris from contact
region adhered to mica sheet by presence of silica gel

Fig. 12. SEM image of stressed contact region between muscovite
mica sheet (bottom) and silica cube (top) in 300 ppm silicon ion
concentration solution under 120 kPa pressure after 2 weeks.
Silica polymers growth observed between mica sheet and silica
cube in form of filaments between solids in clearly defined region
around contact area
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the second approach, some 300 ppm silicon ion concentra-
tion solution was stored separately, undisturbed, and imaged
1 week and 2 weeks later. AFM tapping-mode imaging of
the solutions confirmed that, while silica was precipitated
and gel structures formed in the solution, their sizes were
much smaller than those found in the contact region between
stressed silica cubes. Therefore a higher rate of silica
precipitation and polymerisation in the liquid chamber
around the stressed contact region is detected to have oc-
curred than in the undisturbed solution.

AFM pulling experiments conducted on silica cube sur-
faces submerged in 210 ppm silicon ion concentration for
15 days have shown distinctive, step-like patterns, attributed
to silica polymers growing on the cube surfaces. The vertical
displacement at each peak, multiplied by the spring constant
of the AFM cantilever, yields the average force required to
break a single silica polymer chain at 0.39 �N.

The data collected from the indenter-puller showed that
the gel structures found between the two silica cubes and
the mica sheet contributed an equivalent of 2000 �N force
before they were broken when the upper cube was slowly
pulled away from the lower cube. These data are the first in
the literature to record the magnitude of the force present
between silica grains due to intergranular polymers. Even
though this force is larger, by four orders of magnitude, than
the tensile failure force of a single silica polymer measured
in the AFM pulling experiment described above, such a
difference is expected, because it represents the force re-
quired to break large silica gels composed of a large number
of interwoven silica chains.

The solubility of silica at 258C and neutral pH is 116 ppm
(Rimstidt, 1997), but it is thought that the water layer on the
surface of silica grain asperities may contain supersaturated
silica ions dissolved due to stress. Some of the silicon ions
may be transported to regions with a lower silica ion concen-
tration, but some of the ions may precipitate near the contact
regions and allow the polymerisation process to occur.
Although it is still clear how or what quantity of silica is
dissolved in saturated solution, the laboratory findings have
indicated that silica cubes brought together under compres-
sion can accelerate silica precipitation and polymerisation
processes, and produce gels that are attached to silica cubes.

Other recent studies have shown that the rate of silica
dissolution and precipitation is accelerated in the presence
of muscovite mica (e.g. Meyer et al., 2006). The laboratory
results confirm such a phenomenon. When two silica cubes
were compressed in 300 ppm silicon ion concentration solu-
tion for 2 weeks without a sheet of mica between them, no
polymers were seen anywhere in the liquid chamber when
no cracks were initiated in the cubes. When the same
experiment was conducted with a muscovite mica layer
inserted between the cubes, numerous polymer structures
were observed in the contact region on the mica sheet, on
the silica cubes, and within the cracks.

Another interesting observation made during the 300 ppm
indentation experiment with mica was that all the polymers
seen under SEM were in the vicinity of the stressed contact
region. Further away from the contact region, no polymers
were seen. Such a phenomenon may be due to accelerated
dissolution of silica from unobserved microcracks in nearby
contact regions and subsequent precipitation from higher
silica concentration potential. It indicates the important role
of the stressed contact in the dissolution, precipitation and
polymerisation of silica.

The results presented are only preliminary. However, they
are very important, because for the first time we have a
chain of observations that confirms a long-existing hypoth-
esis that a stressed contact with microcracks generates
dissolved silica in the contact (asperity) vicinity, which

eventually polymerises, forming a structure between the
grain that is sufficiently strong to represent a significant
increase of strength, either tensile or eventually, through a
rotational deformational mode, also compressive, within a
period of time that is of the order of weeks. One of the most
important findings is that the failure pulling force of a single
chain of the polymer is 330–450 nN. At the grain scale, the
failure force of the intergranular bond was found to be
2 mN. Multiple interwoven polymer chains are contained in
a single intergranular polymer bond. Notably, such a force is
2.5–10 times higher than the typical capillary force between
two spherical grains (8 mm in diameter) at contact failure,
being of the order of 0.2–0.8 mN (Hueckel et al., 2013). An
experimental parametric study is under way to determine the
range of validity of the presented findings over different
durations of the contact.
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Some unexpected effects of natural and anthropogenic chemicals
on construction

S.A. JEFFERIS�

From time to time chemicals present in the ground induce reactions that are sufficiently severe to
cause structural damage, or risks to the health and safety of construction workers or end users of
construction work. Such chemicals include those from contaminated land, which can complicate the
design of underground works and may add significantly to costs. However, investigation techniques
and remedial procedures are now well established for many contaminated land chemicals, and their
effects should no longer come as a surprise to the construction team. In contrast, chemicals naturally
present in the ground or deliberately introduced into it can lead to unexpected problems – especially
if their effect is greatly out of proportion to their concentration in the ground. This paper gives brief
case histories of some unanticipated effects of changes in redox potential associated with carbon, iron,
nitrogen and sulfur species.

KEYWORDS: case history; chemical properties; grouting; soil stabilisation; tunnels

INTRODUCTION
Occasionally, and often unexpectedly, chemicals present in
the ground produce reactions that are sufficiently severe to
cause structural damage, or risks to the health and safety of
construction workers or end users of construction work.
When considering chemicals that might be in the ground, it
is convenient to consider three classes of materials.

(a) Chemicals present in the ground as a result of spills or
deliberate deposit of wastes and so on. These chemicals
can be classed as contaminated land chemicals.

(b) Chemicals naturally present in the ground.
(c) Chemicals injected into the ground to modify its

properties: for example, grouts to strengthen or water-
tighten the ground. The use of grouts can result in the
introduction of organic carbon (e.g. components of
chemical grouts) and change of pH of the soil
(cementitious grouts are likely to have a pH in excess
of 13).

Chemicals from contaminated land can complicate the de-
sign of underground works, and add significantly to costs.
However, investigation techniques and remedial procedures
are now well established, and contaminated land chemicals
and their effects should no longer come as a surprise to
those involved in construction works.

In contrast, chemicals naturally present in the ground or
deliberately introduced into it can lead to unexpected pro-
blems, because they may not have been included in the
original testing associated with site investigations, or may
not have been recognised as significant.

When investigating chemicals naturally present in the
ground, site investigation analyses tend to be focused on pH
and sulfate. Again, as for contaminated land chemicals, pH
and sulfate are unlikely to cause problems to a project, as
there are well-established design rules (e.g. BRE, 2005). A
subtler problem that can come as a surprise is the change of

speciation of some chemicals associated with change of the
redox conditions in the ground: for example, the oxidation
of sulfide to sulfate.

Construction work can significantly alter the redox condi-
tions: by mechanical processes such as excavation and
exposure of soils to atmospheric air; by dewatering, which
may allow air entry; or by flooding, which prevents air entry,
and so promotes anaerobic conditions. Redox conditions
may also be changed by chemical additions or injections that
promote biological activity.

A well-recognised effect of the change in redox from
reducing to oxidising conditions is the conversion of soluble
Fe2þ iron species to the insoluble Fe3þ state, which often
precipitates as part of a voluminous biological slime. Such
slimes can lead to the biofouling of water supply and
dewatering wells. In a more complex redox process, organic
carbon naturally present in a soil or introduced as part of a
chemical grout can be disproportionated, by which process
one part of the organic molecule is oxidised, with the
production of carbon dioxide, and the other is reduced, with
the production of methane.

REDOX REACTIONS
Atoms can exist in different oxidation states. For exam-

ple, as noted above, iron salts can exist in the Fe2þ

(ferrous) or Fe3þ (ferric) states. Any change of oxidation
state must involve a redox reaction, and these reactions
must occur as a matched pair in which one species is
oxidised and another reduced. A redox reaction can thus be
seen as the sum of two half reactions: one an oxidation and
the other a reduction. Redox reactions can be very impor-
tant in the formation and mobilisation of minerals in the
ground.

In biology, redox reactions are crucial, as both photo-
synthesis and cellular respiration are redox processes. In-
deed, all utilisation of chemical energy in living systems
involves redox reactions. The energy source (the primary
electron donor) is oxidised, and the terminal electron accep-
tor is reduced. The process occurs via carrier enzymes
(Konhauser, 2007), and it is important to recognise that the
overall reactions must be thermodynamically possible (in
terms of free energy). Living organisms thus act as redox

Manuscript received 5 March 2012; revised manuscript accepted 8
October 2012.
Discussion on this paper closes on 1 August 2013, for further details
see p. ii.
� Environmental Geotechnics Ltd and Department of Engineering
Science, University of Oxford, UK.



catalysts facilitating electron transfer (Stumm & Morgan,
1996).

A redox parameter p�, a measure of soil redox intensity,
may be defined on the same basis as pH, recalling that pH
is defined as

pH ¼ � log10 Hþ½ � (1)

and thus pH is a measure of the hydrogen ion (proton
activity) in a solution. p� is defined as

p� ¼ � log10 ��½ � (2)

where � is the relative electron activity measured against a
standard hydrogen electrode. p� is a measure of the relative
tendency of a solution to accept or transfer electrons, just as
pH is a measure of the relative tendency of a solution to
accept or transfer protons. A high p� represents a relatively
high tendency for oxidation, and a low p� a tendency for
reduction. It should be noted that some authors prefer to use
the redox potential Eh rather than p�. The relationship
between p� and Eh is a function of temperature, and at 258C

Eh ¼ 0:059p� (volts) (3)

Stumm & Morgan (1996) state that in a closed aqueous
system containing organic matter, the oxidation of organic
material occurs first by the reduction of oxygen, followed by
the reduction of nitrate and nitrite and manganese dioxide if
present. At strongly reducing levels of p�, sulfate and carbon
dioxide may be reduced. Redox reactions tend to occur in a
stepwise progression of reducing or increasing p�, probably
because of competition between biological species, which
may mediate the oxidation or reduction processes.

In typical geotechnical environments, the elements most
often affected by redox changes are carbon, iron, nitrogen
and sulfur. The following sets out some brief case histories
of the effects of redox and speciation, and their impacts on
construction works. Each case history could be the subject
of a separate paper, but the intention here is to raise
awareness of the effects of redox reactions. The author has
been involved with all the case histories discussed below.
They span several decades, and it is only with hindsight that
he has been able to appreciate that the many diverse impacts
were all the result of a single class of reaction – redox. The
case histories will be discussed in terms of the principal
element involved, but first it is necessary to add a caution in
relation to the availability of data.

AVAILABILITY OF DATA
In the following pages some brief case histories are

presented on unexpected chemical impacts on construction.
However, identification of a problem at a site does not mean
that it will be investigated with the rigour of a funded
research project. Rather, very often, investigation will be
limited to that essential for the management of the issues
arising. Reports of case histories are therefore often regarded
as insufficiently complete to merit journal publication. Sadly,
this means that many lessons that could and should be
learned, and matters that could and should be debated,
remain hidden in consultancy reports that are never pub-
lished. The author fully acknowledges that this paper, in
places, verges on the anecdotal, especially as limits on
publication length have severely limited the amount of detail
that could be provided. He would therefore welcome discus-
sion of the analyses as presented, or fuller explanations of
the phenomena observed.

NITROGEN
In order of decreasing redox activity p�, inorganic nitro-

gen in soils may be present as nitrate, nitrite, nitrogen gas
and ammonium species. Nitrogen may also be present in
organic matter. Nitrate, nitrite and ammonium salts are
mostly very soluble in water, and so are easily lost from
permeable soils. Elemental nitrogen can be lost as a gas. In
low-permeability soils such as clays some nitrogen species
may persist, the nitrogen possibly derived from organic
species in the soils. In fine or waterlogged (saturated) soils,
strongly reducing conditions may develop if oxidisable mate-
rial (e.g. oxidisable organics) is present, and nitrogen species
may be reduced to the ammonium form. At the near-neutral
pHs and modest temperatures typical of temperate zone
soils, the ammonium ion will pass unnoticed, and indeed
may not be determined in soil chemical analyses for con-
struction or contaminated land purposes. However, if the
temperature or pH or both are raised, the ammonium ion
can be converted to ammonia gas.

Bracegirdle & Jefferis (2001) give an example of the
unexpected effects of reduced nitrogen species in marine
clay through which a tunnel was being excavated in 1984–
1985. The ground had previously been subjected to treatment
by jet-grouting around the periphery of the planned tunnel
bore. However, in addition to strengthening the weak marine
clay, the jet-grouting had also raised the pH (as a result of
the alkaline components of the cement) and the temperature
(from the heat of reaction of the cement) of the soil,
resulting in the release of ammonia into the tunnel drive,
which was being excavated under compressed air. The
combination of compressed air, ammonia at concentrations
up to 35 ppm and temperatures up 458C (158C above ambi-
ent) made for a very challenging working environment.

Permissible levels of exposure to gases may be defined by
a time-weighted average (TWA), a short-term exposure limit
(STEL) and a concentration at which gases are immediately
dangerous to life or health (IDLH). The TWA is defined as
the concentration for an 8 h workday of a 40 h workweek to
which nearly all workers can be exposed without adverse
effects. Anhydrous ammonia has a TWA of 25 ppm, and it
is instructive to assess the groundwater concentration of
ammonium ion at which the air concentration of ammonia
would be 25 ppm.

Scoping calculations with the chemical speciation pro-
gramme PHREEQC (Parkhurst & Appelo, 1999) show that
for an air concentration of 25 ppm and a soil pH of 10.5–
12, the groundwater concentration would need to be about
47–41 mg/l for a soil at 158C. The higher pH shifts the
equilibrium between ammonium ion and ammonia in the
pore solution towards ammonia. At 458C the required con-
centration is reduced to about 11 for both pHs, and above
pH 12 there is little further reduction in the required
concentration. If all the ammonium ion were in solution in
the soil pore water, a concentration range of 11–47 mg/l
would correspond to about 4–19 mg/kg of soil (assuming a
saturated fine soil of moisture content 40%) – a level at
which it might well pass unremarked. It should be noted that
a concentration of 11–47 mg/l would be very high for a
typical groundwater, and it seems that ammonium ion must
have been desorbed from the soil, possibly as a result of ion
exchange from the clay fraction (for example, exchange of
ammonium ion for calcium, potassium or sodium from the
cement). Therefore, when testing for the potential for ammo-
nia release, soil rather than groundwater samples should be
tested, and the soil extract should be prepared at high pH.

The above case history is an example of the importance
of understanding the speciation of elements in the ground,
especially when works may change other very important
properties of the soil or groundwater – the pH and/or the
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temperature. It also illustrates the fact that very small
concentrations of ammonium ion – a few milligrams per
kilogram of soil – can have substantial effects. Since the
1984–1985 ammonia problem, the author has been involved
in another incident, and it is clear that potential ammonia
levels should be carefully evaluated if jet-grouting is to be
undertaken in areas that will subsequently require man-entry
– for example, tunnels and shafts where ventilation may be
limited.

IRON
At typical environmental pH values, iron salts in the

reduced Fe2þ (ferrous) state are readily soluble in water, but
are almost insoluble if oxidised to the Fe3þ (ferric) state. If
a water containing Fe2þ species is subject to atmospheric
oxygen or other oxidising conditions, Fe3þ species will
precipitate. For example, in Perth, Australia, Fe3þ precipi-
tates can be observed as a brown staining where ground-
water is used for spray irrigation if the water lands on
concrete or other light-coloured materials.

Surface staining, although it can be visually undesirable,
is not of engineering consequence. However, in boreholes,
clogging by iron deposits can occur and greatly reduce
borehole yield. Such clogging can occur even at low iron
concentrations (,0.1 mg/l), and is often associated with
Gallionella ferruginea bacteria (Howsam, 1990a; Konhauser,
2007), which can play an important role in the oxidation of
Fe2þ to Fe3þ: Iron bioslimes are initially soft, and if well
elements can be disassembled, the slime may be wiped off
by hand. However, the slime can harden with time. Bioslime
growth does not appear to be reduced in regions of high
flow velocity. Indeed, it should be recognised that high flow
velocity implies a high rate of delivery of species providing
food (organic or inorganic carbon etc.) and energy (reduced
iron), and thus an ideal environment for biological growth in
an adjacent bioslime. Turbulence in high-flow regions may
also enhance growth, as it will increase mass transfer rates.
As evidence of this, Howsam (1990b) reports the growth of
iron fouling on pump impellers, fouling that was increased
by a change from low-speed to high-speed pumps.

A largely unreported issue with iron bioslimes is that the
deposited iron hydroxides can act as a sorbent, removing
heavy metals and other species such as arsenic and phosphate
that can form low-solubility precipitates with iron hydro-
xides. For example, a concentration of arsenic of 0.9 g/kg
dry weight was found in the iron bioslime that had developed
in the track ballast of a rail tunnel where there had been
long-term seepage of groundwater. Modelling by the author
predicted that arsenic concentrations could reach 6 g/kg near
the source of the water where sorbed concentrations would
be highest. Unfortunately, concentrations were not measured
in this area, as the full chemistry of the deposit was not
apparent until after sampling was complete. It should be
noted that iron bioslimes can be very loose, with high water
contents. In the tunnel, the bioslime had a solids content in
the range 25–40 g/l.

Iron bioslimes can be found in many natural and man-
made water seeps and flows. When working near such seeps
it is important to recognise that, as discussed above, the
deposits may contain heavy metals, arsenic and so on, which
may be liberated if chemical conditions change – for
example, if acids are used to dissolve iron deposits. The
intriguing conclusion is that bioslimes can act as natural
permeable reactive barriers, removing contaminants from the
water flowing through or over them (Jefferis, 2002). Bio-
slimes are of course the essence of trickling filters used for
the reduction of the biochemical oxygen demand of waste-
waters (Viessman et al., 2009).

SULFUR
Sulfur can exist in soils in several oxidation states, but the

mostly commonly encountered states in civil engineering are
probably sulfate (oxidation state +6), elemental sulfur (oxida-
tion state 0) and sulfide (oxidation state �2). Other states
include sulfite (+4), dithionite (+3), thiosulfate (+2), polysul-
fides (�2/3, �1/2, �2/5) and bisulfide (�1) (Lindsay, 1979).
A considerable range of archea and bacteria are involved in
sulfur/sulfide oxidation and sulfate reduction (Paul, 2007).
Changes of the local redox environment can thus have
profound effects on the behaviour of sulfur species in soils.

In UK soils, gypsum is the most common sulfate mineral,
although it may be associated with significant amounts of
magnesium and sodium sulfates. Gypsum is only slightly
soluble in water, whereas sodium and magnesium sulfates
are very soluble. Barytes (barium sulfate), a rarer form of
sulfate in the UK, is almost insoluble. Soluble sulfates and
gypsum can be leached from permeable soils. In clay soils
subject to normal seasonal wetting and drying, gypsum may
tend to build up at a little depth below the ground surface.
As a result it is usual for the top metre or so of undisturbed
clay soils in the UK to be very low in sulfates (BRE, 2005).
At greater depths in oxygen-deficient environments sulfur
may be present in the reduced sulfide form – often as pyrite
(iron disulfide, FeS2).

The variation in the speciation of sulfur from sulfate to
sulfide with depth has been a source of problems for lime
stabilisation. Sulfate is well known to cause expansion of
lime- and cement-stabilised soils. Sulfide does not cause
expansion, but soils containing sulfide can be oxidised to
sulfate, leading to the potential for heave. In the UK,
stabilisation is often carried out during the summer months
to avoid wetting of the soils by rainwater during the
stabilisation process. Sulfide, if present, can be oxidised in
the damp soils (the soils must be slightly moist for stabilisa-
tion), but expansion does not occur, as the expansive reac-
tion requires water (Jefferis, 2011). Once water is available,
the expansive reaction can be very rapid, and the first
autumn/winter rains on a sulfate-containing stabilised soil
can lead to expansion of up to 200% of the thickness of the
stabilised soil.

It should be noted that the heave is not, to any significant
extent, due to increase in volume of the chemical species
involved. Rather, the reaction produces ettringite and thau-
masite, which form needle-like crystals that jack the soil
apart, drawing water into the system (it seems that the soil
must be in a saturated or near-saturated state for this to
occur; Jefferis, 2011). Sulfate-induced heave is now well
recognised but, sadly, problems still occur, particularly on
sites where soil is removed prior to stabilisation and the
depth of cut varies. Testing of surface or shallow soils may
give confidence that sulfates are absent or at acceptable
levels but fail to identify the oxidisable sulfides in the
deeper soils, which may be exposed to stabilisation after
cutting.

The mechanism of pyrite oxidation in stabilised soils
needs further research. Pyrite oxidation occurs via a series
of sub-reactions, and in the absence of bacteria it can be
slow (Fell et al., 1993). The binders used for soil stabilisa-
tion typically include lime (pH of saturated solution 12.6)
and Portland cement (pH . 13), so that the pH of a stabi-
lised soil is likely to be high enough to make it inimical to
microbiological activity, and indeed to make it effectively
sterile for a considerable time after addition of the stabilis-
ing agent (lime, cement, ground granulated blastfurnace slag
plus lime etc.). In the longer term the pH may drop, owing
to continuing pozzolanic reaction with the soil and carbona-
tion by atmospheric carbon dioxide. Despite the high initial
pH, the author has observed sulfate-induced heave occurring
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within a few months of stabilisation of sulfide-rich soils that
had a low original sulfate content. A better understanding of
the processes underlying the apparently abiotic oxidation of
pyrite in stabilised soils may provide insights into processes
by which sulfide-related heave may be reduced.

Sulfide in soils adjacent to tunnels
The oxidation of sulfide in pyritic soils and the potential

to cause expansion of lime-stabilised soils is a well-
recognised problem. A less well-publicised situation in
which sulfide oxidation can be problematic is that of soils
adjacent to tunnel linings.

If a tunnel passes through pyritic soils (or soils containing
other oxidisable sulfur species) there is potential for both
sulfate and acid production as a result of air introduced by
the tunnel. In permeable soils below the groundwater table
the tunnel lining will have to be effectively watertight so as
to avoid excess water inflow. As a result oxygen egress, if
any, will be limited to diffusive transport at seeps against a
tendency for water inflow to the tunnel under the hydrostatic
pressure differential. However, above the water table, air
may move into (and out of) the soil as a result of atmo-
spheric pressure changes and those induced by train move-
ments. In low-permeability soils below the groundwater
table there may be potential for some air inflow if drying
occurs in the soil immediately around the tunnel and there is
partial desaturation.

The overall equation for the oxidation of pyrite can be
represented as (Fell et al., 1993)

FeS2 þ 15
4

O2 þ 7
2
H2O! Fe(OH)3 þ 2SO4

2� þ 4Hþ (4)

Thus 1 gram mole (gram molecular weight) of pyrite (120 g)
can produce 4 gram moles (4 g) of acid – hydrogen ion.
Numerically this may seem a modest production, but 1 gram
mole of hydrogen ion can, for example, dissolve 29 g of
calcium hydroxide – a significant component of hydrated
Portland cement compounds. One cubic metre of soil con-
taining 1% pyrite by weight could therefore produce suffi-
cient acid to dissolve about 17 kg of calcium hydroxide, and
thereby damage a substantial volume of concrete or grout.

In 1962, groundwater ingress at Old Street Station on the
London Underground railway was found to be strongly
acidic. The ingress had been identified much earlier, in
1945, and it is possible that water was acidic at that time as
well. The tunnel was constructed in the 1890s. The external
groundwater level was at about tunnel axis level. In a ground
investigation in 1989 (reported in Robins et al., 1997) the
pH of the water was found to be typically ,3 with a sulfate
concentration . 100 g/l. The minimum recorded pH was
0.73 and the maximum sulfate content was 300 g/l (Ed-
munds & Cook, 1987). The source of the acid and sulfate-
rich water had been attributed to both natural and anthropo-
genic sources (Follenfant, 1975).

Pyrite was identified as present in the soil (Robins et al.,
1997), and thus the acidity and sulfate content of the water
ingress were not unexpected, although the maximum sulfate
content was much higher and the minimum pH much lower
than typical for waters from pyrite oxidation. The acid water
was expected to corrode the tunnel lining, and indeed there
were signs of acid corrosion at seepages. The contact grout
around the tunnel was also expected to be dissolved by the
acid. However, unexpectedly, the tunnel was found not to be
squatting, as might be expected if the grout was lost, but
rather it was found to be squeezing inwards at axis level and
expanding upwards at the crown.

The author hypothesised that the squeezing of the lining
was the result of sulfate attack on Portland cement in the

contact grout, despite the fact that the sulfate was being
supplied by a strongly acidic groundwater, and the minerals
most commonly associated with sulfate-induced expansion –
ettringite and thaumasite – are not stable below a pH of
about 10–11 (Skalny et al., 2002). On exposure of the grout
to the groundwater, both acid and sulfate will diffuse into it.
However, a typical cement-based grout can be expected to
contain significantly more acid-reactive material than sulfate-
reactive material (much more acid is required to dissolve a
Portland cement than to cause sulfate expansion). Further-
more, the relative content of sulfate in the groundwater was
much greater than that of acid. For example, a pH of 0.73
corresponds to a hydrogen ion concentration of about
186 milliequivalent/litre (meq/l) of acid, and 300 g/l sulfate
ion corresponds to 6250 meq/l sulfate – a ratio of reacting
concentrations of sulfate to acid of about 33 times. At
higher pHs the reacting ratio was found to be much higher
– up to 3000 times. Thus, as regards the combined acid and
sulfate attack on the grout, the sulfate attack will advance
into the grout much more rapidly than the acid attack; the
diffusion of both ions will be retarded by reaction, but the
acid front will be the more strongly retarded. The sulfate
front, as it moves through the grout, will cause the formation
of ettringite and thaumasite and expansion. The acid front,
when it arrives, will dissolve much of the grout and destroy
the ettringite and thaumasite. Thus, if the groundwater
moves uniformly through the grout, there should be an initial
expansion phase followed by a slower contraction phase.
This mechanism was confirmed from study of cores taken
from grout in contact, at the outer surface, with the acid
water. Sulfate expansion had propagated through much of
the thickness of the grout, but acid attack was limited to
near the contact zone. As the acid and sulfate are known to
have been present for many decades, it is apparent just how
slow the propagation of sulfate and acid attack can be.

The Old Street case history shows that the progress of
reactions can be very slow, and that it is important to
consider intermediate as well as final states of reaction.

Sulfate reduction and carbon reduction
During the final stages of construction of a deep basement

founded in Gault clay, substantial quantities of groundwater
were found to be entering the void beneath a suspended
basement floor slab. To allow for long-term heave of the
clay, the slab had been cast on a collapsible degradable void
former, and the water was percolating through this (Nash et
al., 1997). Unfortunately, the water was found to be con-
taminated with hydrogen sulfide, an unpleasant and highly
toxic gas. The source of the water was an unrecorded and
ungrouted borehole. The water contained sulfate ion at about
300 mg/l but no sulfide. However, after percolation through
the void former towards a catch-pit, the sulfate ion concen-
tration was found to be reduced, and sulfide concentration
was 20 mg/l.

A number of small-diameter inspection holes were drilled
through the basement slab, and water samples were col-
lected. These were checked for hydrogen sulfide by the
author by shaking in a sealed, wide-mouthed jar and gently
opening the jar and cautiously sniffing for the characteristic
rotten eggs smell. However, the procedure had to be aban-
doned, as it was not repeatable – the nose fatigued too
rapidly, and repeat tests could show a blank result. Thus not
only is the procedure unreliable, but also those minded to
repeat such a test should be warned that no smell does not
mean no hydrogen sulfide. The author is now aware that at
high concentrations there may be no warning smell, and that
a non-detect may result from nasal fatigue.

It may be noted that a sulfide concentration in water of

102 JEFFERIS



30 mg/l, if all present as hydrogen sulfide (rather than as a
soluble metal sulfide), would give an equilibrium concentra-
tion in air of over 1000 ppm. The US Centers for Disease
Control and Prevention sets an IDLH value of 100 ppm for
hydrogen sulfide (CDC, 1994), and it was recognised that
there would be risks, especially in confined spaces such as
drainage sumps. Once the cause of the problem was identi-
fied, remedial action was taken, grouting the borehole to
remove the source of the water and the sulfate.

Under conditions sufficiently reducing for hydrogen sul-
fide formation, methane could also be formed. No specific
evidence of methane generation was identified, but it was
recognised that it could be generated from the carbon
content of the void former in the effectively anaerobic
environment beneath the basement slab. Methane was found
at another site (Johnson, 1997). Furthermore, on a separate
project where large quantities of a chemical grout were
injected into the ground and the hardener appeared to have
separated from the gelling phase, both methane and hydro-
gen sulfide were identified. On this latter project the ground-
water also developed a sickening smell, and indeed it was
this smell that caused the matter to be investigated. With
hindsight the smell was possibly from the formation of
reduced organo-sulfur compounds such as thiols (compounds
containing a carbon–sulfur–hydrogen group), but at the time
no analyses were undertaken. Hydrogen sulfide was con-
firmed as present in the samples, using lead acetate papers
applied to the headspace of water samples. A specimen of
the water was then treated with ferrous sulfate to remove the
hydrogen sulfide. It was sealed in a glass bottle, and after a
few days a black mirror of iron-sulfide-like precipitate
developed on the walls of the bottle. On opening the bottle
and applying a lighted taper a brief flash of flame was seen,
suggesting methane release (hydrogen sulfide is also a
flammable gas, but was suppressed by the ferrous sulfate
treatment). The test was repeated at intervals over a period
of two years, and on each occasion there was a brief flame.
Once a plausible explanation for the smell had been devel-
oped, and despite the confirmed presence of hydrogen sulfide
and probably methane, no further chemical investigations
were undertaken to confirm the putative explanation. Scop-
ing calculations based on the amount of grout used sug-
gested that very large quantities of methane could have been
produced (hundreds of kilograms). Lessons to be drawn from
this case history are that on site, as opposed to in a research
laboratory, investigations may not be continued to confirm
provisional findings. However, it is felt that sufficient evi-
dence was gathered to enable others confronted with a
similar situation to formulate investigative procedures. These
findings also confirmed that reactions can be slow and
continuing. It should not be assumed that a reaction is
complete once it has been identified. Long-term as well as
short-term behaviour must be considered.

CARBON
Carbon can be oxidised to carbon dioxide and reduced to

methane, and there is an enormous literature associated with
both these gases. For example, it is well known that organic
carbon in municipal waste landfills can be disproportionated
– part reduced and part oxidised – to produce methane and
carbon dioxide respectively, and measures to protect devel-
opments from landfill gases are well documented. However,
it is perhaps less well appreciated that methane can be
microbiologically oxidised. The author has observed the
microbiological oxidation of methane escaping from fissures
in chalk adjacent to an old unlined landfill. In dry weather
the bacterial mass gave the walls of the fissures a red-brown
coloration. In cold weather steam could be seen emanating

from the fissures apparently, as a result of microbial methane
oxidation. Whereas methane emissions adjacent to an un-
lined landfill are predictable, high temperatures might not be
expected, and it has been suggested to the author that
thermal imaging might provide a useful way of detecting
methane escape.

CONCLUSIONS
This paper is intended to collect together examples of

chemical and microbiological processes that have affected, or
have had the potential to have effects on, construction workers
and/or the works. Within the confines of a summary paper it
has not been possible to provide detailed analyses of the
chemical and microbiological processes. However, it is hoped
that the paper will alert readers to the fact that redox-sensitive
elements such as carbon, iron, nitrogen and sulfur can change
speciation, causing or in response to redox changes in the
ground. Other elements that may change speciation within the
redox environment of soils include arsenic, manganese, phos-
phorus and uranium. Of these, the author has yet to identify or
investigate a situation where change of phosphorus speciation
has adversely affected construction works.
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Effect of chemical treatment used in MICP on engineering properties of
cemented soils

A. AL QABANY� and K. SOGA†

Despite the large number of studies concerned with microbially induced carbonate precipitation
(MICP) on soils, little attention has been paid to the effect of the chemical concentration used in the
treatment on the precipitation pattern of calcium carbonate and their influence on engineering
properties of MICP cemented soils. In this study, unconfined compressive strength tests were
conducted on sand samples treated using 0.1, 0.25, 0.5 and 1 M urea–calcium chloride solutions. It
was found that, although the strength of tested samples all increased after MICP treatment, the
magnitude of this increase depended on the concentration used in the treatment and that the use of a
low-chemical-concentration (i.e. urea and calcium chloride) solution resulted in stronger samples.
Permeability test results showed that the use of a high-urea–calcium chloride-concentration solution
resulted in a rapid drop in permeability at the early stage of calcite precipitation, whereas the use of a
low-chemical-concentration solution was found to result in a more gradual and uniform decrease in
permeability. This observed effect of chemical concentration on the strength and permeability of
MICP cemented soils can have implications for the design of MICP for field applications.

KEYWORDS: ground improvement; laboratory tests; microscopy; permeability; soil stabilisation; stiffness

INTRODUCTION
Turning sand into a cement-like material using bacteria (bio-
cementation) is considered to be one of the emerging bio-
geotechnologies. The most successful process for bio-cemen-
tation to date is microbially induced carbonate precipitation
(MICP) using Sporosarcina pasteurii. In this process the
bacteria hydrolyse urea to raise the pH of the system and
carbonate is produced, which in turn results in the precipita-
tion of calcium carbonate (CaCO3) in the presence of a
calcium source. The precipitated calcium carbonate holds
sand particles together and turns unconsolidated sand into a
cement-like material.

CO NH2ð Þ2 þ 2H2O! 2NH4
þ þ CO3

2� pH "

Caþ CO3
2� ! CaCO3 pH #

MICP is quite flexible and could be tailored for different
applications using different injection methods. Its use in
geotechnical applications has been studied by several re-
searchers over the past few years to examine its potential for
strength enhancement and permeability reduction (e.g. De-
Jong et al., 2006; Whiffin et al., 2007; Ivanov & Chu, 2008;
Al Qabany, 2011).

The use of MICP for reducing permeability is often
discussed in literature as a mineral plugging mechanism
associated with filling of voids (restricting water flow) by
calcium carbonate crystals (Kantzas et al., 1992; Stocks-
Fischer et al., 1999; Rebata-Landa, 2007; DeJong et al.,
2010). However, there are other bio-induced mechanisms for

permeability reduction such as pore plugging and bio-bind-
ing of soil particles with polysaccharides and biomass
(Ivanov & Chu, 2008; Stewart & Fogler, 2001). In Ivanov et
al. (2010), a ferrous/ferric-containing solution produced by
iron-reducing bacteria from iron ore and organic waste was
used with an addition of urea- and urease-producing bacteria
to increase the pH and cement sandy soils. They discussed
the suitability of iron-based precipitation and calcium-based
MICP for permeability reduction, where iron-based precipi-
tation was found to be cheaper but less effective in reducing
permeability compared with calcium-based precipitation.

Calcium carbonate precipitation at particle contacts results
in an increase in soil stiffness and strength while causing
minimal disturbance to the soil (Whiffin, 2004; DeJong et
al., 2006). van Paassen (2009) reported results of unconfined
compressive strength (UCS) tests on MICP cemented sam-
ples to obtain a correlation between strength increase and
calcium carbonate content. He also conducted triaxial com-
pression tests on MICP cemented sands to show that the
strengths obtained were generally higher than those obtained
from UCS tests owing to the confinement and that the peak
strengths were found to increase with confinement.

Because of this increased strength, the use of MICP for
soil improvement is the most widely investigated function in
literature. Applications often discussed are foundations
strengthening (Ivanov & Chu, 2008), settlement reduction
(Martinez & DeJong, 2009), soil improvement for construc-
tion of retaining walls, embankments and dams (van Paas-
sen, 2011), increased soil resistance to seismically induced
liquefaction (Inagaki et al., 2011; Mortensen & DeJong,
2011) and improved oil and gas extraction by reducing sand
production potential and increasing well stability (Latil et
al., 2008).

In a previous work by the present authors (Al Qabany et
al., 2012), laboratory tests were conducted to investigate the
effect of changing MICP treatment conditions such as
chemical concentration, retention time and effective input
rates (mole/l per h) on chemical efficiency. Chemical effi-
ciency was defined based on the amount of calcium carbo-
nate precipitation compared to the amount of chemical
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reactants (urea and calcium chloride (CaCl2)) injected to
samples. Results showed that, below a urea and calcium
chloride input rate of 0.042 mole/l per h and for a bacterial
optical density (OD600) between 0.8 and 1.2, the chemical
efficiency remained high and the amount of precipitation
was not affected by the treatment chemical concentration.
However, it was found that, although the external appearance
of cemented samples using MICP was similar, the calcium
carbonate precipitation pattern at the pore scale was found
to be affected by the chemical concentration adopted in the
treatment. Cemented samples treated using urea–calcium
chloride concentrations varying from 0.1 M to 1 M were
examined microscopically; some scanning electron micro-
scopy (SEM) images taken in the study are shown in Fig. 1.
In that study, it was found that the use of a solution of lower
chemical concentration in MICP treatment resulted in better
distribution of calcite precipitation, with a typical crystal
size of 3–5 �m for the 0.25 M samples. For these samples,
calcite crystals had a similar size, were very well distributed
spatially and covered the sand grains’ contact areas uni-
formly. As the chemical concentration increased, it was
found that both the uniformity of distribution and crystal
size decreased. For example, the calcite crystal size was
found to be as high as 35 �m in the 1 M samples. The
precipitation of calcium carbonate in MICP is a complex
process, because many variables such as chemical concentra-
tions, bacterial activity and the presence of organic macro-
molecules such as enzymes could all affect the formation of
the calcium carbonate crystals, as discussed in Al Qabany et
al. (2012).

Following this previous work, the main objective of the
work presented in the current paper is to examine the effect
of using different chemical (namely urea and calcium chlor-
ide) concentration solutions on the increase in strength and
reduction in permeability of MICP cemented sand samples.
It is hypothesised that different calcite precipitation patterns
observed at the micro-scale would have an effect on the
overall mechanical and hydraulic properties of the cemented
samples.

EXPERIMENTAL WORK
Bacterial media and chemical concentrations

Sporosarcina pasteurii (American Type Culture Collection
(ATCC) 11859) was used in all tests conducted in this study.
Cells from the frozen stock were grown on ATCC 1376
ammonium–yeast extract (NH4 –YE) medium plates (20 g
yeast extract, 10 g of ammonium sulphate ((NH4)2SO4) and
20 g of agar in 0.13 M Tris buffer in pH 9.0). Bacteria were
then harvested and grown in an ammonium–yeast extract
liquid medium (usually for 24–36 h) to an optical density of
0.8–1.2 (OD600) (107 cells/ml) before they were injected
directly into the samples. Abiotic (without bacteria) bottles
of media were prepared and incubated under the same
conditions as control samples to check for contamination
and to ensure that the growth obtained in the remaining
inoculated liquid media was indeed only S. pasteurii.

Bacteria were only introduced to the samples either during
packing (where sand was poured in bacterial solution di-
rectly into rigid cells to facilitate sand compaction for small
samples) or in an initial injection (where sand was packed
dry into the cells followed by injection of two pore volumes
of deionised water to ensure saturation of the samples, then
injection of one pore volume of bacterial solution). This was
followed by chemicals only in all subsequent injections. The
test liquid media used for chemical injections contained an
equimolar amount of urea and calcium chloride, in addition
to 3 g nutrient broth as a nutrient source for bacteria, 10 g
ammonium chloride (NH4Cl), and 2.12 g sodium bicarbonate

(NaHCO3) per litre of deionised water for stabilisation of
the pH of the solution before injections. 0.25, 0.5 and 1 M
urea–calcium chloride concentrations were used in order to
assess the effect of using different chemical concentrations
on the change in permeability with cementation, and 0.1 M
urea–calcium chloride concentration was added to this range
for the strength tests. Chemical retention time in the samples
(time between injections) was determined based on the con-
clusion of a previous study to ensure full chemical reaction
(Al Qabany et al., 2012) and the retention times adopted
were 6, 12 and 24 h for the 0.25, 0.5 and 1 M urea–calcium

200   mμ
(b)

500   mμ
(c)

200   mμ
(a)

Fig. 1. Scanning electron microscopy images of samples going
through different chemical treatments: (a) 0.25 M at 100 kg/m3;
(b) 0.5 M at 73.5 kg/m3; (c) 1 M at 70 kg/m3

108 AL QABANY AND SOGA



chloride solutions, respectively. Different chemical treat-
ments used in the study are summarised in Table 1. The
total amount of chemicals introduced to any specimen in
different experiments was based on chemical stoichiometric
calculations, and the amount of precipitation targeted in each
sample varied from 40 to 160 kg calcium carbonate per
cubic metre of sand. This was assuming that all injected
urea and calcium chloride precipitated as calcium carbonate,
which was verified by measuring the amount of precipita-
tion. This was done by adding hydrochloric acid (HCl) and
calculating the weight difference of the sample before and
after dissolving the precipitated calcium carbonate.

Permeability tests
A rigid wall permeability test set-up was used for measur-

ing permeability during the bio-cementation process. In total,
30 samples were tested and samples had different amounts
of calcite precipitation produced by different urea–calcium
chloride concentrations (0.25 M, 0.5, 1 M). British standard
grade D silica sand was used in all tests conducted in this
study (d50 ¼ 165 �m, d90 ¼ 250 �m, maximum void ratio ¼
0.9875 and minimum void ratio ¼ 0.585). The sand was
placed inside rigid cells (D ¼ 100 mm, L ¼ 250 mm) by dry
pluviation. The dry relative density was varied between 0.2
and 1 to examine the density effect and a confining pressure
of 20 kPa was applied to the samples. Permeability measure-
ments were carried out during various stages of chemical
injections, such that change in permeability was measured at
different amounts of precipitation. Permeability value was
obtained by measuring the pressure difference across the
sample at constant flow conditions. Injections were made
from the bottom of the sample using a peristaltic pump and
the effluent solution was allowed to overflow at the top of
the cell during injections, such that the effluent level was
constant at all times. Porous stone was placed at both ends
of the sample in order to ensure uniform flow through the
samples. When the permeability of soil becomes small, rigid
cells may not be suitable, because the flow along the wall
can be bigger than the flow through the soil sample. How-
ever, as shown in the results, this was not found to occur
because the chemical efficiency of the samples was consis-
tently high at all levels of cementation and hence there was
no chemical loss as a result of non-uniform flow. Visual
observation of cemented samples also showed no difference
along the cross-section of the samples. After completion of
the tests, the amount of calcite cementation was measured.

Unconfined compressive strength tests
Unconfined compressive strength tests were conducted on

oven-dried samples with different amounts of calcite precipi-
tation produced by solutions of different urea–calcium chlor-
ide concentrations (0.1, 0.25, 0.5 and 1 M). Tests were
performed on samples of two different sizes: (a) D ¼ 100 mm
and L ¼ 250 mm and (b) D ¼ 35.4 mm and L ¼ 100 mm,
where the smaller size had a simpler set-up and enabled a

large number of samples to be treated at the same time. UCS
tests are commonly used to characterise the strength property
of cemented soils; a total of 60 samples were tested in this
study. Much of the experimental work with cemented soils
reported in literature has been carried out using this type of
test (Consoli et al., 2009), which allowed comparison of data.

A Wykeham Farrance constant-displacement mode UCS
machine was used for testing. After MICP-induced cemented
samples were created in the same manner as for the per-
meability tests, they were taken out of the moulds and any
irregularities at the two ends of the samples were removed
to ensure that they could be uniformly loaded. Samples were
loaded at a rate of 1.14 mm/min (BS EN 12390–3:2002
(British Standards Institution, 2002)). During testing, they
were placed in plastic bags to preserve all the pieces of the
samples after they were broken. After the completion of the
tests, the amount of calcite cementation was measured.

RESULTS
Samples extracted from the rigid cells (shown in Fig. 2)

were found to be fully cemented and also had very high
efficiency, a similar finding to previous studies (Al Qabany,
2011). The chemical efficiency, which is defined by the
percentage of injected urea and calcium chloride that pre-
cipitate as calcium carbonate, was found to vary from 70%
to 100% for all samples treated by 0.25 and 0.5 M urea–
calcium chloride solutions. In contrast, the samples treated
by 1 M urea–calcium chloride solution had significantly
lower efficiencies of around 20%. This may be attributed to
the crystal morphology of the precipitated calcium carbo-
nate, as discussed in a previous study (Al Qabany et al.,
2012). The use of chemical concentrations of 1 M and larger
in MICP treatment was found to result in the precipitation
of a less stable form of calcium carbonate (namely vaterite),
which may be flushed out during injections after precipita-
tion. This form of calcium carbonate (as confirmed by
energy dispersive X-ray (EDX) analysis) was reported to be
vaterite based on its spherical shape observed microscopi-
cally. Also, van Paassen (2009) reported the spherical-shaped
calcium carbonate resulting from MICP to be vaterite based
on X-ray diffraction (XRD) analysis.

Figure 3 shows the reductions in permeability with in-
crease in the amount of calcium carbonate precipitation for
three different concentrations. Although the degree of reduc-
tion was variable, even for samples treated with the same
chemical concentration, large reduction occurred at the
beginning of the precipitation. This indicated that larger
pores where the chemical solution was accessible were
reducing their pore sizes by the development of calcite
precipitation (see ‘Discussion’ section).

As shown in Fig. 3, permeability tests were performed on
samples with different relative densities (RDs). Both loose
and dense samples showed reduction in permeability with
increase in the amount of calcium carbonate precipitation.
However, for most samples with RD greater than 0.7, the
decrease in permeability was not as significant as the more
loosely packed samples (i.e. over 90% reduction for many
samples of RD ¼ 60%). Furthermore the rates of permeabil-
ity reduction on samples with higher RDs were greater than
those with low RDs. This implies that MICP as a permeabil-
ity reduction method is more effective for loose samples
than for dense samples. Nevertheless, there was large scatter
and uncertainty in the results obtained, so further study is
required to improve the consistency of the treatment.

In Fig. 4, the measured permeability values at different
levels of calcium carbonate precipitation are normalised with
the initial permeability value before the MICP treatment,
and the normalised permeability values are plotted against

Table 1. Chemical treatments used in the study

Chemical concentration Frequency
(retention time):

h

Normalised
input rate:

mole/l per h

0.1 M urea and calcium chloride 3 0.033
0.25 M urea and calcium chloride 6 0.042
0.5 M urea and calcium chloride 12 0.042
1 M urea and calcium chloride 24 0.042
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the amount of calcium carbonate precipitation for samples
with initial relative density between 0.75 and 0.85. For most
samples, permeability was reduced to between 10% (for
0.25 M samples) and 30% (for 1 M samples) of its initial

(a)

(b)

Fig. 2. Cemented sample after extraction from rigid cells for
(a) 0.25 M chemical treatment and (b) 1 M treatment
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value. It was also found that the higher the concentration of
the chemical solution was, the faster the reduction in per-
meability happened before it became constant. On average,
the permeability value stopped decreasing significantly at
approximately 3%, 1% and 0.5% cementation for 0.25 M,
0.5 M and 1 M samples, respectively. When a high-concen-
tration solution was used, larger precipitation crystals were
produced, which in turn clogged the pores (see Fig. 1(c)).
Hence the rate of permeability reduction (with precipitation)
was greater in samples treated with 0.5 M and 1 M solutions
compared with those treated with 0.25 M solution. In other
words, to achieve the same degree of permeability reduction,
a smaller amount of precipitation was needed when a solu-
tion of a higher concentration was used in the MICP
treatment. However, localised clogging resulted in inhomo-
geneity in cementation. Further discussion on the results is
given later in this paper.

Unconfined compressive strength tests
On UCS testing, the failure pattern was found to be

tensile for almost all samples, as shown in Fig. 5. Some of
the weakly cemented samples with non-uniform cementation
collapsed as soon as loading started and such samples were
treated as having null strength.

The measured UCS values were plotted against the cal-
cium carbonate precipitation values, as shown in Fig. 6. In
general, UCS increased with the amount of calcium carbo-
nate precipitation. Large variation in UCS data was mainly
attributable to the tensile mode of failure. Such failure
inherently caused the measurements to be variable, as UCS
would be governed by the propagating pattern of tensile
fractures within the test specimens.

Most of the null strength samples were 1 M samples,
which related to the inhomogeneity in cementation resulting
from the use of such large concentration in the treatment, as

demonstrated by Al Qabany et al. (2012). This inhomogene-
ity caused the samples to deform locally, giving very small
shear resistance for the sample as a whole, especially at
lower calcium carbonate precipitation levels.

For the same amount of calcite precipitation, larger UCS
values were obtained when the solution concentration was
low. The 0.1 M samples were clearly the most homogeneous
and the strongest by visual inspection before testing. As
shown in Fig. 6, they gave larger UCS values in comparison
with the samples treated with 0.25 M solutions, which were
in turn stronger than the samples treated with 0.5 M and
1 M solutions. These results were obtained for all tested
samples across a range of different initial relative densities;
the effect of relative density on the measured UCS is
discussed in a later section.

DISCUSSION
Permeability reduction

The degree of reduction in permeability measured in this
study was similar to or slightly higher than that obtained in
previous studies for the same levels of precipitation (2–8%
cementation). For example, van Paassen (2009) reports 60%
reduction of the initial permeability value using 1 M solu-
tions at approximately 100 kg/m3 calcium carbonate precipi-
tation, whereas Ivanov et al. (2010) report from 50 to over
99% reduction. Results in Fig. 3 show that permeability
decreases with increasing calcium carbonate precipitation
and that the level of chemical concentration used in the
treatment has an effect. The use of a higher chemical
concentration solution resulted in a less homogeneous pre-
cipitation at both micro scale (Fig. 1) and macro scale (Fig.
2). The early reduction in permeability observed in 1 M
samples is associated with localised clogging inside the
samples (see Fig. 7) rather than an overall reduction in
permeability, despite the fact that the samples are not really
fully cemented.

The observed clogging was not necessarily at (or even
near) the injection point as there were no indications that
this was the case when the samples were dissected. Never-
theless, it was clear that the mechanism of reduction in
permeability in these samples was different from that of
samples treated with a low concentration solution and was
actually more like biomass plugging described by Stewart &
Fogler (2001). In their study, a reduction in pore volume in
the vicinity of the plug was reported to take place at regions
where biomass accumulated, resulting in clogging of the
sample, with some flow channels developing and remaining
unclogged within the samples. This mechanism resulted in
non-uniform flow of chemical solution through the samples
and subsequently an uneven distribution of precipitation andFig. 5. Typical failure pattern for all UCS samples
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low overall chemical efficiency were obtained for these
samples, as reported in Al Qabany et al. (2012).

When a low-concentration solution was used for the MICP
treatment, precipitation took place at pore throats (contact
points) where there was an abundance of bacteria and
nutrients, as reported by DeJong et al. (2010). This is
supported by the fact that, for most of these samples,
precipitation was more distributed throughout the entire
sample and no sudden clogging occurred.

Effect of density on UCS increase with calcium carbonate
Unconfined compressive strength test results demonstrated

that the magnitude and the rate of UCS increase with

calcium carbonate precipitation would be influenced by
treatment concentrations, highlighting the significance of
calcium carbonate precipitation pattern on the properties of
MICP cemented soil. The more uniform distribution ob-
tained when using a low-concentration solution was found to
yield a higher sample strength, which could be attributed to
a better distribution (or larger amount) of precipitation at
particle contacts.

Several studies, such as Consoli et al. (2007, 2009) and
Huang & Chen (2007), have investigated the key parameters
(such as cement content, samples porosity and compaction
effort) that affected the strength of artificially cemented soils
using Portland cement, gypsum and calcite. Ismail et al.
(2002a) examined factors such as intrinsic strength of soil
grains, particle size and distribution as well as particle shape
of the host grains. In particular, they highlighted that the
number of effective point-to-point contacts, which was high-
er for dense soils than for loose ones, was a critical factor in
the strength of the cemented soils (Ismail et al., 2002a).
Martinez & DeJong (2009) reported that the degradation of
cemented sand particles at the micro scale was governed by
the calcite bonds when silica sand was used. Hence, it is
expected that denser soils, which have more particle contact
numbers, will exhibit greater increase in UCS compared
with loose ones.

The effect of relative density on strength is examined by
plotting the data for samples treated with 0.5 and 0.1 M
solutions, as shown in Fig. 8. With the exception of three
points in Fig. 8(a) and two points in Fig. 8(b), which are
circled in the figures, it can be seen that the rate of strength
increase is larger for denser samples than looser samples.
Similar to the observation made in the permeability tests,
some inconsistencies were noticed in sample packing and
homogeneity, which might explain why some points did not
fit the trends.

(a)

(b)

Fig. 7. Schematic diagram of pore clogging as a result of MICP
using (a) a low chemical concentration and (b) a high chemical
concentration
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Comparing strength from ureolytic MICP to other soil
improvement techniques

When the UCS test results produced in this study were
compared with those reported in previous studies, it was
found that similar patterns of increasing strength were
obtained. Fig. 9 shows that the 0.5 M sample data are
similar to those produced by van Paassen (2009) who used
the same concentration solution but different experimental
set-up. Whiffin et al. (2007) created cemented samples using
1 M solution and their data are plotted with the 1 M and
0.25 M data obtained from this study, as shown in Fig. 10.
The strength values of the 1 M samples from both studies
are smaller than those of the 0.25 M samples. It is worth
noting that Whiffin et al. (2007) only reported the strength
of core samples that were fully cemented, unlike this study
where null strength was reported for the samples that were
not fully cemented.

The UCS values obtained from the MICP samples in this
study are compared to UCS values of cemented samples
using other soil cementation techniques, as shown in Fig.
11. The non-MICP data presented are Portland cement
mixed samples by Ismail et al. (2002b) and Muhunthan &
Sariosseiri (2008), and iron-based bio-grouted samples by
Ivanov et al. (2010). Muhunthan & Sariosseiri (2008) tested
two soils (Aberdeen soil (D50 ¼ 600 �m) and Everett soil
(D50 ¼ 20 �m)), Ismail et al. (2002b) used an offshore
calcareous sand (D50 ¼ 300 �m) and Ivanov et al. (2010)
used sand without providing further details. In the figure,
UCS values are plotted against cement content (as percent-
age of dry weight of soil) for Portland cement mixed
samples and percentage ferric chloride for iron-based bio-
grouted samples.

The comparison shows that the MICP samples using
ureolytic bacteria (calcium-based grouting) have higher UCS
values than the samples treated by iron-based bio-grouting

regardless of the chemical concentration used in the treat-
ment, which is similar to what is reported by Ivanov et al.
(2010).

The UCS strengths of the Portland cement mixed samples
are similar to or smaller than those of the MICP samples. It
is worth noting that the UCS results from cement mixed
samples can be highly variable depending on mixing condi-
tions such as water–cement ratio and soil relative density
(e.g. Huang & Chen, 2007; Muhunthan & Sariosseiri, 2008)
and the ones plotted are taken as representative strength
values of Portland cement mixed soil samples. The values
are obtained at an optimal set of water content and density
of soil, and high variation is expected when these factors are
changed, in particular at low cement content conditions.

In addition to Portland cement, Ismail et al. (2002b)
tested soil samples cemented by mixing gypsum or treated
by chemically induced calcite precipitation (as opposed to
microbially induced). They found that, in order to achieve
the same UCS value obtained from mixing Portland cement,
a larger amount of gypsum and a smaller amount of calcite
were needed. For example, 3.5% calcite, 8% Portland
cement and 10% gypsum were required for UCS value of
500 kPa, whereas 7% calcite, 15% Portland cement and 20%
gypsum were required for UCS value of 2500 kPa. It is
expected that calcite precipitation using MICP would be
similar to the chemically induced case because in both cases
calcite precipitation takes place out of an aqueous solution
that permeates into the soil matrix, and no hydration takes
place inside the samples, unlike gypsum and Portland
cement mixed samples.

Implication for engineering applications
The findings from this study show that different micro-

scale precipitation distributions from different chemical
treatments result in different macro-scale permeability and
strength values, which potentially has implications for how
MICP could be applied in engineering practice. Larger
concentrations resulted in the precipitation of relatively
larger calcium carbonate crystals along with inhomogeneous
precipitation patterns, which led to a faster decrease of
permeability with precipitation, and overall weaker UCS
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values compared with samples treated using lower urea–
calcium chloride concentrations.

Different permeability reduction patterns that can be
obtained by varying the concentration of the chemical solu-
tion can be useful when determining whether the reduction
in permeability needs to be distributed over a large area or
possibly only at specific localised locations. With the use of
a low-concentration solution, more consistency in permeabil-
ity reduction is ensured and the possibility of flow channel
development is potentially smaller. Furthermore, it would
result in a uniform precipitation distribution, whereas a
high-concentration solution may be used when a relatively
rapid reduction in permeability is needed and a complete
and robust plugging of soil is not required.

For field applications that require an increase in strength,
a higher-concentration solution may be used in applications
where soil homogeneity after cementation is not a necessity
and only an overall increase in soil strength is needed and in
situations where multiple injections are not possible. How-
ever, a low-concentration solution would be used if homo-
geneity of cemented soil is required.

To achieve the same amount of calcium carbonate precipi-
tation, a greater number of injections would be required when
a low-chemical-concentration solution is used. However, for
practical reasons, the number of injections should preferably
be minimised. One possible approach that could be examined
is to start with a low-chemical-concentration solution for an
initial homogeneous distribution of precipitation and a large
number of nucleation sites, then increase the chemical con-
centration of the solution in order to reduce the subsequent
number of injections. Such an approach could be applicable,
yet further research is needed to prove its effectiveness.

CONCLUSIONS
Previous study by Al Qabany et al. (2012) showed that

calcium carbonate precipitation pattern at the pore scale was
affected by the chemical concentration adopted in the treat-
ment. In this study, permeability and UCS tests were con-
ducted on MICP samples treated by solutions of different
chemical concentrations (i.e. urea–calcium chloride concen-
trations) ranging from 0.1 to 1 M in order to investigate the
effect of precipitation pattern on engineering properties.

Results show that permeability values were reduced to
approximately 20% of their original values when the amount
of calcium carbonate precipitation became 2% of the sample
weight. Large reduction occurred at the beginning of the
precipitation, indicating that larger pores where the chemical
solution was accessible were reducing their pore sizes by the
development of calcite precipitation. When a high-concentra-
tion solution was used, larger precipitation crystals were
produced, which in turn clogged the pores. Hence the rate of
permeability reduction was greater on samples treated with a
high-concentration solution compared with those treated with
a low-concentration solution. However, localised clogging
resulted in inhomogeneity in cementation. If a more uniform
reduction in permeability is required for MICP treatment,
the use of a low-concentration solution should be the way to
proceed as it would ensure more consistency in results.

Chemical concentration used in the MICP treatment was
found to have an effect on the strength of cemented samples.
It was found that the use of a low-concentration solution and
a higher number of injections resulted in stronger samples for
a given amount of calcium carbonate precipitation. The UCS
values obtained by MICP were either similar to or greater
than those obtained by Portland cement mixing, chemically
induced calcite precipitation or iron-based bio-grouting.

Results suggest that chemical concentration used in the
treatment should be considered carefully when designing the

MICP treatment. A solution with low chemical concentration
may produce a more uniform precipitation pattern and
stronger samples for a given amount of calcite precipitation.
However, this means that more volume of fluid injection is
required compared to the case of using a solution with
higher chemical concentration, which in turn may increase
operation costs. Further work is needed to find an optimal
condition that not only gives targeted engineering properties
for soil improvement but also requires less operational
complexity in the field.
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Mitigation of liquefaction of saturated sand using biogas

J. HE�, J. CHU�† and V. IVANOV�

Some recent studies have indicated that the liquefaction potential of saturated sand can be greatly
reduced if the sand can be made slightly unsaturated. One way to reduce the degree of saturation of
sand is to inject gas into sand. This approach offers a cost-effective solution for mitigating
liquefaction hazard over a large area. However, it is not easy to inject gas into sand in a uniform
manner. A biogas method was developed in this study to overcome this difficulty. In this method,
denitrifying bacteria are used to generate tiny, inert nitrogen gas bubbles in sand. Shaking table tests
using a fully instrumented laminar box are conducted on both saturated sand and sand containing
microbially generated nitrogen gas bubbles. Comparisons of the results of these tests indicate that the
pore water pressure generated in the partially saturated sand was much smaller than that in saturated
sand. Thus the proposed method is effective in reducing the liquefaction potential of sand.

KEYWORDS: ground improvement; liquefaction; sands

INTRODUCTION
In recent years, attempts have been made to apply micro-
biology to geotechnical engineering. Most of these studies
have been focused on either enhancement of shear strength
(DeJong et al., 2006; Whiffin et al., 2007; Ivanov & Chu,
2008; Harkes et al., 2010) or reduction of permeability of
soil (Stabnikov et al., 2011; Chu et al., 2012) by induction
of calcite crystallisation using microbial hydrolysis of urea.
Another potential application of biotechnologies in geotech-
nical engineering is to mitigate liquefaction hazard of satu-
rated sand deposits by formation of tiny gas bubbles in situ
using a microbial denitrification (i.e. nitrate reduction) pro-
cess.

Some recent studies have shown that inclusion of gas
bubbles in soil leads to a reduction in the degree of
saturation and an increase in the liquefaction resistance of
sand (Copp, 2003; Pietruszczak et al., 2003; Okamura &
Soga, 2006; Okamura & Teraoka, 2006; Okamura et al.,
2006, 2011; Yegian et al., 2006, 2007; Pande & Pietruszc-
zak, 2008). Several methods have been proposed to intro-
duce gas bubbles into sand. These include

(a) air injection (Okamura et al., 2011)
(b) water electrolysis (Yegian et al., 2006)
(c) sand compaction pile (Okamura et al., 2006)
(d ) use of sodium perborate (Eseller-Bayat, 2009).

Biogas will offer another method for mitigation of liquefac-
tion after it has been established.

An important question regarding the desaturation method
is whether or not gas bubbles in sands can remain for a long
time. According to Yegian et al. (2007), within a duration of
442 days, there was little change in the degree of saturation
(from 82.1% to 83.9%) under hydrostatic conditions. Similar
tests were also carried out by He (2012) using biogas. The
result was similar to that in Yegian et al. (2007). Thus, the

tiny gas bubbles generated by bacteria will be stable at least
under hydrostatic conditions.

For the biogas method adopted, nitrogen gas was gener-
ated through a dissimilatory reduction of nitrate, or in
common terms, denitrification. Denitrification is a biological
process in which nitrate (NO3

�) is reduced stepwise to
nitrogen gas (N2). Electron donors are almost all organic
compounds. For example, biogas production in reactions of
denitrification using methanol, ethanol, or sodium acetate as
electron donors is shown by the following equations

5CH3OHþ 6NO3
� ! 3N2 þ 5CO2 þ 7H2Oþ 6OH�

(1)

5C2H5OHþ 12NO3
� ! 6N2 þ 10CO2 þ 9H2Oþ 12OH�

(2)

5CH3COO� þ 8NO3
� ! 4N2 þ 10CO2 þ H2Oþ 13OH�

(3)

Nitrogen (N2) produced by the denitrification process is
the most suitable biogas for sand desaturation because it is
chemically inert and its solubility in water is very low
�0.017 g/l, (i.e. 0.014 l of gas per litre of water, at 258C at
atmospheric pressure). Another biogas, carbon dioxide
(CO2), has much higher solubility �1.5 g/l (i.e. 0.76 l of gas
per litre of water at 258C at atmospheric pressure). For the
objective of using gas to lower the degree of saturation of
initially saturated sand and maintain it for as long as
possible, the contribution should come mainly from the
nitrogen gas, not the carbon dioxide.

There are different approaches to study the effect of
sand saturation on its liquefaction potential. Shaking table
tests in a rigid box have been carried out by Okamura &
Teraoka (2006). A strain-controlled model box with flexible
walls was used by Yegian et al. (2006, 2007). Laminar
box tests have been widely used in both 1g shaking table
and centrifuge tests to study liquefaction of sand owing to
earthquake (Ling et al., 2003; Kagawa et al., 2004;
Elgamal et al., 2005; Ueng et al., 2006; Thevanayagam et
al., 2009; Sharp et al., 2010; Ueng, 2010; Zhou et al.,
2010; Dobry et al., 2011). In this study, the effects of
biogas on sand liquefaction were studied by conducting 1g
shaking table tests using a fully instrumented laminar box
model.
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MATERIALS AND METHODS
Isolation and cultivation of denitrifying bacteria for biogas
production

The denitrifying bacteria used for this study were isolated
from anaerobic sludge of municipal wastewater treatment
plant. Denitrifying enrichment culture was obtained by non-
aseptic anaerobic cultivation on the liquid medium of the
following content, in mg/l of tap water: ethanol, 500 mg/l;
potassium nitrate (KNO3), 1010 mg/l, ammonium chloride
(NH4Cl), 12 mg/l; monopotassium phosphate (KH2PO4),
75 mg/l; dipotassium phosphate (K2HPO4), 250 mg/l; mag-
nesium sulfate heptahydrate (MgSO4

.7H2O), 10 mg/l; ferrous
sulfate heptahydrate (FeSO4

.7H2O), 1 mg/l; calcium chloride
dihydrate (CaCl2

.2H2O), 1.5 mg/l. Isolation of pure culture
was made aseptically from the colony on the same but
sterile and solidified medium with addition of Bactoagar
Difco, 12 000 mg/l. Pure culture was isolated from cells of
the dominant type colony and labelled as strain DN1.

The 16S rRNA gene sequence analysis of this pure culture
was carried out as described in detail in Chu et al. (2012).
The dominant species in the enrichment culture was Acid-
ovorax sp., which is known as a common species of
denitrifying bacteria in wastewater treatment facilities.

Cells from the colonies of Acidovorax sp. strain DN1 were
used to inoculate 0.5 l of sterile liquid medium in a 1 l bottle.
The medium was purged with nitrogen gas before sterilisation.
Cultivation was at 308C for 5 days. The concentration of
biomass in the suspension after cultivation was measured by
filtrating 50 ml bacterial suspension through a filter paper with
0.2 �m pores and drying the filter paper at 608C for 12 h. The
volume of introduced bacterial suspension for denitrification
in sand was about 1% of pore volume of sand. The content of
bacterial biomass introduced into the sand for denitrification
was about 0.02 mg dry biomass/kg of sand. The composition
of liquid medium used for the soil treatment was similar to
that used for the cultivation of bacteria. The concentrations of
the nitrate and the electron donor should be adjusted accord-
ing to the stoichiometric proportions in equations (1)–(3) to
obtain the required volume of gas. The concentrations of other
chemicals were one-tenth of those used in the cultivation
medium to minimise the ground water contamination.

The test set-up
A picture of the test set-up is shown in Fig. 1. It consists

of two parts. The upper part is a laminar box and the lower
part is a manual shaking table. A metal frame is also
installed to surround the laminar box for safety and installa-
tion of measuring devices. The details of the design and the
test preparation are given below.

Laminar box
A laminar box was made of ten layers of aluminium

laminates stacked together as shown in Fig. 2. Ball bearings
were used at the interface of each layer so that the interface
friction was very small. This also allowed each layer to
move freely in the lateral direction during shaking. The
laminar box had an inner size of 45 cm 3 30 cm 3 29.7 cm
(length 3 width 3 height) when all the laminates were used.
An impervious plastic sheet was used to line the inner
boundary before the sand sample was placed. The plastic
sheet was cut and sewn to a size that was a little bigger than
the inner size of the laminar box, so that the laminar box
could deform freely.

Shaking table
The design of the manual shaking table follows the

concept proposed by Prasad et al. (2004) to allow it to
provide a horizontal translational seismic loading. A picture
of the shaking table is shown in Fig. 1 and a sketch is given
in Fig. 3. Two pieces of mild steel plate were installed

Figure 1. Model test set-up

Concrete blocks

las6 las5

lvdt

29
·7

 c
m

acc1

pwp3

pwp2

pwp1

10
9
8
7
6
5
4
3
2
1

acc2 las4

las3

las2

las1

Shaking direction

30
 c

m

45 cm

Figure 2. Design of the laminar box and instrumentations (acc:
accelerometer; pwp: pore water pressure transducer; las: laser
displacement transducer)

1400 mm

50
0 

m
m

Top view

Angle bar

Steel plates
(2 mm thickness)

Wood boards

30
0 

m
m

400 mm

Front view

Figure 3. Design of the manual shaking table

MITIGATION OF LIQUEFACTION OF SATURATED SAND USING BIOGAS 117



between two wooden boards, fixed by angle bars along the
transverse direction. The wooden board dimensions were
1.4 m 3 0.5 m 3 2 cm (length 3 width 3 thickness). The
mild steel plates were 0.3 m high (distance between tips of
angle bars) and 2 mm thick. Such a shaking table can be
treated as a system with one degree of freedom. The
frequency of the shaking wave was controlled to around
2 Hz. The acceleration in the test was monitored by an
accelerometer adhered to the surface of the shaking table.
The real-time monitoring data of acceleration were displayed
as a graph on a computer monitor. A typical input accelera-
tion chart is shown in Fig. 4. This test was intended to
control the peak acceleration at 1.5 m/s2: As can be seen
from Fig. 4, the peak values achieved were in the range
around 1.5 � 0.1 m/s2, which was sufficiently accurate for
the intended purpose.

Sample preparation
ASTM graded sand was used in the test; the basic

engineering properties are given in Table 1. The sample was
prepared using the following steps.

(a) The laminar box was assembled. After checking the
water-tightness of the liner, 2 l of either liquid medium
with addition of 0.02 l of grown bacterial suspension or
distilled water (for the fully saturated sample) were
poured into the laminar box.

(b) Dry sand was placed into the liquid through a funnel until
the sand level almost reached the water level. During
deposition, the funnel moved back and forth to allow the
sand to be spread uniformly. The above step was repeated
until the sample reached the desired height. The samples
prepared in this way gave a relative density of around
20%.

(c) For tests with biogas, the sample was left for several days
to allow sufficient time for the generation of nitrogen gas.

In the shaking table tests, the degree of saturation of sand
could not be evaluated by the pore water pressure coefficient
B as in triaxial tests. Two other methods were used instead.
The first was to measure the concentrations of nitrate before
and after the bioreaction and then calculate the gas genera-
tion using equations (1)–(3). The second was to measure the
water level rise attributable to the gas bubbles generation
and replacement in sand. The degrees of saturation measured
by these two methods were similar.

Instrumentation
The layout of the transducers is shown in Fig. 2. The

following five types of transducers were used

• two accelerometers (acc1 and acc2) to measure the input
acceleration of the shaking table and the acceleration of
the second top laminate (no. 9), respectively

• three miniature pore water pressure transducers (pwp1 to
pwp3) of PDCR81 type to measure the pore water
pressures at the bottom, two-thirds depth, and one-third
depth of the sample along the centreline, respectively

• four laser displacement transducers (las1 to las4) to
measure the lateral movements of the laminar box at
three different elevations and the input lateral movement

• two laser displacement transducers (las5 and las6) to
monitor the vertical movement of two concrete blocks
placed on the sand surface; the blocks will sink when
liquefaction occurs

• one linear variable differential transducer (LVDT) to
measure the subsidence of the sand surface.

TEST RESULTS
Test conditions

Test conditions and some results are listed in Table 2. Test
8 was fully saturated sand, whereas tests 5, 6 and 7 were
biogas-treated sand with degree of saturation of 80%, 90%
and 95%, respectively. The volumes of gas produced could
be determined by measuring the water level rises in the
model box (2.2, 0.9 and 0.5 cm for tests 5, 6 and 7, respec-
tively) owing to the gas bubble replacement in the pore
space of sand. The degrees of saturation could then be
calculated using the phase relations of sand samples. For
each sample prepared, several tests were carried out using
different accelerations ranging from 0.05g to 0.2g. The first
test was carried out under 0.05g. If liquefaction did not
occur and the amount of ground settlement was small (i.e.
the change in density of the sand was small), another test
using higher acceleration would be carried out. A time
interval of 10 min was used between tests for pore water
pressure to dissipate fully. If there was no liquefaction and
the settlement was small in the second test, a third test at an
even higher acceleration would be conducted. This process
was repeated until liquefaction or relatively large deforma-
tion occurred. For each test, 18 oscillations at the required
acceleration were applied for around 10 s, as shown in Fig.
4 as an example. The new relative density was calculated
for each test based on the settlement monitored.

The efficiency in the conversion of nitrate to nitrogen gas
bubbles that were retained in the sand samples was also
measured using a set-up under conditions similar to those
used for the model tests. The set-up is shown in Fig. 5. A
sand sample was prepared in a syringe by following the
same procedure as was used for the sample preparation in
the model tests. Bacteria and substrates were supplied to
generate gas bubbles. The syringe was linked to a burette.
When gas bubbles were generated, the bubbles squeezed
some liquid from the syringe into the burette. Because no
gas bubbles were observed to come out of the water into the
burette, the change in water level in the burette was a good
indication of the volume of gas generated. An automatic
photography system was used to take pictures of the water

Table 1. Typical engineering properties of ASTM graded sand

Description Grain shape Mean size: mm Chemical content Specific gravity Maximum void ratio Minimum void ratio

ASTM graded sand Round 0.40 99.5 + % SiO2 2.65 0.8 0.5
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level in the burette at a given time interval, so that not only
the yield of the gas, but also the rate of gas production
could be measured.

Three samples were tested. The initial concentrations of
nitrate-N used were 125, 250 and 374 mg/l, respectively. The
initial concentrations of ethanol used were 446, 893 and
1336 mg/l, respectively. The volumes of gas produced were
8.1%, 17.3% and 23.5% per volume of pore space, respec-
tively. The average efficiency measured was around 80% for
a nitrate concentration in the tested range. According to the
test results, the relationship between the gas production and
the initial nitrate concentration manifests a linear correlation
as shown in Fig. 6. This relationship indicates that the
amount of gas produced can be controlled by adjusting the
initial nitrate concentration. The reasons that some nitrate
could not be transformed into gas bubbles might be that

(a) some gas bubbles close to the sand surface might escape
(although this was not observed in the syringe test)

(b) some gas could dissolve in water, although the solubility
of nitrogen gas in water is very low

(c) the reaction was not fully completed, so some nitrate or
intermediates might be retained in the system.

Previous studies have shown that some strains of denitrify-
ing bacteria can denitrify from nitrate to nitrogen completely,
provided that some factors, such as pH (Saleh-Lakha et al.,
2009), level of nitrate concentration (Glass & Silverstein,
1998), composition of medium (Blaszczyk, 1993), temperature
(Stanford et al., 1975) and so on, are suitable. The rate of gas
production was around 0.5% of pore volume of sand per hour.

Pore water pressure generation
A comparison of the pore water pressure generations in

tests on samples with various degrees of saturation is
presented in Fig. 7. The pore water pressures were measured

by the pore water pressure transducers in kPa, but were
converted to water heads for convenience of comparison.
The three samples had similar relative densities and experi-
enced the same input acceleration of amax ¼ 1.5 m/s2: A
drastic increase in pore water pressure was observed in Fig.
7(a) for test 8b with Sr ¼ 100%. The pore water pressure
increased to a peak in less than 3 s and then was maintained
at almost the peak value for 5–10 s. The pore water pressure
generations for test 7c were substantially smaller than those
in test 8b, as shown in Fig. 7(b), even though Sr was
reduced to merely 95%. The smallest pore water pressures
were observed in test 5f for a sample with Sr ¼ 80%, as
shown in Fig. 7(c), even though the relative density of the
sample used for this test was a little smaller.

The pore water pressure ratio against relative density of
sand curves are plotted in Fig. 8 using pore water pressure
data measured at different elevations. The pore water pres-
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Figure 5. Set-up for the measurement of gas volume
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sure ratio is defined as the ratio of maximum excess pore
water pressure to initial effective overburden stress. It can be
seen that at a relative density of 52%, the saturated sample
liquefied with a pore water pressure ratio of 1. When the
degree of saturation was lowered to 95% for soil with the
same relative density, the pore water pressure ratio reduced
to be less than 0.5, as shown in Fig. 8. Similar observations
can be made in Fig. 8 for samples with Sr ¼ 90 and 80% at
lower relative density ranging from 27 to 43%. Thus the use
of biogas generated in situ to reduce the degree of saturation
of sand is an effective way to increase the liquefaction
resistance of sand. Fig. 8 also indicates that for the fully
saturated sample to attain the same pore water pressure ratio

as for partially saturated sand, the relative density of the
sample has to be around 90%.

Table 2 also shows that the pore water pressure ratio
became smaller with increasing depth, although this was not
always the case. This trend can be explained from two
aspects: the shear strength of soil (termed cyclic resistance
ratio, CRR) and the mobilised shear stress (termed cyclic
stress ratio, CSR). Because the sample was uniform, the
total and effective overburden stress increased with depth.
The increase in the effective confining stress gave a higher
cyclic resistance ratio (CRR). Another reason could be the
magnitudes of cyclic stress ratio (CSR), which can be
calculated as (Seed & Idriss, 1971)

CSR ¼ �av

� 9vo

¼ 0:65
amax

g

� vo

� 9vo

rd (4)

where rd is a stress reduction coefficient and in this test a
value of 1 was used because the soil model was relatively
shallow. It is shown in Table 2 that the cyclic stress ratios
calculated by equation (4) were larger at shallower locations
for all tests.

Volumetric change
Compared with the fully saturated sand, partially saturated

sand manifested a much smaller volumetric change, as
shown in Fig. 9. The volumetric strain was calculated using
the surface settlement by assuming the soil deformed one-
dimensionally. Tokimatsu & Seed (1987) pointed out that
pore water pressure generation and volumetric strain also
occurred in a non-liquefiable soil; however, the magnitude
was often much smaller and the volumetric strains observed
in non-liquefiable cases were usually less than 1%. The
levels of volumetric strains for partially saturated soil were
mostly within 1% strain, indicating that the partially satu-
rated soil had strong resistance to liquefaction and volu-
metric change. Fig. 9 also shows that the higher the relative
density, the lower the volumetric strain, given that other
conditions are the same. It is also interesting to note that the
data shown in Fig. 9 follow the same pattern as seen in Fig.
8. This implies that when the pore water pressure ratio was
higher, the volumetric change would be higher too.

Sinking of structures in sand
It is well known that when soil liquefies, a structure which

is heavier than the unit weight of the underlying liquefied
soil will sink into the soil. Two circular concrete blocks
40 mm high and 73 mm in diameter were used to simulate
the structure resting on the sand surface in the model. One
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block was placed along the centreline and the other near the
edge of the laminar box, as shown in Fig. 2. The base
pressure acting on the soil was 4.8 kPa.

A comparison of the amount of sinking of the concrete
block into the ground measured in two tests for sand with
degrees of saturation of 100% and 90% is shown in Fig. 10.
The relative density of the soil in the two tests was similar,
17% for test 6a and 21% for test 8a. It can be seen that the
structure sank 18 mm in test 8a for saturated soil when
liquefaction occurred, whereas little sinking occurred for test
6a for partially saturated soil. A significant amount of
sinking was also observed in test 8c in saturated sand, even
when the relative density of the sand was 73%, as shown in
Table 2.

Response of the laminar box
During the model tests, the accelerations at the sand

surface were amplified to some extent, as measured by the
accelerometer installed on the second top (or ninth) layer of
the laminar box. The acceleration amplification coefficients,
defined as the ratio of acceleration measured at the soil
surface to that at the base, are plotted against relative
density in Fig. 11. It can be seen that the acceleration
amplification coefficients decreased with the increase in void
ratio and the decrease in the degree of saturation, which is
similar to the trends shown in Figs 8 and 9.

The lateral displacements of the laminar box at different
elevations were monitored during tests. As an example, the
lateral displacements, measured at the second top (or ninth)
layer of the laminar box in a non-liquefied test (test 5c) and

in a liquefied test (test 8c), are shown in Fig. 12. In both
cases, the lateral displacements were too small to be dis-
cussed. This might be because the laminar box was placed
in the horizontal position and thus there was a lack of a
triggering factor to cause a large lateral movement.

DISCUSSION
Based on the model tests, a relationship between volu-

metric strain and pore water pressure ratio is established in
Fig. 13. It can be seen that the volumetric strain starts to
increase at an accelerating rate when the pore water pressure
ratio is higher than 0.4. This observation is consistent with
those made in other studies (Lee & Albaisa, 1974; Tokimatsu
& Seed, 1987). As a single relationship is formed, the trend
line appears to be applicable to soil with different densities
and degrees of saturation. Hence, the pore water pressure
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ratio may be a good parameter to use in the design for
deformation control.

Figure 13 also shows that reducing the degree of saturation
of saturated sand using biogas is an effective method in the
mitigation of liquefaction. Most of the pore water pressure
ratios for partially saturated samples were smaller than 0.5.

In this study, the effect of the increase of biomass and
mineralisation did not have any apparent effect on the mech-
anical behaviour of sands. The initial amount of mineral
substrates and biomass introduced into sands was around
1 g/l of pore volume. The specific amounts of each chemical
and biomass have been introduced previously. So the incre-
ment of solid materials (both biomass and mineral precipita-
tion) was supposed to be less than this value, which was
also by far smaller than the mass of sands. Hence, the
effects of liquefaction resistance improvement should be
attributable to the gas bubbles, not to other factors such as
biomass or mineral precipitation.

It is worth pointing out that denitrification can also
potentially be used as a biocementation technique and this
has been explored by van Paassen et al. (2010). One major
difficulty for biocementation using the denitrification process
is that nitrate reduction can be limited at a nitrate concentra-
tion higher than around 100 mmol (van Paassen et al.,
2010). According to Whiffin et al. (2007), at least 60 kg of
calcium carbonate per cubic metre of soil is needed to
obtain a sufficient cementation effect. This requires around
2400 mmol potassium nitrate (KNO3) for the reaction to
complete when ethanol is used as the electron donor. (It
does not make much difference when other types of electron
donors are used according to equations (1)–(3).) This
amount of calcite cannot be achieved at one time. The
amount of nitrate required in the biogas method, on the
other hand, is much less than 100 mmol; 26.7 mmol/l of
nitrate (or 374 mg/l of nitrate-N) is enough to reduce the
degree of saturation to 77% according to Fig. 6. This
comparison indicates that, for the purpose of mitigation of
liquefaction, the biogas method is more cost effective and
the process for nitrogen gas production is also simpler than
that for mineral precipitation as required for biocementation.
However, biocementation may also serve other purposes,
such as increasing the shear strength of soil.

CONCLUSIONS
The feasibility of using microbially generated gas bubbles

in sand as a liquefaction remedial method has been explored
in this paper. Denitrifying bacteria were used to generate
tiny, inert nitrogen gas bubbles in situ to reduce the degree
of saturation of sand from 100% to the range of 80,95%.
The suspension of bacterial cells and substrates of nutrients
have low viscosity and can be easily distributed in sand. The
gas generated in this way tends to be more uniform than gas
injected into soil.

Shaking table tests with a fully instrumented laminar box
were conducted on samples with various degrees of satura-
tion. Test results showed that liquefaction occurred for
saturated samples at loose states under amax ¼ 0.5 m/s2 and
at medium dense states under amax ¼ 1.5 m/s2: However,
liquefaction did not occur for biogas desaturated samples at
the same range of relative density under the same input
accelerations. The pore water pressure ratios observed in
those tests were also lower than 0.5 in most cases, and
ground settlements and volumetric strains were small as
well. The shaking table test data also show that the pore
water pressure ratio is a good parameter to be used to
describe the potential of liquefaction. Under the test condi-
tions, a single relationship between volumetric strain and
pore water pressure ratio was established for tests with

different degrees of saturation, relative densities and input
accelerations. The model tests have demonstrated that the
biogas method is effective in lowering the degree of satura-
tion and reducing significantly the liquefaction potential of
saturated sand deposit.

NOTATION
amax maximum acceleration

Dr relative density
g gravitational acceleration

rd stress reduction coefficient
Sr degree of saturation

�vo total overburden stress
� 9vo effective overburden stress
�av average shear stress
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Dynamic response of liquefiable sand improved by microbial-induced
calcite precipitation

B. M. MONTOYA�, J. T. DEJONG† and R. W. BOULANGER†

Microbial-induced calcite precipitation (MICP), a novel bio-mediated ground improvement method,
was explored to mitigate liquefaction-prone soils. Geotechnical centrifuge tests were used to evaluate
cementation integrity and the response of MICP cemented sands to dynamic loading. The cementation
integrity testing reveals a change in behaviour from ‘soil like’ to ‘rock like’, with an increase in
treatment level. Results from dynamic testing demonstrate a clear increase in resistance to liquefaction
of MICP-treated sands compared to untreated loose sand. The MICP sands were treated to varying
levels of cementation (light, moderate and heavy cementation levels) and assessed using non-
destructive shear wave velocity measurements. The centrifuge models were all subjected to ground
motions consisting of sine waves with increasing amplitudes. Accelerations, pore pressures and
settlements were measured in the soil during shaking, and the changes in soil behaviour and post-
shaking shear wave velocity for soils prepared to different cementation levels are discussed. Increased
resistance to liquefaction was demonstrated with a decrease in excess pore pressure ratios in the
MICP-treated models, as well as in reduced post-shaking settlements; however, surface accelerations
were amplified at heavy levels of cementation. A tradeoff between improving liquefaction resistance
and minimising undesirable higher surface accelerations needs to be considered when designing the
soil improvement level.

KEYWORDS: centrifuge modelling; dynamics; ground improvement; liquefaction; sands

INTRODUCTION
Liquefiable soils are often a major concern for new or
rehabilitated infrastructure. These soils generally consist of
loose, saturated cohesionless soils with insufficient cyclic
shear strength for the expected cyclic load. Liquefiable soils
are conventionally improved using a variety of ground im-
provement methods, including densifying the soil with mech-
anical energy or injecting a binding agent such as cement,
epoxy or silicates (Karol, 2003). However, alternative techni-
ques have emerged that may provide a more natural and
sustainable solution. These techniques utilise biological
metabolic processes to mediate improvement of soil proper-
ties (e.g. strength and stiffness) (DeJong et al., 2010, 2011).
Microbial-induced calcite precipitation (MICP) is a natural
biologically mediated method to create cementation in situ
and improve the mechanical soil properties (DeJong et al.,
2006; Whiffin et al., 2007). MICP utilises urea hydrolysis as
the chemical reaction to increase the alkalinity of the pore
fluid and induce calcite precipitation (Fujita et al., 2008).
Sporosarcina pasteurii, a common alkalophilic soil bacter-
ium, has a high urease activity and is used to facilitate the
chemical reaction that induces cementation (Mortensen et
al., 2011).

Geotechnical centrifuge tests were used to evaluate and
establish the potential of MICP treatment to increase soil
resistance to liquefaction triggering and to reduce the con-
sequences if liquefaction does occur. The response of the
soil at varying levels of treatment, from light to heavy

cementation levels (determined using shear wave velocity
measurements), was assessed. The cementation integrity, the
pore pressure generation and the soil settlement were among
the metrics used to evaluate the response of the treated soil.
The MICP-treated soil response was compared to untreated
loose and dense soil responses as baselines of poor and
adequate behaviour, respectively. Each centrifuge model was
constructed identically, except for variation of cementation
level or sand density. In addition to evaluating the seismic
response of the MICP-treated soil, the cementation integrity
of the MICP treatment at varying levels of confinement and
cementation was also assessed.

The materials and methods implemented, including the
MICP treatment process, are presented first. This is followed
by a results and discussion section where the centrifuge
results are evaluated. Finally, conclusions regarding the
effectiveness of MICP to mitigate the potential for liquefac-
tion-induced damage are presented.

MATERIALS AND METHODS
Centrifuge model preparation

The dynamic centrifuge model tests were conducted on
the 1 m radius Schaevitz centrifuge at the NEES Center for
Geotechnical Modeling at the University of California (UC),
Davis. The small, flexible shear beam (SFSB) container was
used for the centrifuge tests (container design described in
Narayanan (1999)). The interior model dimensions were
494 mm long, 235 mm wide and 120 mm deep (model
units). Tests were conducted at a centrifugal acceleration of
50g. Unless otherwise stated, all test results are presented in
equivalent prototype units, and the scaling laws used to
convert model units to equivalent prototype units are sum-
marised in Kutter (1995). All dynamic centrifuge tests
presented herein are listed in Table 1; all of the test
information and data are archived at the NEEShub project
warehouse (https://nees.org/). Additional information regard-
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ing the equipment and instrumentation used at the UC Davis
centrifuge facility is available at their website (http://nees.
ucdavis.edu/).

The centrifuge model consisted of a flat soil surface with
a simple structure in the centre of the model; however, the
results presented herein are from the behaviour of the free
field sensors only. The primary soil deposit consists of a
5.5 m thick, liquefiable, loose, poorly graded sand layer
(Ottawa 50–70; properties presented in Table 1) overlying a
thin 0.5 m thick layer of dense Monterey sand. The thin
layer of coarse Monterey sand at the centrifuge container
base provided drainage during treatment and enabled uni-
form saturation. The accelerometers (ACCs) and pore pres-
sure transducers (PPTs) were placed as pairs in a vertical
array in the free field (a profile view of the sensors is
included later, in Fig. 3). Bender elements were installed in
pairs at two depths and three horizontal locations at each
depth to track shear wave velocity during treatment, spin-up
and before/after shaking. Linear displacements were meas-
ured at the soil surface above the free field vertical array of
ACCs and PPTs.

Model saturation following treatment consisted of applica-
tion of 25 in mercury (inHg) vacuum followed by slow
saturation with de-aired deionised water. Water was used as
the pore fluid to eliminate the potential for negative effects
on the MICP process if a different material was used as pore
fluid. However, the use of water as the pore fluid instead of
a more viscous material (e.g. a solution of hydroxypropyl
methylcellulose and water) results in an inconsistency be-
tween the scaling laws for the dynamic time and diffusion
time. This inconsistency in the time scaling laws results in
the generated pore pressures dissipating quicker than they
would in the true prototype environment. The model was not
flushed with carbon dioxide, as commonly done, because the
carbon dioxide is slightly acidic and can degrade the calcite

cementation. The response of the soil after the saturation
process was consistent with fully saturated soil, including
the PPTs measuring the appropriate hydrostatic pore pres-
sures and exhibiting a rapid response during shaking.

Each centrifuge test was subjected to a series of ground
motions, as indicated in Table 2. The five ground motions
presented consist of sine waves at a prototype frequency of
2 Hz and increasing amplitudes of maximum base accelera-
tions ranging from about 0.1g to 0.7g.

Biological treatment
The centrifuge models were biologically treated to varying

levels of cementation (as in Table 1). Conceptually, the
‘light’ cementation (target shear wave velocity, Vs ¼ 300 m/
s) represents an aged sand, the ‘moderate’ cementation level
(Vs ¼ 650 m/s) represents a cemented sand and the ‘heavy’
cementation level (Vs ¼ 1200 m/s) represents rock-like (i.e.
sandstone) material. These target levels of cementation were
chosen to cover a spectrum of possible treatment levels; they
were also chosen to transition from behaviours that can be
described using critical state soil mechanics (e.g. ‘soil like’)
to behaviour that can be better described using fracture
mechanics (e.g. ‘rock like’). Because of the large model size
(and therefore large treatment volume) in comparison to
laboratory specimens, the biological treatment process was
simplified from previous studies (see Mortensen et al.,
2011). The bacteria, S. pasteurii, were grown for 40 h
following American type culture collection (ATCC) recom-
mendations before harvesting. One litre of turbid bacterial
suspension (OD600 ¼ 0.8–1.0) was diluted with 7 l of 0.5 M
urea solution. The sand was inoculated with the bacteria–
urea medium by flooding the sand at the surface and
allowing it to drain freely out of the container bottom (i.e.
percolation). Percolation was used as a treatment method

Table 1. Centrifuge model test information

Test number DR of Ottawa
50–70� sand: %

Treatment level Mass of
calcite:y %

Initial Vs:
{ m/s

at 50g

MICP-09 40 Untreated 0.0 155
MICP-11 85 Untreated 0.0 180
MICP-10 40 Light cement 3.0 350
MICP-12 40 Moderate cement 2.6 660
MICP-08 40 Heavy cement 8.0 1200

� The Ottawa 50–70 sand used has the following properties: mean particle size,
D50 ¼ 0.22 mm; coefficient of uniformity, Cu ¼ 1.4; coefficient of curvature, Cc ¼ 0.9;
specific gravity, Gs ¼ 2.65; minimum void ratio, emin ¼ 0.55; maximum void ratio,
emax ¼ 0.87; quartz mineralogy; round shape.
y The mass of calcite for the lightly cemented model (MICP-10) is inflated owing to plugging
of the drains at the base of the model container. The plugging allowed for precipitation to
occur outside the particle contacts, which increased the mass of calcite without increasing the
shear wave velocity, Vs, of the soil.
{ Average values of Vs.

Table 2. Ground motion sequence for centrifuge model tests

Shake no. Motion Description Range of amax at container
base for MICP-8–13

Average amax at
container base

Displacement:� in Frequency:� Hz No. of cycles

1 Sinusoidal 0.008 100 15 0.11–0.15g 0.12g
2 Sinusoidal 0.015 100 15 0.21–0.27g 0.24g
3 Sinusoidal 0.03 100 15 0.43–0.52g 0.47g
4 Sinusoidal 0.04 100 15 0.59–0.68g 0.65g
5 Sinusoidal 0.05 100 15 0.62–0.85g 0.74g

� The displacement and frequency commands sent to the shaker are in model scale. Therefore, the equivalent prototype frequency of the sine
waves is 2 Hz.
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because preliminary laboratory tests found that percolating
the treatment fluid through free-draining soil resulted in
similar or improved uniformity of cementation distribution
compared to specimens that underwent treatment by a more
traditional injection method. The mass of calcite was meas-
ured in each centrifuge model, and cementation was found
to be uniform both laterally and vertically within the model,
with a standard deviation in mass of calcite of about 20%.
In addition, percolation provided a more controlled treatment
environment for the centrifuge container than an injection
scheme, such as arrays of injection and extraction wells.
Although percolation was the chosen treatment method for
the model preparation, injection methods may be more
realistic for field treatments. Based on microscale investiga-
tions by the research team, the calcite precipitation is similar
for percolation and injection methods; therefore, the behav-
iour of the cemented sands from the MICP treatments is
similar whether percolation or injection methods were used.
The behaviour presented herein from the models prepared
using a percolation treatment method can be expected to be
representative of MICP-treated sands from injection meth-
ods, if the injection procedures are successful in obtaining
similar degrees of treatment uniformity. For surficial stability
during treatment, a neoprene mesh and 1

2
in crushed rock

were placed on the surface of the sand. The crushed rock
also provided a light overburden that increased the amplitude
of the received bender element signal at 1g.

The cementation process was initiated after the inoculated
bacteria were retained in the model for at least 6 h to allow
bacterial attachment to sand grains. Urea–calcium cementa-
tion medium (1 M urea: 0.5 M calcium chloride) was used
to induce ureolytic-driven calcite precipitation. Cementation
treatments were repeated every 4–6 h until the target shear
wave velocity (see Table 1) was attained.

The cementation increase was monitored in real time
using shear wave velocity. Bender elements (Piezo Systems,
Inc.) required special preparation for the highly conductive
environmental conditions (Montoya et al., 2012). Shear
waves were applied using a 9 V, 100 Hz square wave and the
received bender element response was recorded in a LabView
(National Instruments, Austin, TX) program (Brandenberg et
al., 2008). The shear wave velocity was determined from
visually interpreted travel times and measured bender ele-
ment spacing in the model (including corrections for bender
element movement from soil deformations).

Cyclic direct simple shear test
Cyclic direct simple shear (DSSc) tests were performed to

compare to the centrifuge tests. The DSSc tests were
performed with a Geotac DigiShear apparatus configured for
constant-volume shear tests with full drainage to the speci-
men. This configuration, the equivalent undrained method-
ology developed by the Norwegian Geotechnical Institute,
allows for a constant volume, or ‘undrained’, test to be
performed, even though drained conditions are maintained
(e.g. sample drain lines are open) and no pore pressures are
developed. The change in normal stress measured during the
constant-volume test is assumed to be the equivalent to the
excess pore pressure generation under true undrained load-
ing. The specimens were 63.5 mm in diameter, and approxi-
mately 16.5 mm tall. The loose sand specimens were
consolidated to a vertical effective stress of 100 kPa, and
then underwent the MICP treatment procedure outlined
above for the centrifuge tests. The specimens were then
subjected to strain-controlled loading at a strain rate of 50%
shear strain per hour. If, after a significant number of cycles,
shear wave velocities and test data indicated the specimen

had neither yielded nor changed structurally, the cyclic stress
limits were increased to accelerate the test.

BIOCEMENTATION INTEGRITY DURING STRESS
CYCLING

The integrity of the cementation is dependent on the
confinement stress and the stress at which the cementation
was precipitated (i.e. curing stress). For centrifuge testing,
the cementation treatments occurred at 1g, whereas dynamic
shaking occurred at 50g. The influence of the increased g-
field on cementation integrity was quantified to ensure the
target Vs at 50g was consistently achieved.

The effect of the change of confinement on the cementa-
tion integrity was monitored using shear wave velocity
measurements on specimens prepared to different degrees of
cementation and then subjected to slow cycles of vertical
stress by increasing and decreasing the centrifugal accelera-
tion. As the centrifuge model spun up from 1g to 50g,
bender elements were used to measure the shear wave
velocity at discrete centrifugal accelerations. Results are
presented in Fig. 1 as shear stiffness plotted against effective
vertical stress. When the confinement increases, the stress at
the contacts between the sand particles increases, which
results in an increase in shear wave velocity. However, the
cementation has a preference to precipitate at the particle
contacts and, as the stresses at the contacts increase, cemen-
tation may be damaged (DeJong et al., 2010). The extent of
cementation degradation depends on the cementation level
and loading path. Therefore, as the confinement stress
changes, corresponding changes in the measured shear wave
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velocity are due to the increase (or decrease) in confinement
and the degradation of the cementation.

Effects of confinement on shear stiffness, G, are well
established for uncemented soils (e.g. Hardin & Black,
1968; Stokoe et al., 1985). In general, the relationship of log
G against log � 9v for uncemented sands has a slope of 0.5
(slope indicated by dashed line in Fig. 1). This slope is
similar to the value obtained in the tests with untreated sand
specimens.

The slope of log G against log � 9v for cemented sands
varies as a function of cementation level (Fig. 1). As
cementation increases, the slope decreases until the stiffness
is no longer dependent on the confinement stress (e.g. slope
equal to zero). In general, as the cementation degrades, the
slope of the log G against log � 9v relationship begins to
increase, becoming more similar to that of the uncemented
sand (as illustrated in Fig. 2 and discussed below).

The influence of confinement and cementation degradation
on the shear stiffness of one specimen of MICP-treated sand
is presented in Fig. 2. A lightly cemented sand (Vs ¼ 220 m/s
at 10 kPa) was subjected to cycles of vertical stress loading
and unloading utilising the centrifuge. As the centrifuge
spins up from 1g to 25g (cycle 0, Fig. 2), the shear stiffness
continually increases (non-linearly). Above 25g, the cementa-
tion begins to degrade and the shear stiffness remains
constant, even with an increase in confinement (higher g
level). The cementation (shear stiffness) degrades further
with an increase to 50g. During unloading (spin down to 1g),
the cumulative cementation degradation is represented by the
permanent reduction of the shear stiffness (cycle 1, Fig. 2).
Cementation continues to degrade with another cycle, produ-
cing a further decrease in shear stiffness (cycle 2, Fig. 2).
After two full loading–unloading cycles, the behaviour of
the cemented sand stabilises, with the shear stiffness no
longer degrading (cycle 3, Fig. 2). This final slope is still
lower than the slope of the uncemented sands (n , 0.5). This
behaviour indicates that the light cementation, although
slightly degraded, still improves the small-strain stiffness
compared to the untreated sand. The improvement in stiff-
ness after degradation of the cementation is also influenced
by the decreased void ratio from the precipitated calcite in
the voids (whether intact to sand grains or degraded into
fines). As an example, an approximate decrease in void ratio
of 0.03 can be expected for about 1.5% mass of calcite (Weil

et al., 2011). Similar cementation degradation behaviour with
stress cycling is also evident in the moderately cemented
sands (Fig. 1, Vs ¼ 450–500 m/s). However, once the cemen-
tation becomes sufficient such that the soil stiffness is no
longer dependent on the confinement stress, the cementation
does not degrade with cyclic loading–unloading (Fig. 1,
Vs ¼ 850 m/s).

By understanding the relationship between shear stiffness
and confining stress at the various levels of cementation, the
bio-treatment levels could be designed for the centrifuge
experiment. The centrifuge models were treated at 1g to a
certain value of shear wave velocity so that the desired shear
wave velocity was achieved at a confinement of 50g. The
results from the cementation integrity testing (Fig. 1) were
used to design the 1g treatment levels.

FREE-FIELD DYNAMIC PERFORMANCE
Results

The response of the free-field MICP-treated soil to dy-
namic loading is examined using time histories from the
following two events: sine waves with a ‘low’ amax value
(about 0.2g) and a ‘high’ amax value (about 0.7g) at the
container base. Results from five models are presented: loose
untreated sand, dense untreated sand, loose lightly cemented
sand, loose moderately cemented sand, and loose heavily
cemented sand (Table 1). The response of each soil is
compared to the untreated loose sand (considered the base-
line). The dynamic response from each sine wave amplitude
motion (Table 2) is summarised at the end of the discussion.

Baseline untreated loose and dense sand response. The
untreated loose soil response at the low shaking level (Fig. 3,
dashed line) reached excess pore pressure ratios (ru ¼ excess
pore pressure/vertical effective stress) ranging from 0.4 at
depth to 1.0 near the surface of the profile. The untreated
loose sand developed similar levels of surface acceleration
across all the cycles of the ground motion, even though
liquefaction occurs (e.g. ru , 100%) near the surface (Fig. 3,
dashed line). At low shaking levels, the acceleration
amplification is expected to be equal to or greater than 1.0
and largely in phase with the base motion because the base
motion frequency ( fin ¼ 2 Hz) is smaller than the natural soil
frequency ( fn ¼ 6.5 Hz). When the soil softens due to seismic
loading, the natural frequency reduces (Table 3), yet it
remains larger than the base motion frequency ( fin ¼ 2 Hz)
such that the amplitude and phasing of the surface motion did
not change dramatically (Fig. 3, dashed line).

The untreated loose sand response at the high shaking
level (Fig. 4, dashed line) has a notable difference in behav-
iour relative to that of the lower shaking level. The accelera-
tions, especially the near-surface recording (AH 7), exhibit a
spiky shape, indicating strain-stiffening non-linearity in the
stress–strain behaviour of the soil (Chou & Kutter, 2008).
When the soil is undergoing strain-stiffening behaviour dur-
ing cyclic loads, a shock wave may form that corresponds to
discontinuities in shear stress and large spikes in the accel-
eration record (Chou & Kutter, 2008). This strain-stiffening
non-linearity behaviour has also been observed in laboratory
tests (Ishihara, 1985) and field seismic recordings (Youd &
Holzer, 1994). The non-linearity in the centrifuge time
history is more pronounced at the high shaking level than at
the lower shaking amplitudes, as expected. In addition, the
excess pore pressures generated are greater than at the lower
shaking levels. At the high shaking level, the untreated loose
soil generated significant excess pore pressures at all depths,
with ru values of 0.7 at depth to 1.0 near the surface. High
pore pressure continues until the end of shaking, after which
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pore pressure begins to dissipate. Offsets between the initial
and final pore pressure values are attributable to transducer
settlements that have taken place during and after shaking.

The response of the dense untreated sand to dynamic
loading is significantly improved compared to the untreated
loose soil. Under the 0.2g sine wave motion, the accelera-
tion–time histories are equivalent to the recordings from the
loose sand model (Fig. 3, solid line). The acceleration time
histories during the 0.7g sine wave event have similar
phasing when compared to the loose untreated sand; how-
ever, the acceleration amplitude is increased (Fig. 4, solid
line). The acceleration amplitude at the deeper soil layer is
equivalent, and the wave amplifies as it approaches the soil
surface (1.53) compared to the loose sand with similar non-
linearity evident in the recordings. The dense sand response
also experienced lower generation of pore pressures at both
levels of shaking, with the ru value about 0.3 at depth and at
about 0.8 near the surface.

Biotreated sand response. The behaviour of the lightly
cemented loose sand (Vs ¼ 350 m/s) presented in Figs 5–8
shows improved soil behaviour similar to the dense sand. The
acceleration–time histories at 0.2g exhibit similar phasing

and similar amplitudes compared to the loose sand. At the
higher shaking level, acceleration–time histories exhibit
similar phasing with slightly larger amplitudes than the loose
sand at the deeper depths (1.2 times) and increasing
amplitudes near the surface (1.1–1.5 times the loose sand
amplitude). The lightly cemented sand response also
experienced significantly lower pore pressure generation at
both shaking levels, with the ru value reaching 0.5 at depth
and only ,0.3 near the surface.

The moderately cemented sand (Figs 5–8) also shows
improved soil behaviour, similar to that of the lightly ce-
mented and dense untreated sands. At 0.2g dynamic loading,
the acceleration–time histories indicate similar phasing and
amplitudes compared to those of the loose sand. The accel-
eration records from the 0.7g dynamic loading show similar
phasing to the loose untreated sand, with amplitudes that are
equivalent at the lower depth, lower at the mid-depth (0.5
times) and about 1.6 times higher near the surface. The
generated excess pore pressures are significantly lower at
both shaking levels (e.g. maximum ru ¼ 0.2 at 0.2g shaking
and maximum ru ¼ 0.6 at 0.7g shaking).

The dynamic response of the heavily cemented sand (Figs
5–8) is largely similar to that of the moderately and lightly
cemented sands. At 0.2g dynamic loading, the acceleration–
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Table 3. Natural frequencies of the soil column for each centrifuge model test

Test number Initial Vs: m/s
at 50g

Initial fn:�
Hz

Wavelength: m Initial Gmax:
MPa

Degraded fn:y

Hz
Wavelength: m Ratio of degraded to

initial Gmax
y

MICP-09 155 6.5 77.5 36.0 5.8 70.0 0.82
MICP-11 180 7.5 90.0 48.6 8.7 104 1.34
MICP-10 350 15 175 184 12 140 0.64
MICP-12 660 28 330 653 20 235 0.51
MICP-08 1000 42 500 1500 22 265 0.28

� The natural frequency of the soil prior to dynamic loading (e.g. stiffness degradation). The natural frequency of the soil column is: fn ¼ Vs/4H.
y Determined using the Vs after shaking, which is representative of the degraded cemented material.
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time histories at the lower and mid-depths contain similar
phasing and amplitudes compared to those of the moderately
and lightly cemented sands. However, the near-surface accel-
eration starts at a similar amplitude and then begins to
increase incrementally in amplitude during the shaking event
up to about twice that of the moderately and lightly ce-
mented sand. This increase in acceleration with each cycle
of 0.2g shaking was accompanied by a transition to a spikey

response. At 0.7g dynamic loading, the acceleration record-
ings at mid-depth and near the surface exhibit one-sided
spikes for all three cementation levels, similar to those
shown in Chou & Kutter (2008), which indicate strain-
stiffening non-linearity. The heavily, moderately and lightly
cemented sands also experienced similar mean levels of
excess pore pressures at both levels of shaking, although the
transient spikes in ru varied in magnitude at the various
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Fig. 5. Free-field cemented sand acceleration–time histories under dynamic loading (base amax 0.2g) (solid line) compared to untreated,
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depths in these three models. The heavily cemented sand
had peak ru values up to 0.25 at depth and about 0.65 near
the surface in the stronger shaking event. The positive spikes
in the pore pressure are in phase with the spikes of the
acceleration–time history at the same elevation, which in-
dicates that this feature may be due to a temporary pulse in
mean stress (e.g. from compression waves reflecting off the
side walls). The fact that the spikes in pore pressure are
slightly one-sided may indicate an asymmetric gapping or
contact against the end walls. Even with this behaviour, the

amplitudes of the generated excess pore pressures are still
less than an ru value of 1.0.

Discussion
The MICP-treated soils developed lower levels of excess

pore pressure and higher peak ground surface accelerations
for similar base input accelerations compared to the loose
untreated sand baseline. The acceleration–time histories at
0.2g are, in general, quite similar to that of the loose sand
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(equivalent or less in amplitude, and in phase with the
ground motion) (Fig. 5). The pore pressures generated from
the 0.2g dynamic event are significantly reduced in the
MICP-treated soils compared to the loose untreated sand
(Fig. 6). Under 0.7g dynamic loading, the acceleration–time
histories are similar, with an increase in amplitude near the
surface (about 1.1 up to 2.0 times that of loose sand) (Fig.
7). The MICP-treated sand shows similar spikiness as the
loose untreated sand, and it is relatively in phase with the
ground motion. The pore pressures generated under 0.7g
dynamic loading are also significantly reduced compared to
those in the loose untreated sand and are well below
ru ¼ 1.0 (Fig. 8).

The shaking-induced settlements in the free field indicate
a reduction in settlements of MICP-treated soils compared to
loose untreated sand. The cumulative settlements contain
similar settlement trends to that of the dense sand until the
cementation begins to break down, as indicated by the Vs

measurements (Fig. 9). Once a significant amount of cemen-
tation degrades, the settlements of the MICP-treated soil
increase in magnitude and approach that of the loose un-
treated sand. The point at which this occurs is indicated
within the Vs plots in Fig. 9; A indicates significant cemen-
tation degradation and settlement accumulation for the
lightly cemented sand, B indicates significant cementation
degradation and settlement accumulation for the moderately
cemented sand, C indicates initial cementation degradation
in the heavily cemented sand (limited settlement accumula-
tion), and C9 indicates additional cementation degradation
and settlement accumulation in the heavily cemented sand.
The amount of settlement of the MICP-treated sand remains
below that of the loose sand; the improvement from the
cementation is still realised, even after the cementation is
degraded. The loose untreated sand experiences compara-
tively large settlements, especially above a maximum near-
surface acceleration, amax, of 0.4g. As indicated in Fig. 9,
the cumulative settlement pattern of the lightly cemented
sand begins to deviate from the dense, untreated sand and
trends towards that of the loose untreated sand around an
amax value of 0.8g. The cumulative settlement pattern of the

moderately cemented sand begins to deviate from the dense
sand above an amax value of about 1.0g; the moderately
cemented sand does not experience the accumulation of
settlements within a narrow surface amax range that the loose
and lightly cemented sands do. The cumulative settlements
of the heavily cemented sands are less than the dense,
untreated sands at an equivalent amax: However, the settle-
ments appear to be approaching the dense sand settlements
at an amax value of about 1.5g, at which point the settle-
ments appear to be accumulating at a narrow surface amax

range, as seen in the loose and lightly cemented sand. This
behaviour may indicate that the cementation is degrading;
however, the shear wave velocity of the heavily cemented
sand appears to begin degrading at lower amax values (above
about 0.5g).

In theory, the cemented sand would resist shaking-induced
settlements until a threshold acceleration is reached (ap-
proximately indicated by the letters A, B and C9 in Fig. 9),
at which point the cementation would break down and
additional settlements are experienced. In general, this is the
behaviour observed in the free-field data, as described above.
The early cementation degradation of the heavily cemented
sand may be due to the nature of the cementation bonds
within the soil (e.g. at particle contacts as opposed to
spanning across particle faces); some cementation is strong
enough to stay intact up to larger shear stresses, whereas
some cementation is strong enough to increase the shear
wave velocity but degrade quickly at even low levels of
shaking. The incremental settlement (Fig. 9) also indicates
that the MICP-treated sands experience less settlement than
the loose untreated sand at all levels of shaking, and in
general have similar magnitude settlements to the dense sand
until the cementation is degraded. In addition, the incremen-
tal settlement also indicates that the soil tested experiences a
peak magnitude of settlement from a single shaking event,
after which less settlement is experienced (likely due to sand
densification from previous shaking events). The peak mag-
nitude of incremental settlement occurs at about 0.5g for the
loose untreated sand, 0.7g for lightly cemented sand and
about 1.0g for the heavily cemented sand (the moderately
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cemented sand does not show a peak value). The behaviour
of both the cumulative and incremental settlement compared
to amax is highly dependent on the sequence of the shaking
events. The data presented in Fig. 9 are applicable to the
specific shaking sequence imposed, with increasing intensity
packets of sine wave motions for each successive event. If a
different order of shaking events was used (e.g. from high
magnitude to low, or several events at the same magnitude)
a different pattern of settlement would be expected.

The shaking-induced settlement data were also compared
to the cumulative arias intensity of the surface motions
during the shaking sequence (Fig. 9). The cumulative arias
intensity represents the cumulative shaking sequence, and
therefore the settlement trends are more independent from
the specific shaking sequence used for the tests. The overall
trends of the arias intensity plots agree with the settlement
against near-surface amax trends previously discussed: the
MICP-treated sands have similar cumulative settlement va-
lues as the dense sand until significant cementation degrades

(letters A, B and C9 in Fig. 9), at which point settlements
begin to increase. The incremental settlement–arias intensity
trends show a peak incremental settlement was reached for
each soil (at an arias intensity of 20 m/s or lower), which is
similar to the near-surface amax trends.

Cyclic soil behaviour
Cyclic direct simple shear (DSSc) tests were performed

on MICP-treated soil to complement the centrifuge testing;
the results of the MICP-treated soil were compared to that
of the loose untreated sand. The loose sand specimen was
cemented to a moderate level (Vs ¼ 650 m/s; equivalent to
the moderate level attained in the centrifuge test) and then
subjected to cyclic loading. A detailed presentation of all of
the DSSc data is provided in the Pacific Earthquake
Engineering Research Center report (Faison & Mahin,
2012).

A summary of the cyclic data is presented as the cyclic
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stress ratio (CSR) plotted against number of cycles to cause
liquefaction (N) curve (Fig. 10) (e.g. liquefaction is defined
as 3% strain, which is comparable to the dynamic strains
experienced during centrifuge testing). The MICP treatment
provides a substantial increase in liquefaction resistance,
with the CSR increasing by about 0.3 across the cycle
number range examined. This increase in liquefaction resis-
tance is consistent with the behaviour observed in the
centrifuge test performed at the same moderate level of
cementation. The CSR against N relationship for the MICP-
treated soils was developed based on a series of monotonic
and multi-stage cyclic tests. The data point labelled A in
Fig. 10 is an estimate made from the stress at which the
treated specimen tested in monotonic direct simple shear
had strained approximately 3%. The test represented by data
point B experienced unmeasured disturbance during the
previous 2114 cycles of loading at a smaller stress level;
therefore, the test would likely have required a larger num-
ber of cycles to fail without the prior disturbance. Points C
and D on Fig. 10 are lower bound estimates, as additional
cycles are needed to achieve 3% strain.

CONCLUSIONS
MICP treatment increased the cyclic strength and stiffness

of the sand and provided sufficient improvement to resist
liquefaction. Under dynamic loading, the MICP-treated soils
showed reduced excess pore pressure generation at all levels
of shaking, reduced settlements and generally greater peak
surface accelerations compared to the untreated, loose satu-
rated sand. Shaking-induced settlements were also lower than
those observed in the untreated, loose sand model; the
settlements of the MICP-treated soils were similar to or
smaller than those of the dense, untreated sand until the
cementation began to degrade, at which point the settlements
were larger than the dense sand but still lower than the loose
sand. The results of the centrifuge testing illustrate that the
MICP treatment improves the soil behaviour under dynamic
loading by reducing the generated pore pressures and shak-
ing-induced settlements, but also increases the maximum
accelerations at the ground surface. These results indicate
the importance of evaluating the site response when consid-
ering MICP treatment. The changes to the soil behaviour

and shear stiffness will affect the site response, as shown in
the centrifuge tests; therefore, a tradeoff between improved
liquefaction resistance and minimising undesirable amplified
ground surface motions needs to be considered when design-
ing the treatment level.

The centrifuge testing of the MICP-treated soils revealed
a transition in soil behaviour from ‘soil-like’ to ‘rock-like’
behaviour. The cementation integrity testing indicated that as
the cementation increased from an untreated soil (Vs ¼
120 m/s) to a heavily cemented soil (Vs ¼ 800 m/s), the shear
stiffness dependency on confinement stress decreased until
the stiffness was no longer dependent on confinement (e.g.
‘rock like’).

The MICP treatment process offers an alternative novel
ground improvement method to reduce the liquefaction sus-
ceptibility and the damage associated with dynamic loading.
This treatment process provides a way to target a cementa-
tion level (or stiffness level) that will provide the desired
level of performance under dynamic loading, provided that
the effects on dynamic site response are accounted for.
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TECHNICAL NOTE

Volumetric consequences of particle loss by grading entropy

J. R. MCDOUGALL�, E . IMRE†, D. BARRETO� and D. KELLY�

Chemical and biological processes, such as dissolution in gypsiferous sands and biodegradation in
waste refuse, result in mass or particle loss, which in turn lead to changes in solid and void phase
volumes and grading. Data on phase volume and grading changes have been obtained from oedometric
dissolution tests on sand–salt mixtures. Phase volume changes are defined by a (dissolution-induced)
void volume change parameter (¸). Grading changes are interpreted using grading entropy coordi-
nates, which allow a grading curve to be depicted as a single data point and changes in grading as a
vector quantity rather than a family of distribution curves. By combining ¸ contours with pre- to
post-dissolution grading entropy coordinate paths, an innovative interpretation of the volumetric
consequences of particle loss is obtained. Paths associated with small soluble particles, the loss of
which triggers relatively little settlement but large increase in void ratio, track parallel to the ¸
contours. Paths associated with the loss of larger particles, which can destabilise the sand skeleton,
tend to track across the ¸ contours.

KEYWORDS: constitutive relations; fabric/structure of soils; laboratory tests; particle-scale behaviour;
settlement; soil classification

BACKGROUND
Particle loss leads to changes in (a) grading and (b) volu-
metric state, for both solid and void phase volumes. Investi-
gations into settlement and void ratio changes due to
dissolution in soluble sand–salt mixtures have been under-
taken by Fam et al. (2002), Shin & Santamarina (2009) and
Truong et al. (2010). These studies have focused on the
influence of different amounts of particle loss on the post-
dissolution volumetric states. More recently an experimental
study of the effect of different particle amounts and sizes on
volume changes has been presented (McDougall et al.,
2013).

Knowledge of particle or mass loss effects is relevant to a
range of natural processes and soils, for example biodegra-
dation in landfilled waste, erosion of fines from embankment
dams and dissolution in gypsiferous or calcareous soils.
However, the incorporation of this phenomenon into geome-
chanical models is at an early stage of development.

Examples do exist; landfilled waste settlement models
such as those developed by White et al. (2004), Lobo et al.
(2008), McDougall (2007) and Machado et al. (2008) couple
a mass loss control model with hydraulic and/or geomecha-
nical models. In an alternative approach, grading change,
principally fines loss, rather than mass loss has been used as
a means of controlling the mechanical properties in embank-
ment soils (Muir Wood & Maeda, 2008).

This note introduces a method of coupling changes in
void volume with changes in both mass loss and grading,
accounting for a range of particle amounts and sizes.
Changes in sample volume, specifically void volume change,

are quantified by a mass loss void volume change parameter,
¸. The value of ¸ is related to grading changes when those
changes are defined in terms of the grading (statistical)
entropy coordinates. The method is demonstrated using a
suite of oedometric dissolution tests on salt–sand mixtures.
The mixtures comprised Leighton Buzzard sand with speci-
fic amounts and sizes of salt particles. The salt particles
were dissolved by inundation and circulation of initially
distilled water in the oedometer.

¸: MASS-(PARTICLE)-LOSS-INDUCED VOID VOLUME
CHANGE PARAMETER

A quantitative interpretation of the volumetric conse-
quences of dissolution is provided by ¸, a dissolution-
induced void volume change parameter, defined as

¸ ¼ dV V

dV S

(1)

where VV is the volume of voids and VS is the solid volume.
An advantage of ¸ is that by normalising the change in void
volume by the amount of mass dissolved, particle size
effects are clearly drawn. An expression relating total
volume (VT) changes due to dissolution can be derived, for
example

dV T ¼ 1þ¸ð Þ dV S (2)

and a change in void ratio due to dissolution by

de ¼ ¸� eð Þ dV S

V S

(3)

Key values of ¸ are summarised in Table 1. For example,
when ¸ ¼ �1, loss of solids results in a direct and equal
increase in void volume, that is, there is no change in overall
volume and the increase in void ratio is at a maximum. An
increase in void ratio occurs at all values of ¸ , e, with the
magnitude decreasing until ¸ ¼ e, whereupon there is no
change in void ratio. At higher ¸ values, loss of solid matter
leads to a more compact particle arrangement. In this case
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significant settlement would occur since there is a reduction
in both solid and void phase volumes. A fuller derivation
and explanation of ¸ can be found in McDougall & Pyrah
(2004).

GRADING ENTROPY – COORDINATES
In classical thermodynamics, entropy is an expression of

the amount of energy that is unavailable for doing work. As
a concept it is difficult to define summarily, being strictly a
phenomenon of the second law. The term is commonly
associated with the macroscopic disorder of a system. In the
context of grading, the meaning of the term ‘entropy’ can be
traced back to statistical thermodynamics, where it refers to
a ‘multiplicity of the microstates of a system’ (Warn, 1969).
This is more a probabilistic concept in which entropy is a
measure of the number of ways the microstate can be
arranged. The entropy coordinates define the particular
microstate. In the present case, this is the particle size
distribution.

The concept of entropy in statistical thermodynamics
extends the description of the system beyond that of its
classical thermodynamic state variables such as pressure and
volume. Statistical entropy allows the microscopic configura-
tion of a system to be described, in this case the represent-
ation of a particle size distribution, as a coordinate pair. A
vectorial depiction of a change in grading, rather than a
family of distribution curves, is then available. The method
was introduced by Lőrincz (1986), who coined the term
grading entropy. Further details can be found in Lőrincz et
al. (2005).

The grading entropy coordinates are the relative base
entropy A, and the normalised entropy increment B. Lőrincz
et al. (2005) show that

A ¼ S0 � S0 min

S0 max � S0 min

(4)

where S0 is the so-called base entropy and S0max and S0 min

denote the eigen-entropies (defined below) of the largest and
smallest fractions in the mixture respectively. The base
entropy is calculated using

S0 ¼
XN

i¼1

xi

ln Ci

ln 2
(5)

where N is the number of fractions (or sieves), xi is the
relative frequency of the fraction i (where relative frequency
of the fraction is the mass of the fraction as a proportion
of total mass, i.e.

P N
i¼1xi ¼ 1) and Ci is the number of

elementary cells in the fraction i. With fraction intervals
comprising multiples of elementary cells doubling in num-
ber from a minimum particle size (note that Imre (1995)
proposes a minimum particle size of 2�22 mm, i.e. the
height of a SiO4 tetrahedron), dmin (in other words a sieve
stack in which the sizes increase by a factor of two), Ci is
equal to 2i

Ci ¼
2iþ1dmin � 2idmin

dmin

¼ 2i (6)

From equations (5) and (6) is obtained the expression for
the eigen-entropy (where the prefix eigen- is used to convey
a sense of own or self (identification); the eigen-entropy is
the value of the entropy of a single sieve fraction, which,
under the sieve fraction notation scheme used, is equivalent
to the notation scheme index) of a single fraction S0i

S0i ¼
ln Ci

ln 2
¼ i (7)

from which S0 max and S0 min are obtained.
The normalised entropy increment

B ¼ ˜S

ln Nð Þ (8)

where ˜S is the entropy increment and

˜S ¼ � 1

ln 2

XN

i¼1

xi ln xi (9)

GRADING ENTROPY – DIAGRAM
The normalised coordinates define a grading entropy dia-

gram in which particle size distributions can be plotted as
coordinates (Fig. 1). The grading entropy diagram has a
number of notable features, as described below.

Relative base entropy, A. Base entropy is a measure of the
skewness or symmetry of a particle size frequency distribu-
tion. Relative base entropy defines the base entropy in terms
of the number and range of fractions. Point R in Fig. 1,
where A ¼ 1 and B ¼ 0, corresponds to a single uniform
particle size – the most skewed distribution and the starting
point for a laboratory crushing test. If the distribution is
symmetrical then the products of the relative fraction fre-
quencies, xi, and the corresponding fraction eigen-entropies,
S0i, are balanced moments about the central fraction. The S0

term in equation (5) is then equivalent to the eigen-entropy
of the central fraction (or average of the central pair) and
from equation (4), it is found that A ¼ 0.5.

Normalised entropy increment, B. Entropy ‘increment’ is a
measure of the kurtosis or peakiness of a particle size
frequency distribution. It reflects the uniformity of the
spread of a distribution over its fraction range. The normal-
ised entropy increment normalises the entropy increment by
the logarithm of the number of fractions. Values range
between 0 and 1/ln(2). Point S in Fig. 1 where A ¼ 0.5 and
B ¼ 1.442 corresponds to a distribution in which the relative
frequencies are equal. Movement down the diagram, to lower
B values, denotes increasing peakiness in the distribution,
for example with a symmetrical bimodal distribution (point
V; A ¼ 0.5) or a skewed monomodal distribution (point W,
A , 0.5).

Bounding lines. For a given relative base entropy and
number of fractions (N), there exists a maximum entropy
increment. Lőrincz et al. (2005) show that the locus of
maximum entropy increment coordinates marks out a bound-
ing line on the right-hand side of the diagram. This line is
followed closely by entropy coordinates obtained during the

Table 1. Reference values of ¸ and associated volumetric responses

Reference values of ¸ Void ratio Volumetric response

¸ ¼ –1 Maximum increase No change in overall volume
¸ ¼ 0 Increasing No change in void volume
¸ ¼ e Constant
¸ . e Decreasing Maximum change in overall volume
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repeated crushing of an initially single-particle-size sand
(commencing at point R in Fig. 1). Entropy coordinates of
fractal distributions also lie close to this line; distributions
with fractal dimension of D ¼ 2.0 (point T), 2.5 (point U)
and 3.0 (point S, the uniform frequency distribution) are
plotted on Fig. 1.

OEDOMETER TESTS
Laboratory tests were performed on sand–salt mixtures,

loaded in a modified permeation oedometer, and subse-
quently dissolved. The oedometer is 100 mm in diameter
and has an extended confining ring to accommodate a
sample height of up to 30 mm. The test programme
tackled the influence of both the size and the amount of
particle loss on the volumetric state of the remaining sand
skeleton.

In total, 40 dissolution tests were performed, in two
groups of 20. In each group, five different single salt particle
size fractions (0.063, 0.125, 0.25, 0.50 and 1.00 mm) were
added to the sand in four different proportions (2%, 5%,
10% and 15% of total mass). The sand is Leighton Buzzard
B (D50 ¼ 0.85 mm). All samples were prepared dry, a verti-
cal stress applied, after which they were inundated with
distilled water at room temperature. The two test groups
differ by the vertical stress at which dissolution occurred;
� 9v ¼ 62 kPa in one group, 250 kPa in the other. A full
description of the test procedures and results is given in
McDougall et al. (2013).

Two significant observations about the volumetric conse-
quences of particle loss were made. First, overall volume

changes are directly related to the amount of dissolved
particles and to a lesser extent, the size of particle lost.
Second, particle loss leads to an increase in void ratio, the
magnitude of which is related to the amount of dissolved
particles but appears to be insensitive to particle size.
However, this insensitivity masks the combined and com-
pensatory effects of the initial void ratio and associated ¸
value. Equation (3) reveals the compensatory effects. Where
a mixture comprises large amounts (10–15%) of small
‘nestling’ salt particles, the initial void ratio is low
(e 	 0.4) and ¸ tends to a minimum (¸ 	 �0.8). In
contrast, where salt particles are large, both initial void
ratio and ¸ tend to be greater (e 	 0.6 and ¸ 	 �0.55).
Hence, because of the combination of (¸–e), the change in
void ratio as defined by equation (3) is relatively insensitive
to particle size.

The cluster of coordinate points on right-hand side of Fig.
1 denoted as oedometer tests are the grading entropy co-
ordinates for the initial salt–sand mixes and the post-dis-
solution Leighton Buzzard sand (the common end point of
the oedometer tests).

GRADING ENTROPY COORDINATES AND ¸
Figure 2 shows, in closer view, the grading entropy

coordinates for salt particle additions as noted. The Leighton
Buzzard endpoint is clearly visible. Note also the apparently
anomalous location of the 0.5 mm added salt particle path.
This plots below the endpoint because, in the sieve stack
used (0.063, 0.125, 0.250, 0.5, 1.0 mm), the addition of
0.5 mm salt particles adds to the dominant fraction and
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hence the peakiness of the distribution. As already stated,
such a characteristic is represented by a move down the
normalised grading entropy diagram. This should not be an
obstacle as a locus for the 0.5 mm salt particles could be
fitted within the family of other paths, to allow meaningful
interpretation of all grading changes.

In Fig. 3 the grading entropy coordinate paths are overlain
by contours drawn from the ¸ values for all 40 permeation
oedometer tests (also shown). The combination of contours
and paths provides a useful means of interpreting the
coupling between particle loss and void volume changes.

Consider the 0.063 mm added salt particle path. From
15% to 2% of added salt, this path tracks parallel to the ¸
contour field. ¸ values are at their lowest, approximately
�0.8 to �0.9; the removal of 0.063 mm particles is accom-
panied by a near-equivalent increase in void volume and
little change in overall volume. With increasing salt particle
size, the entropy coordinate path increasingly tracks across
the ¸ contours.

In the case of 1.0 mm salt particles, entropy path and
contours are almost orthogonal. This orientation implies a
changing response to dissolution as dissolution proceeds.
When the amount of salt particles is of the order of 15%, ¸
	 �0.4 to �0.5, there is significant change in volume. One
possible explanation for this might be the presence of large
particles participating in strong force columns and disrupting
the load-carrying skeleton on dissolution. As the amount of
salt particles decreases, fewer (large) salt particles reside in
strong force columns and their removal occurs with much
less disruption. At this stage, the response to particle loss
tends to a near equivalent increase in void volume and ¸
tends towards �0.8.

SUMMARY
This note has shown that the volumetric consequences of

dissolution can be related in a meaningful way to particle
loss where the loss accounts for both amount and particle
size. Void volume changes are defined in terms of ¸, an
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induced void volume change parameter. Here volume
change is induced by dissolution of soluble salts, but it
could be biodegradation of organic matter. From the ex-
perimental results presented, when ¸ values are plotted
according to their normalised entropy coordinates, a consis-
tent set of ¸ contours is obtained. It is then possible to
describe the volumetric consequences of mass loss using ¸
values determined according to the amount and size of
particles lost.

NOTATION
A relative base entropy
B normalised entropy increment

Ci number of elementary cells in fraction i
e void ratio
N number of fractions (or sieves)

S0 base entropy
S0 i eigen-entropy

S0 min, S0 max eigen-entropies of smallest and largest fractions
˜S entropy increment
VS solid volume
VT total volume
VV volume of voids
xi relative frequency of fraction i (relative frequency of

the fraction is the mass of the fraction as a
proportion of total mass, i.e.

PN
i¼1 xi ¼ 1)

¸ dissolution-induced void volume change parameter
� 9v vertical stress
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istics of soluble mixtures. Géotechnique 60, No. 4, 293–298,
http://dx.doi.org/10.1680/geot.8.T.032.

Warn, J. R. W. (1969). Concise chemical thermodynamics. London,
UK: Van Nostrand Reinhold.

White, J., Robinson, J. & Ren, Q. (2004). Modelling the biochem-
ical degradation of solid waste in landfills. Waste Managmt 24,
No. 3, 227–240.

140 MCDOUGALL, IMRE, BARRETO AND KELLY



Session 3. Overview and future challenges
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Consideration of soil as a living ecosystem offers the potential for innovative and sustainable solutions
to geotechnical problems. This is a new paradigm for many in geotechnical engineering. Realising the
potential of this paradigm requires a multidisciplinary approach that embraces biology and geochem-
istry to develop techniques for beneficial ground modification. This paper assesses the progress,
opportunities, and challenges in this emerging field. Biomediated geochemical processes, which
consist of a geochemical reaction regulated by subsurface microbiology, currently being explored
include mineral precipitation, gas generation, biofilm formation and biopolymer generation. For each
of these processes, subsurface microbial processes are employed to create an environment conducive
to the desired geochemical reactions among the minerals, organic matter, pore fluids, and gases that
constitute soil. Geotechnical applications currently being explored include cementation of sands to
enhance bearing capacity and liquefaction resistance, sequestration of carbon, soil erosion control,
groundwater flow control, and remediation of soil and groundwater impacted by metals and radio-
nuclides. Challenges in biomediated ground modification include upscaling processes from the
laboratory to the field, in situ monitoring of reactions, reaction products and properties, developing
integrated biogeochemical and geotechnical models, management of treatment by-products, establish-
ing the durability and longevity/reversibility of the process, and education of engineers and
researchers.
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INTRODUCTION
Biology in the evolution of geotechnical engineering
The field of geotechnical engineering has advanced steadily
throughout history; the durability of several ancient geotech-
nical systems (e.g. Egyptian dams and canals, Greek strip
and raft foundations, and Roman bridges along the Appian
Way) testifies to a working knowledge of geotechnics by
their creators. However, formal initiation of the discipline
may be attributed to Coulomb’s definitive work on earth
pressures in the 1770s. Numerous advances in mechanics
and water flow followed Coulomb’s work, including Darcy’s
law (Darcy, 1857), Boussinesq stress distribution (1871),
Rankine earth pressure theory (1875), Mohr’s circle of strain
(1885), Reynolds volumetric behaviour (1885), and more.
Karl Terzaghi’s work, from the 1920s onwards (e.g. Terzaghi,
1924), revolutionised the discipline by developing the princi-
ple of effective stress and analyses for the bearing capacity
of foundations and consolidation of soils. Later work by
Gibson on analytical techniques (see the first issue of
Géotechnique), by Taylor (1948) on dilation and interlock-
ing, by Roscoe et al. (1958) and Schofield & Wroth (1968)
on plasticity and critical state, and by many others since
then and through to the present day, have continued the
development of mechanics concepts and analysis methods
for geotechnical systems.

The natural origins of soils, and hence their variability
and changes in properties over time, result in engineering
mechanics alone being insufficient to address many practical
problems. The geologic origin of a soil, its depositional
mode and environment, thixotropic processes, and other
post-depositional phenomena must often be considered.
Early on (e.g. Terzaghi, 1955), the importance of considering
these formational and time-dependent processes was recog-
nised and addressed through the field of geology. Work by
Mitchell (e.g. Mitchell, 1975) and others in the second half
of the 20th century recognised the critically important role
of chemistry in the behaviour of fine-grained soils, and how
macro-scale performance depends directly on micro- (or
nano-) scale conditions. For example, some ground improve-
ment methods specifically target chemical changes in the
clay fabric to stabilise soils for construction (e.g. pozzolanic
changes).

Harnessing of biological processes in soils promises to be
the next transformative practice in geotechnical engineering.
For many years, the influence of plant roots on slope
stability has been recognised and exploited (e.g. Gray &
Sotir, 1996). There is now the opportunity to exploit many
chemical processes that are mediated by biology. Although
ignored for centuries with respect to geotechnical behaviour,
microbes are ubiquitous in soils at surprisingly high concen-
trations, almost regardless of saturation, mineralogy, pH, and
other environmental factors. Near the ground surface, more
than 1012 microbes exist per kilogram of soil (Mitchell &
Santamarina, 2005). At depths typical in geotechnical sys-
tems (e.g. 2 to 30 m), the microbial population decreases to
about 1011 to 106 microorganisms per kilogram respectively
(Whitman et al., 1998) (for context, about 1014 bacteria exist
in the typical human body; Berg, 1996). Living organisms at
other length scales are also present. For example, worms at
larger length (cm) scales recompact soil, create preferential
drainage conditions, and otherwise impact on soil character-
istics, and spores at smaller length scales (, 1 �m) can be
transported into smaller pore spaces.

A permanent biological presence (microbes have been
active geotechnical engineers for 3+ billion years, much
longer than the 0.0002 billion years for humans; Kohnhau-
ser, 2007) in soil provides opportunities for geotechnical
engineering to consider soil as a living ecosystem rather
than as an inert construction material. Biological activity in

soil can potentially explain observations in some case
histories that have troubled experts (Mitchell & Santamar-
ina, 2005) and provides the opportunity to manipulate soil
using natural or stimulated processes (as expanded upon
herein).

Emergence of bio-soils as a subdiscipline
One of the first explicit discussions of the application of

biological processes in geotechnical engineering was pre-
sented by Mitchell & Santamarina (2005), and in parallel it
was identified as an important research topic by the US
National Research Council (NRC, 2006) for the 21st century.
The first international workshop on biogeotechnical engineer-
ing in 2007 facilitated interdisciplinary discussions and
prioritisation of research topics in this emerging field
(DeJong et al., 2007). Research advanced quickly, with a
bio-geo-civil-engineering conference in 2008, and several
dedicated sessions at national and international conferences,
additional papers assessing the potential of the field (Ivanov
& Chu, 2008; Kavazanjian & Karatas, 2008; Ivanov, 2010;
Seagren & Aydilek, 2010; DeJong et al., 2011; Hata et al.,
2011), and more than 100 technical conference and journal
papers dedicated to this topic since. Research programmes
on biogeotechnical engineering are currently active in more
than 15 countries around the world.

The Second International Workshop on Bio-Soils Engin-
eering and Interactions, funded by the US National Science
Foundation, was held in September 2011 at the University of
Cambridge. This workshop assembled 35 of the leading
researchers in the field, and provided an opportunity to
assess progress to date, identify the primary challenges and
opportunities that lie ahead, and develop strategies for
advancing this rapidly developing field. This paper presents
the outcomes of the workshop, along with a perspective on
the possible role of biological processes in geotechnical
engineering, including examples of their application and a
discussion of salient issues.

POTENTIAL OF BIOLOGY TO MODIFY ENGINEERING
PROPERTIES OF SOILS
Length scales of biological processes

The processes by which biology can modify the engineer-
ing properties of soil depend on the length scale of organ-
isms, both in absolute dimension and relative to the particle
size. Multicellular organisms, ranging from plant roots down
to insects and invertebrates (e.g. ants, worms), alter soils
through both mechanical and biological processes. For ex-
ample, ants are effective at soil grading, densification, and
creating preferential flow paths (macropores); they also adapt
and optimise their efforts considering capillarity forces at
particle contacts (Espinoza & Santamarina, 2010). Similarly,
mucous excretion from worms can strengthen soil along
tunnelling paths, and help bind (geotechnically strong) faecal
pellets to such an extent that the cone penetration test (CPT)
measures the strength increase (Kuo, 2011).

Unicellular microbial organisms in soil consist primarily
of bacteria and archaea (see Woese et al., 1990, for defini-
tions of terms), which typically range in diameter from 0.5
to 3 �m, and have morphologies that are typically spherical
(coccus) or cylindrical; the latter may be straight (rods),
curved (vibrio), or corkscrew shaped (spirilla). These are
present in soil either through entrapment during deposition
(the typical mode in fine-grained sediments offshore; Reba-
ta-Landa & Santamarina, 2006) or through migration
through pore space via hydraulic flow transport or self-
motility. Geometric compatibility between bacteria and ar-
chaea and the pore space (pore throats to be specific)
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dictates mobility (Mitchell & Santamarina, 2005; DeJong et
al., 2010; Phadnis & Santamarina, 2012) and survivability
(Rebata-Landa & Santamarina, 2006).

Unicellular activity, in general, does not affect soil proper-
ties directly. Rather, it is how biological activity locally
exploits geochemical processes, which in turn affect soil
properties. Microbe activity creates ‘microniche’ conditions
surrounding individual cells that critically alter when, where,
and at what rate geochemical processes occur. A given
geochemical process can often occur in the absence of
biological activity, and indeed, for it to occur as a microbial
process, it must be viable in the absence of biological
activity, although the rate may be exceedingly slow (i.e.
bioprocesses are often regarded as biocatalysis). However,
doing so may result in widely distributed reactions, resulting,
for example, in precipitation in the pore fluid that is subse-
quently transported outside the targeted treatment zone.

The ability of microbes to regulate processes (depending
on the specific process utilised) often stems from the uni-
cells containing the enzyme(s) critical to the geochemical
reaction. The location of the enzyme, usually within the cell
membrane or within the membrane-bound cytoplasm, regu-
lates (through diffusion or active transport) the rate at which
the reaction can occur. Increased enzymatic activity within a
given cell or an increased number of cells both increase the
bulk reaction rate. Although not widely explored to date, it
may also be possible to use free enzymes (a non-biological
approach) to improve soil properties in applications where
the treatment time is relatively brief (e.g. dust suppression;
Bang et al., 2011).

Methods of application: processes and products
Development of a biomediated soil improvement tech-

nique requires an application strategy. The two primary
strategies – bioaugmentation (where the required microbes
are injected into the soil) and biostimulation (where natural
microbes are stimulated) – build on bioremediation tech-
niques developed over the last 30+ years. While the former
has been the primary strategy used to date in exploring
geotechnical applications, the geoenvironmental field is in-
creasingly using biostimulation. Bioaugmentation is gener-
ally considered less favourable than biostimulation, owing to
the introduction of exogenous (non-native) microbes, in
some cases the permissions required, the increased costs, the
practical difficulty of uniform application in the subsurface
due to filtration of microbes (akin to filter design intended
to protect clay cores of dams), and the potential for die-off
or dormancy if the environment is not favourable for their
proliferation. Biostimulation is generally preferable, owing
to the stimulation and growth of native microbes, which are
adapted to the subsurface environment, and to the reduction
in permission difficulties. However, many challenges exist in
applying biostimulation, including obtaining uniform treat-
ment across a site, and accommodating the increased time
associated with stimulation and growth. A compromise be-
tween these two approaches may be bioaugmentation at a
low concentration followed by stimulation in situ, or ‘micro-
dosing’ (Martinez, 2012).

Geochemical processes regulated through biostimulation
or bioaugmentation often result in multiple products. The
primary product is typically the one that is designed to be
the desired outcome (e.g. calcite precipitation to bind soil
particles together). In addition, there are often additional
‘by-products’ generated by the geochemical process (e.g.
ammonium ions). The generation, transport and fate of these
by-products must be addressed, often as a waste, although in
some cases they may be repurposed for other applications
(e.g. ammonium for fertilisation of plants).

Potential improvements to engineering properties with
biogeochemical processes

Biomediated geochemical processes have the potential to
modify physical properties (density, gradation, porosity,
saturation), conduction properties (hydraulic, electrical,
thermal), mechanical properties (stiffness, dilation, compres-
sibility, swell/shrink, cohesion, cementation, friction angle,
erodibility, and soil-water characteristic curve), and chemical
composition (buffering, reactivity, cation exchange capacity)
of soils. This may be conceptualised by considering how
different biogeochemical processes may influence an assem-
blage of sand grains and/or an aggregation of clay platelets.

Biomineralisation processes that precipitate inorganic
solids (including microbially induced calcite precipitation, or
MICP) can clearly have a mechanical effect: for example,
reduction in pore space, brittle cementation at particle con-
tacts, increased fines in the pore space, and increased
stiffness. These effects will predictably result in reduced
hydraulic conductivity, increased small-strain stiffness, in-
creased large-strain strength, and increased dilative behav-
iour.

Biofilm formation, and the production of other extracellu-
lar polymeric substances (EPS), are additional biogeochem-
ical processes that can impact on soil behaviour. These
processes generate organic solids that occupy a portion of
the pore space with a soft, ductile, elastomeric-like material
that reduces pore size, reduces rearrangement of particles
during soil deformation, and increases ductility. These
changes can reduce hydraulic conductivity, and perhaps
reduce rapid strain-softening during undrained shearing.
However, property changes due to biofilm and EPS produc-
tion may be lost, and thus be applicable only for short-term
ground modification, as these living systems must be con-
tinuously nourished or their engineering performance may
become unreliable.

Biogas generation from denitrification or other biogeo-
chemical processes may enable long-term reduction in the
degree of saturation of a soil. Reduction in the degree of
saturation increases pore space compressibility, and may
thereby reduce excess pore pressure build-up during cyclic
loading, mitigating earthquake-induced liquefaction potential
in some soils.

Other processes that have been identified, but are currently
less developed, include algal and fungal growth for near-
surface soil stabilisation, bacteria and worms for methane
oxidation, biopolymers for drilling applications, organic slur-
ries for hydraulic control, and silicate precipitation.

RESEARCH ACTIVITY AND APPLICATIONS
Research activity in biogeotechnical engineering to date

has investigated many of the above potential processes, with
a significant portion of activity focused on biomediated
cementation via calcite precipitation. The following exam-
ples highlight the extent to which soil properties can be
modified or improved by biogeochemical processes. These
examples are not comprehensive, with additional references
provided.

Microbially induced calcite precipitation
Microbially induced calcite precipitation, or MICP, has

been the primary focus of research in biogeotechnical en-
gineering to date. In MICP, the creation of calcium carbo-
nate (calcite) occurs as a consequence of microbial
metabolic activity (Stocks-Fischer et al., 1999; Ramakrish-
nan et al., 2001). Calcite precipitation may be achieved by
many different processes (DeJong et al., 2010), including
urea hydrolysis (Benini et al., 1999; Ciurli et al., 1999);
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denitrification (Karatas et al., 2008; Van Paassen et al.,
2010a; Hamdan et al., 2011b); sulphate reduction, inducing
dolomite precipitation (Warthmann et al., 2000); and iron
reduction, inducing ankerite and other mixed mineral pre-
cipitation (Roden et al., 2002; Weaver et al., 2011). Enzy-
matic hydrolysis of urea by microbes is the most energy
efficient of these processes (DeJong et al., 2010), and urease
activity is found in a wide range of microorganisms and
plants (Bachmeier et al., 2002). Bacillus pasteurii (American
Type Culture Collection 6453), which was recently reclassi-
fied as Sporosarcina pasteurii (ATCC 11859), an alkalophilic
bacterium with a highly active urease enzyme (Ferris et al.,
1996), has been used in laboratory studies where bioaug-
mentation has been performed to produce calcite precipita-
tion (Mortensen et al., 2011). More recently, biostimulation
of native microbes has reportedly been successful (Burbank
et al., 2011, 2012a), and the influence of competing microbe
species/processes has been explored (Gat et al., 2011).
Limited studies have also explored precipitation of other
minerals (e.g. Chu et al., 2011; Weaver et al., 2011).

Research has provided insights into MICP from micro-
metre- to metre-length scales (Fig. 1). Microscopy tech-
niques show that the calcite structure varies with treatment
formulation (Al Qabany et al., 2012), cementation occurs
preferentially at particle contacts (Chou et al., 2008; Marti-
nez & DeJong, 2009), calcite precipitation occurs directly on
or around individual microbes and their aggregates, and
cementation breakage during shearing occurs within the
calcite crystals (DeJong et al., 2011). Laboratory-scale ele-
ment tests have shown substantial (. 1033) increases in
strength (DeJong et al., 2006; Whiffin et al., 2007; Van
Paassen et al., 2009; Chu et al., 2011, 2013; Al Qabany &
Soga, 2013), decreases in hydraulic conductivity greater than
two orders of magnitude (Al Qabany, 2011; Rusu et al.,
2011; Martinez et al., 2013), increases in small-strain stiff-

ness by three orders of magnitude (DeJong et al., 2006; Van
Paassen et al., 2010b; Van Paassen, 2011; Esnault-Filet et
al., 2012), and an increase in dilative tendencies (Chou et
al., 2011; Mortensen & DeJong, 2011; Tagliaferri et al.,
2011). Even after cementation degrades owing to shearing,
the reduction in pore space (or increase in solids density)
due to the precipitated calcite alters the behaviour of the
material. Re-establishment of properties following MICP
degradation from shearing can be rapid and efficient (Mon-
toya, 2012). Geophysical methods (shear wave velocity in
particular) are effective for real-time monitoring of the
cementation process, as the precipitated calcite stiffens parti-
cle–particle contacts (Al Qabany et al., 2011; Montoya et
al., 2012; Weil et al., 2012).

One-dimensional column, two-dimensional flow and three-
dimensional model tests have enabled enquiry into treatment
uniformity, formulation optimisation, and self-equilibrating
ability, as well as demonstration of conceptual ideas about
property improvement due to MICP (DeJong et al., 2009;
Martinez & DeJong, 2009; Van Paassen, 2009; Van Paassen
et al., 2009; Inagaki et al., 2011a; Tobler et al., 2012;
Martinez et al., 2013) (Fig. 1). One-dimensional column
experiments have shown pulsed flow injection and flow
reversal to increase uniformity, lowering the molar ratio of
urea to calcium to reduce by-product formation, and geophy-
sical seismic measurement to spatially monitor improvement
(Martinez, 2012). Two-dimensional models of field treatment
patterns have explored the efficacy of bioaugmentation com-
pared with biostimulation, and linkages between microbial
distribution, ureolysis activity, shear wave velocity and total
precipitated calcite (Al Qabany, 2011; Martinez, 2012). Scale
model tests have demonstrated the effectiveness of MICP in
reducing wind- and water-induced erosion (Bang et al.,
2011), improving resistance to liquefaction (Inagaki et al.,
2011b; Montoya et al., 2013), creating impermeable crusts
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Fig. 1. Overview of upscaling of MICP: (a) urease enzyme structure housed within microbes (Benini et al., 1999); (b) Sporosarcina
pasteuri microbe (image supplied by DeJong); (c) bacterial impression within precipitated calcite (Martinez & DeJong, 2009);
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impermeable skin for retention basin (Stabnikov et al., 2011); (l) MICP treatment of 100 m3 sand (Van Paassen et al., 2010b; Esnault-Filet
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for catchment facilities (Stabnikov et al., 2011; Chu et al.,
2012), healing/stabilising cracks in concrete and masonry
(Ramachandran et al., 2001; Bang et al., 2010; Yang et al.,
2011), treating waste (Chu et al., 2009), immobilising heavy
metals (Fujita et al., 2004, 2008, 2010; Hamdan et al.,
2011a; Li et al., 2011), and performing shallow carbon
sequestration (Manning, 2008; Renforth et al., 2009, 2011;
Washbourne et al., 2012). MICP has also been shown to
increase cone tip resistance (Burbank et al., 2012b).

Modelling of MICP requires coupling of biological, chem-
ical, hydrological, and mechanical processes. Modelling ef-
forts have generally focused either on prediction of biogeo-
chemical processes (Barkouki et al., 2011; Fauriel & Laloui,
2011b, 2012; Laloui & Fauriel, 2011; Martinez et al., 2011;
Van Wijngaarden et al., 2011, 2012; Martinez, 2012) and
calcite distribution, or on prediction of the mechanical be-
haviour of biocemented soils (Fauriel & Laloui, 2011a;
Fauriel, 2012). Models to date have captured and predicted
biogeochemical processes, provided first-order predictions of
precipitated calcite distributions, and captured the mechanic-
al behaviour of MICP-treated sand (Fig. 1(h)).

As discussed later in the section on field applications, two
field trials using MICP have been performed to date.

Biofilm formation
Biofilms form when microorganisms adhere to a surface

and excrete EPS as part of their metabolism. This ‘slimy’
EPS enhances further attachment of more microorganisms
and other particles, thereby forming a biofilm that can affect
the physical properties of soils (Fig. 2(a); Banagan et al.,
2010). Close to the surface in riverine and marine environ-
ments, biofilms play an important role in trapping and
stabilising sediments, and increasing the resistance to erosion
(Stal, 2010). In the subsurface, it has been shown already that
the growth of biofilms can reduce hydraulic conductivity
(Slichter, 1905), a process referred to as bioclogging. Much
of the research on bioclogging is focused on preventing and/
or removing the clogging material (Howsam, 1990), for
example by flushing with formaldehyde, in order to restore or
maintain the functionality of wells or drains (Baveye et al.,
1998). However, some researchers have found that biofilm
formation in soil could also be advantageous (e.g. Mitchell et
al., 2009). For example, Talsma & van der Lelij (1976)
observed that water losses from rice fields were limited,
owing to bacterial clogging. Attempts have been made to use
bioclogging to decrease hydraulic conductivity in situ beneath
and within dams and levees, to reduce infiltration from ponds,
to reduce leakage at landfills, to plug high hydraulic conduc-
tivity layers surrounding oil bearing layers, and to control
groundwater migration with subsurface barriers (Fig. 2(b);
Seki et al., 1998; James et al., 2000; Lambert et al., 2010).

Biogas generation
Biological activity in the subsurface is frequently accom-

panied by the development of discrete gas bubbles in other-
wise saturated environments. A variety of gases can be
produced by microbial processes (e.g. carbon dioxide, hydro-
gen, methane and nitrogen), with both the organism and the
oxidative/reductive environment of the pore fluid influencing
the ultimate products of the reaction. For example, aerobic
microbes (obligate or facultative) use oxygen as the terminal
electron acceptor during the process of microbial respiration.
Typically, an organic molecule is used as the carbon and
energy source, and the products resulting from the reaction
include water and carbon dioxide. By contrast, anaerobic
respiration by methanogenic archaea occurs in the absence
of oxygen, and results in the production of methane and

often carbon dioxide (i.e. part of the carbon is oxidised to
carbon dioxide and part is reduced to methane). The process
uses part of the carbon, as opposed to oxygen, as the
terminal electron acceptor. Respiratory denitrification occurs
through the reduction of nitrate, producing nitrogen and
carbon dioxide gas as the end products of the reaction in
environments that have high ratios of nitrate to carbon.
Numerous laboratory studies have demonstrated the feasibil-
ity of producing microbially generated discrete gas bubbles
at the bench scale, with a review of the processes given in
Rebata-Landa & Santamarina (2012), and shaking-table tests
provided by He et al. (2013). In practical terms, the pre-
sence of gas bubbles within an otherwise saturated soil
results in a decrease in the measured P-wave velocity; this
decrease is transient in coarse-grained soils, but not in fine-
grained soils that can trap the generated gas bubbles (Fig.
3(a); Rebata-Landa & Santamarina, 2012). Even small re-
ductions in the level of saturation of a soil are known to
significantly reduce a soil’s susceptibility to liquefaction
(Fig. 3(b); e.g. Sherif et al., 1977; Chaney, 1978; Yoshimi et
al., 1989; Ishihara et al., 2001; Pietruszczk et al., 2003).

Biopolymers and EPS
Both in situ and ex situ applications of biopolymers for

soil improvement have been explored. Biopolymers mixed
with soils have been shown to reduce hydraulic conductivity
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and increase shear strength (Kavazanjian et al., 2009;
Nugent et al., 2010). Martinez et al. (2011) showed that
mixing silt with 0.3% (by weight) xanthan gum, a commer-
cially available biopolymer, can reduce saturated hydraulic
conductivity by two orders of magnitude (down to
,10�6 cm/s) and increase the drained shear strength by up
to 30%. The observed reduction in hydraulic conductivity is
a function of soil grading and the applied hydraulic gradient
(Jefferis, personal communication, 2012). Biopolymers are
used in biodegradable drilling muds owing to their propen-
sity for bioplugging (Hamed & Belhadri, 2009). They have
also been used as temporary excavation support fluids to
create permeable reactive barriers for groundwater remedia-
tion, with biopolymer degradation accelerated by the intro-
duction of a high-pH ‘enzyme breaker’ after placement of
the permeable reactive material in an open trench (Sivavec
et al., 2003). Khachatoorian et al. (2003) observed per-
meability decreases in less than 2 weeks in sand treated with
a biopolymer slurry. Some investigators have explored in-
creasing soil shear strength in situ by biopolymer generation
(e.g. Cabalar & Canakci, 2005). However, most investiga-
tions of applications of in situ biopolymer growth and EPS

generation have focused on reduction in hydraulic conductiv-
ity to form hydraulic barriers (e.g. Wu et al., 1997; Bonala
& Reddi, 1998; Seki et al., 1998). Furthermore, there are
many case histories of clogging of filters in dams, landfills
and water treatment plants caused by the growth of biofilms
(Cullimore, 1990; Ivanov & Chu, 2008). For example, in
October 1985 an investigation of subsurface drain clogging
at the Ergo Tailings Dam (ETD) in South Africa, after only
6 months’ service, revealed that the geotextile drain filter
was clogged by the growth of arsenic-resistant microorgan-
isms (Legge et al., 1985).

Mechanical processing by marine worms
Many deep ocean clays are subject to thousands of cycles

of biological activity that transform virgin material into
processed material. Burrowing invertebrates (worms), through
the process of bioturbation, digest sediment that has fallen
through the water column to the seabed. They are one
example of a biological agent that has been active for
millennia. During feeding, the ingested sediment, containing
clay, organic matter, foraminifera, diatoms, shell fragments
and other detritus, is processed in the gut, removing material
of nutritional value. The remaining material is expelled by
the worm’s hind gut (Barnes et al., 1988) in the form of
faecal pellets that are compacted and bound by mucus (see
Fig. 4(a)). These resulting pellets are significantly stronger
than the material initially ingested, and have undrained shear
strengths of between 1 kPa and 12 kPa (Kuo & Bolton, 2012).
If sufficiently numerous, these pellets can produce measurable
increases in bulk sediment strength within the top few metres
of deep ocean clay sediments. The sedimentation rate in
many of these locations may only be of the order of 0.1 mm
per year (Kuo, 2011). Worms, however, may digest material
at a rate of 0.75 mm each year if hypothetically located at a
plan spacing of 1 m (Gingras et al., 2008). It is therefore
plausible that, over the sediment’s lifetime, worms are biolo-
gically engineering all material settling on the seabed into
robust pellets. These pellets’ collective presence (in some
cases 20–60% of total sediment by dry mass; Kuo, 2011) can
be measured as a crust-like feature during in situ strength
testing with conventional tools, including ball and T-bar full-
flow penetrometers (see Fig. 4(b), following Kuo & Bolton,
2011). Because of their proximity to the seabed, faecal pellets
are of significant engineering interest in the design of off-
shore pipelines and shallow foundations.

Shallow carbon fixation through plant roots
It may be possible to design a carbon sequestration func-

tion in soils through exploiting and extending natural pro-
cesses of pedogenic carbonate function. Widely observed in
natural soils, pedogenic carbonate minerals form as a con-
sequence of reaction between plant root exudates and cal-
cium derived from silicate mineral weathering. It has
recently been shown that this process also occurs in urban
soils, as a consequence of reaction between root exudates
and calcium derived from the dissolution or weathering
of cement-based construction materials (Manning, 2008;
Renforth et al., 2009, 2011; Washbourne et al., 2012). Plants
exude 10–30% of carbon captured from the atmosphere by
photosynthesis through their roots and associated mycorrhi-
zal fungal associations (Kuzyakov & Domanski, 2000; Tay-
lor et al., 2009). Root tissue compounds are released into
the soil as exudates (Jones et al., 2009), which are complex
materials composed of polysaccharides, proteins, phospho-
lipids, cells that detach from roots, and other compounds.
Respired carbon dioxide and organic acid anions that natu-
rally decompose and can react with calcium-rich silicates
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within soils are of particular interest. Manning (2008),
Renforth et al. (2009, 2011) and others (Sanderson, 2008)
have recorded that this process occurs naturally in soils at
brownfield sites and can be very rapid (Washbourne et al.,
2012). As summarised in Fig. 5, the resequestration of
carbon emitted during cement/lime production into the sub-
surface may be possible through the admixing of recycled
concrete and furnace slag into soils used for non-food crops
and urban revegetation (Manning, 2008).

FIELD APPLICATIONS
Completed/ongoing field trials

To date, only a few field trials have been performed in
which microbes have actively been used to either increase
the strength and stiffness of soils by microbially induced
carbonate precipitation or reduce the hydraulic conductivity
through biofilm formation, although such processes will have
been occurring naturally for millennia.

Two field trials using MICP are reported in the literature,
the first using a bioaugmentation strategy and the second
stimulating the indigenous species to induce precipitation.
Contractor Visser & Smit Hanab applied a MICP treatment
for gravel stabilisation to enable horizontal directional dril-
ling (HDD) for a gas pipeline in the Netherlands in 2010
(Fig. 6; from Van Paassen, 2011). The treatment was applied
to a 1000 m3 volume at depths varying between 3 and 20 m

below the surface. The treatment involved injection of a
200 m3 bacterial suspension that was cultivated in the
laboratory, two injections of 300–600 m3 of reagent solution
containing urea and calcium chloride, and extraction of
groundwater until electrical conductivity and ammonium
concentrations returned to background values. MICP was
monitored using electrical resistivity, groundwater sampling
and physical sampling for calcite content measurements,
with varying degrees of success. Overall, the MICP treat-
ment was a success, as HDD was possible without instability
in the loose gravel deposit.

A second set of MICP field trials using biostimulation to
evaluate the capability of co-precipitation of heavy metals
(strontium-90) with calcium carbonate (to immobilise the
heavy metals) was initiated at the Vadose Zone Research
Park (VZRP) at the Idaho National Laboratory (INL), and is
ongoing at the US Department of Energy site in Rifle,
Colorado, USA (Fujita et al., 2010). These trials have
employed injection of dissolved molasses and urea in the
target treatment zone (calcium available in groundwater),
with contemporaneous withdrawal of groundwater from a
well several metres away from the injection point. At the
Rifle site the well-to-well cycle is closed by reinjection of
withdrawn water. To date, native microbes have been suc-
cessfully stimulated at both sites, and calcite precipitation
appears to be in progress. The rate of precipitation is slower
than in the bioaugmentation application in the Netherlands
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described above, but is nonetheless advancing at a sufficient
rate for the project requirements.

Successful field trials of bioclogging have also been
reported in the Netherlands and Austria, with the objective
of reducing leakage through water-retaining constructions
(Van Meurs et al., 2006; Blauw et al., 2009). In Austria,
nutrient solutions were injected through a screen of injection
wells in the crest of a ‘leaking’ dike along the Danube river
in Greifenstein (Blauw et al., 2009; Lambert et al., 2010).
Injection was performed in two stages. During and following
the first injection phase (November–December), no signifi-
cant flow reduction was observed in downstream drains.
However, during the second treatment phase (July–August),
a significant reduction in discharge rate was observed (Fig.
2(b)). The measurement of a significant reduction in redox
potential indicated biochemical activity in the treated area.
The actual mechanism behind the reduction in permeability
is not yet fully understood (Blauw et al., 2009). Whether it
is the biofilm itself that clogs the pores, or some trapped
particles in the biofilm, or perhaps the biogeochemical
conversions that stimulate attachment, detachment or preci-
pitation of particles that can reduce the hydraulic conductiv-
ity still needs to be resolved.

In southern Ontario, Canada, researchers (Lambert et al.,
2010) have also been successful in reducing hydraulic
conductivity in a fractured dolostone formation in order to
block the flow of contaminated groundwater. Nutrient solu-
tions (molasses) were injected several times into the ground
to stimulate bioclogging. Geochemical measurements indi-
cated that microbial growth and a significant increase in
microbial diversity were observed. The longevity of the
biofilm appeared to be limited, as the hydraulic conductivity
returned to its initial condition 230 days after the nutrient
injections had stopped.

Challenges for field implementation
The process of upscaling to the field, following experi-

mental and modelling research at the element and bench
scales, raises the following challenges that must be consid-
ered and addressed.

Characterisation of subsurface heterogeneity. The treatment
of 100+ m3 of naturally deposited soil requires characterisa-
tion of both soil and microbial spatial distributions at different
scales. Similar to chemical injection methods, preferential
flow – and therefore initial treatment – will occur within
zones of larger pore space (hydraulic conductivity). Recent
work indicates that MICP may be ‘self-equilibrating’ to some
extent, as the precipitated calcite does reduce conductivity;
when the level of reduction is sufficient in fine-grained soils,
treatment may redirect towards untreated (and relatively
higher conductivity) zones (Martinez, 2012). The spatial
microbial distribution does not necessarily map with soil
particle variations, and hence targeted delivery of microbes to
the improvement area may be required. From a practical
standpoint, the primary interest is the bulk reactivity level in
the soil (i.e. the rate at which a chemical reaction can occur in
a soil volume) required for a given biogeochemical process;
the exact microbial species, their absolute population, and
other environmental factors are not critically important.
Instead it is the bulk activity level that the biota (all
microbes) provide for a specific process that is the key factor.
For ureolysis-based MICP, the critical bulk activity is the rate
at which urea is hydrolysed. The bulk ureolysis rate can be
tested by injecting and monitoring the spatial degradation of
aqueous urea temporally (Martinez et al., 2013).

Treatment schemes for uniform improvement. The first task in
developing a treatment scheme is to identify the level of
improvement required. Laboratory test results enable identi-
fication of an ideal improvement threshold (akin to grouting
methods), but the actual application level of treatment is often
higher in the field because of allowances for spatial variability.
To minimise the additional application level that must be
achieved in the field, the treatment scheme must be optimised
for treatment uniformity. The treatment scheme selected
depends largely on whether the nutrients and/or microbes
can be delivered relatively uniformly across the treatment
zone through injection; this uniformity is directly a function of
solution viscosity and density as well as microbe size relative
to soil pore throat size and of course, critically, the soil
uniformity. In situ treatment is typically possible in gravels,
sands and silty sands. Uniform treatment using biogeochem-
ical processes can utilise technologies from the ground
improvement, geoenvironmental remediation and oil produc-
tion industries. For example, grouting methods, including
injection/extraction well patterns, point injection sources and
treatment solution mixing equipment, were successfully used
in the MICP field trial in the Netherlands (Van Paassen, 2011).
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A more localised approach using a five-spot injection/
extraction well pattern with pulsed injections following
geoenvironmental and oil production techniques has also been
successful at both field and model scales (Fujita et al., 2010;
Martinez, 2012). If treatment of fine-grained soils such as clay
is desired, mechanical mixing, either in situ or ex situ, may be
necessary. These methods have been marginally successful in
the laboratory, and implementation using conventional ground
improvement equipment such as deep soil mixing tools may
be problematic, as rapid pressure drops and high shearing
stresses may cause lysing (bursting) of cells. Other variables
that must also be considered but are not yet fully understood
include single versus multiple phase injections schemes,
continuous versus pulsed injection, surficial flooding versus
deep injection, and short, high-concentration treatments versus
slow, low-concentration treatments.

Construction, operation and maintenance. Nearly all research
performed to date has focused on implementation of the
biogeochemical processes for improvement/modification of
the soil properties. However, realising the treatment in situ is
only the first stage of development of an application. As
discussed above, biogeochemical processes may have by-
products (such as ammonia) that must be managed. By-
product management requires consideration of the fate and
transport of the by-products, as well as verification that the

treatment does not degrade with time owing to geotechnical
mechanical loading (e.g. an earthquake), or chemical (e.g.
dissolution by carbon-dioxide-rich waters) or biochemical
processes that may change the rate of chemical processes.
Use of the observational method may be appropriate for this
technology. If degradation over time is of concern, then
retreatment, or ‘healing’, of the biogeochemical treatment
might be a possible solution, although inducing additional
costs and implementation constraints (Montoya, 2012).

Service life. Selection of an appropriate biogeochemical
treatment for a specific application requires compatibility of
its permanence and durability with service life requirements.
MICP-treated sand is expected to be stable for more than 50
years, provided alkaline conditions persist (DeJong et al.,
2009), as its longevity is expected to be consistent with that
of natural calcite-rich geomaterials. A 50+ year time frame is
compatible with the expected service life of many structures,
and occasional retreatment can be applied to extend this
service life. On the other hand, biofilms require a continuous
nutrient source, and therefore may be more suitable for short-
term hydraulic control applications (Cunningham et al.,
1997). In either case, a risk assessment with respect to
treatment longevity, including assessment of the ground-
water–precipitate interaction and a performance-monitoring
programme, may be appropriate.

(a) (b) (c)

�6

�4

�2

�15 �10 �5 0 5 10 15
X: m

Z
: m

Before treatment

160

120

80

60

40

20

15

10

7·5

5

30

�6

�4

�2

�15 �10 �5 0 5 10 15
X: m

Z
: m

During treatment

(d)

Fig. 6. Overview of MICP field trial for stabilisation of loose gravel for horizontal directional drilling (project described by Van Paassen
(2011)): (a) repeating well pattern; (b) sample of MICP-stabilised gravel; (c) pipeline installation after horizontal directional drilling
(provided by Visser & Smit Hanab); (d) resistivity mapping before and during treatment (provided by Deltares)

BIOGEOCHEMICAL PROCESSES AND GEOTECHNICAL APPLICATIONS 151



Performance monitoring. Central to any improvement method
– biogeochemical or conventional – is monitoring during
treatment to verify that the required distribution and
magnitude of improvement are realised, and, after treatment,
to verify that the improvement level remains adequate
throughout the service life. This typically requires a rigorous
quality assurance/quality control (QA/QC) process during
construction by the contractor to verify the ‘certainty of
execution’ (an issue for conventional ground improvement
techniques). The QA/QC programme would be likely to
include a verification testing programme that specifies the
number of samples obtained, tests to be performed on
samples, field tracer tests, monitoring of reactants and
products during treatment, and/or geophysical measurements.
In addition, a reduced, but continuous, level of monitoring by
the owner/operator throughout the service life (perhaps bi-
monthly to yearly) is likely to be required. Post-improvement
monitoring may also become a regulatory compliance issue
similar to that for geoenvironmental remediation projects.

Modelling of biogeochemical treatment processes. The inter-
disciplinary nature of biomediated geochemical processes
requires integration of the biological and chemical compo-
nents within the hydraulic and mechanical modelling
techniques already established in geotechnical finite-element
and finite-difference modelling codes, as well as the
development of new constitutive models for the behaviour
of bio-treated soil. Current models can predict final spatial
MICP calcite distribution, and model the mechanical element
behaviour of MICP-treated sand. Issues that remain include
the integration of relevant biogeochemical reaction networks,
small-scale biochemical processes (i.e. microbial growth,
enzymatic rates, gas generation, etc.), local changes in
porosity (and hydraulic conductivity) and saturation, model-
ling of degradative processes in treated soils, and more.
Modelling of spatial variability (microbes versus soil
particles) and identifying the appropriate transition from
discrete to continuum scales (i.e. microbes and soil particle
versus bulk reaction rate and porosity) will be particularly
challenging, as the biogeochemical processes occur at the
micrometre length scale.

Sustainability: life cycle analysis and embodied energy. One
of the attractive attributes of biogeotechnology is the
utilisation of natural, biogeochemical processes to improve
soil. These processes have the potential for significant
reduction in embodied energy and carbon emissions, relative
to conventional ground improvement methods such as soil
stabilisation using Portland cement. Sustainability analyses to
date are limited, and challenges regarding the definition of
system boundaries and the service life period must still be
resolved. However, with respect to MICP, soil improvement
with calcite production requires less carbon than cement
stabilisation, but additional analysis is required to study the
energy required for manufacturing of the urea and calcium
chloride, for injection of the improvement media into the
ground, and for treatment of by-products.

Cost. The cost of biogeochemical treatment schemes will be
dependent on the process used, and on details of the specific
field project. With very limited field applications, the actual
costs of the various improvement processes are largely
unknown. Studies and cost estimates to date vary widely,
owing to suboptimised treatment schemes being implemented
to date. Ivanov & Chu (2008) estimated material costs for
MICP (e.g. urea, calcium) of about US$5/m3 (range from 0.5

to 9), and total costs of MICP treatment (materials,
equipment, and installation) in saturated soils range from
US$25–75/m3 (DeJong, personal communication, 2011) to
about US$500/m3 (Esnault-Filet, personal communication,
2011). Recent work by Cheng & Cord-Ruwisch (2012) found
that materials and costs may be reduced through more
efficient cementation. While their estimate encompasses a
wide range, the lower half of this range is competitive with
many conventional ground improvement techniques, such as
deep soil mixing, jet grouting and chemical grouting. It also
shows that, in common with many other ground treatment
processes, the major cost is in delivery. If processes can be
developed that enable biotreatment to be delivered more
economically, then strong potential exists.

Feasibility for different applications
Realistically, biogeochemical-based soil improvement tech-

nologies will never replace all conventional ground improve-
ment techniques. However, the following general attributes
make these technologies potentially favourable in many
instances: they are based on natural processes; they often
require less energy; they are deployable beneath and around
existing structures, and are non-disruptive to those struc-
tures; and they may enable improvement over larger dis-
tances, owing to their low viscosity and injection pressure
requirements. Thanks to these attributes, biogeochemical soil
improvement technologies may provide opportunities to ad-
dress broad societal priorities, such as climate change,
energy, food, shelter, infrastructure, urbanisation, sustainabil-
ity, waste management, safety, water availability and eco-
nomic stability.

Considering the general attributes of biogeochemical pro-
cesses, the challenges for implementation in the field, and
society’s needs, the applications with the highest likelihood
of success will, in general, require simple implementation,
provide a unique answer to a problem, have competitive
costs, and have a potential for rapid take-up by industry and
society. Within this context, 24 different biogeochemical
applications were identified and evaluated in a qualitative
manner against the criteria of cost, implementation, prob-
ability of success, and social acceptance as part of the 2012
Workshop activities. The applications and their approximate
‘ranking’ against these criteria are presented in Table 1.

The applications that seem most feasible in the near term
include erosion control, environmental remediation, dust
control, improvement of rural roads, surface carbon dioxide
sequestration, repair of sandstone structures, and solidifica-
tion of fly ash. All of these applications still require further
development, but they all represent problems for which
current solutions are insufficient. Longer-term ‘blue sky’
applications include the creation of underground space (for
storage or transport), deep carbon dioxide sequestration,
stabilisation of sink holes, and control of underground
hydraulic flow. In all these cases, the current capital-cost-
driven construction industry essentially forces consideration
of a new biogeochemical technique, because current best
practices are insufficient. However, if capital costs are
merely competitive with current industry methods, the tried-
and-true established methods in industry that have decades
of experience will often be preferred.

CLOSURE: RESEARCH AND DEVELOPMENT NEEDS
The rapid development of biomediated soil improvement

methods over the last decade has generated exciting ad-
vances in geotechnology, from the micro scale up through
successful field-scale application. Experimental, analytical
and numerical techniques from the fields of geotechnical
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engineering, geoenvironmental engineering, microbiology
and geochemistry have been integrated, making this a truly
interdisciplinary field. MICP has evidently been the primary
focus of efforts to employ biogeotechnical ground improve-
ment technology to date. The focus on MICP is simultan-
eously encouraging, as this focus has resulted in a successful
field-scale trial within a decade of its initial development in
the laboratory, and unsatisfying, as there are probably so
many other biogeochemical processes that have yet to be
identified and/or be subject to intensive research. Advances
within MICP include the development of biostimulation and
bioaugmentation techniques, quantified improvements in
stiffness, strength, conductivity, etc., developed geophysical
methods for real-time monitoring, optimised treatment in
one-dimensional and two-dimensional models, demonstrated
improvement to liquefaction resistance through centrifuge
modelling, the development and verification of bio-geo-
chemical-mechanical numerical models, field-scale imple-
mentation, and much more. This has clearly validated and
demonstrated the potential influence of biological processes
on engineering soil properties, and on opportunities for
geotechnical field applications.

Many alternative biogeochemical processes have received
little attention compared with MICP, and there are undoubt-
edly many such processes that have yet to be discovered.
Promising results of biogas via denitrification, biofilm for-
mation, biocementation through alternative geochemical
pathways, and the generation of biopolymers and biofilms
for strength enhancement and permeability reduction all
show potential, but require further development.

Monitoring techniques to verify treatment success, and to
monitor durability and performance over the project’s service
life, have been identified as an important consideration.
However, implementation and interpretation of various mon-
itoring techniques in field trials are required to develop
reliable monitoring methods. While appropriate monitoring
techniques will vary, depending on the biogeochemical pro-

cess selected, geophysical methods have a high potential for
indirectly mapping the effect that a treatment process may
have on engineering soil properties. The permanence, or
longevity, of a treatment method must match or exceed the
required service life; this is a challenging criterion to satisfy,
as physical experiments to date extend at most 2 years
(although modelling results indicate a potential service live
of 50 years or more).

While not addressed explicitly herein, a new workforce is
required to embrace and help realise the development of
biogeochemical treatment methods in the geotechnical com-
munity. To develop this workforce, education and training
must include the fundamentals of biology and chemistry,
producing engineers who can intelligibly converse and
engage with experts in these areas on interdisciplinary
teams. Indeed, many emerging fields lie at the intersection
of disciplines, and participation in these discoveries and
advances requires engineers equipped to engage in cross-
disciplinary discovery.

The adoption of biogeotechnical methods in industry will
take time. Often, the primary conventional ground improve-
ment methods that compete with biogeochemical techniques
are likely to be cement-based techniques, which the general
public view largely as harmless/clean, in spite of the energy-
intensive, carbon-producing, manufacturing process for
cementitious materials, which involves the quarrying of large
volumes of raw materials and associated land impairment,
coupled with their high pH. Furthermore, there has often
been public resistance to biotechnologies using exogenous
organisms. Activities designed to raise awareness may be
needed, as well as industry training, as field-scale applica-
tions of biogeotechnology become increasingly common.
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Mathematical model of electro-osmotic consolidation for soft ground
improvement

L. HU� and H. WU�

Electro-osmotic consolidation is an attractive, soft ground improvement technique. In this paper a
theoretical model is proposed for electro-osmotic consolidation by coupling the seepage field, electric
field, and the stress and strain field. The soil mass deformation, pore-water pressure and the electrical
voltage are the basic variables in the governing equations. A three-dimensional numerical model based
on the finite-element method was developed to simulate the electro-osmotic consolidation process,
predicting the tempo-spatial variation of soil mass displacement. The numerical model is compared
with previous analytical solutions. Three common electrode installation patterns are illustrated and
analysed with the numerical model, and the results indicate that the triangular pattern can achieve the
largest average surface settlement and the smallest differential settlement. The effect of the penetrating
depth of the electrodes on the ground settlement is also investigated. An engineering field application
is simulated to validate the developed numerical formulation.

KEYWORDS: consolidation; ground improvement; numerical modelling; pore pressures; settlement

INTRODUCTION
The rapid development of infrastructure calls for time-
efficient ground improvement technology. Buildings on soft
soils require effective and fast consolidation methods such as
surcharge preloading, vertical drains and vacuum preloading.
Field applications of such ground improvement methods have
been reported extensively in the literature, for example,
Barron (1948), Hansbo (1981), Xie & Zeng (1989) and
Indraratna et al. (2005). Electro-osmotic consolidation is an
alternative attractive technique for soft soil improvement. If
an electrical potential is applied to a soil mass, pore water
flows from the anode toward the cathode causing pore-water
pressure change and consolidation of soils. This phenomenon
is a result of the exchangeable nature of the adsorbed cations
in clay particles and the dipolar nature of the water mole-
cules. The electro-osmosis conductivity may be assumed
constant in spite of soil grain diameters, which indicates that
soils with fine particles and low permeability can be treated
effectively with this technology (Mitchell & Soga, 2005).
Reuss (1809) was the first to observe this phenomenon, and
Cassagrande made use of this electrical treatment to improve
the shear strength and stability of fine-grained soils (Casa-
grande, 1948). Up to now, numerous laboratory studies have
been conducted to investigate the development of pore-water
pressure and the settlement of the soil mass during electro-
osmotic consolidation, and this technology has been em-
ployed in various geotechnical engineering field applications,
including stabilisation of slopes, excavations and embank-
ments, controlling of groundwater flow, increasing of pile
capacity, strengthening of clays, and dewatering of tailings
and sludge (Casagrande, 1983; Lo & Ho, 1991; Glendinning
et al., 2005; Zhuang & Wang, 2007; Jones et al., 2008;
Lamont-Black & Weltman, 2010; Jeyakanthan et al., 2011).
Various techniques have been developed to improve the

efficiency of electro-osmotic consolidation, including elec-
trode reversal, intermittent electrical current, chemical
treatment of soil–electrode contact and electro-kinetic geo-
synthetics (EKG) (Wan & Mitchell, 1976; Micic et al., 2001;
Lefebvre & Burnotte, 2002; Glendinning et al., 2005, 2008;
Fourie et al., 2007; Jones et al., 2008, 2011).

Several analytical models have been developed to describe
the process of electro-osmotic consolidation. Esrig (1968)
first proposed a one-dimensional (1D) analytical model to
calculate the excess pore-water pressure due to a uniform
electric field. Wan & Mitchell (1976) proposed an analytical
solution for electro-osmotic treatment coupled with sur-
charge preloading, and showed that uniform improvement
can be achieved by reversing the polarity of the electrodes.
Su & Wang (2003) proposed an analytical solution of excess
pore-water pressure in soils during electro-osmosis in a
hypothetical two-dimensional (2D) electric field.

Based on the principles of conservation of water and
electric charge in a soil mass, Lewis & Humpheson (1973)
established governing equations for electro-osmotic flow and
electrical current, and developed a finite-element model to
analyse the electro-osmotic flow in a 2D electric field.
Rittirong & Shang (2008) proposed a 2D finite-difference
model to indirectly analyse the subsurface ground settlement
during electro-osmotic consolidation. Hu et al. (2012) devel-
oped an analytical model and numerically implemented it to
predict the ground settlement during electro-osmotic consoli-
dation. Recently, numerical models incorporating the modi-
fied Cam Clay model and large deformation analysis were
developed respectively to study the process of electro-osmotic
consolidation (Yuan & Hicks, 2013; Yuan et al., 2013).

The applied voltage and the layout of the electrodes and
drains govern the distribution of the electric field intensity,
and the development of excess pore-water pressure and
ground settlement are also affected during electro-osmosis
field application with vertical drains. Hence, it is a three-
dimensional (3D) problem with complicated boundary condi-
tions and variable soil properties, and the numerical model
is needed to adequately describe the electro-osmotic consoli-
dation process. In addition, the ground settlement is the
major concern during ground improvement; however, most
of the previous models cannot directly predict the ground
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settlement. Therefore, it is necessary to couple the deforma-
tion of the soil mass into the governing equations for the
electro-osmotic consolidation process.

The purpose of this study is to develop a theoretical
model to adequately describe the behaviour of soil mass
subjected to a multi-physics system, coupling the mechani-
cal, electrical and hydraulic fields. The soil deformation was
incorporated into the analysis to accurately predict the soil
behaviour during electro-osmosis. A time-dependent 3D
finite-element method (FEM) model was developed based on
the proposed theory to simulate the mechanical and hydrau-
lic behaviour of soft soils under electro-osmotic treatment.
Subsequently, the numerical results were compared to the
previously published analytical solutions to verify the numer-
ical model. Three different electrode installation patterns
were described and analysed numerically to compare the
average surface settlement and differential surface settle-
ment. The partially penetrating electrode situation was also
analysed. The rationality and accuracy of the proposed
electro-osmotic consolidation model is verified by using data
from a field case study.

THEORETICAL MODEL FOR ELECTRO-OSMOTIC
CONSOLIDATION

To develop the theory for the electro-osmotic consolida-
tion of saturated soils, the following assumptions are made
in this study.

• The soil is fully saturated and the pore water is
incompressible.

• The soil skeleton is assumed to be linear elastic.
• The velocity of water flow due to electro-osmosis is

directly proportional to the voltage gradient, and ke is a
tensor of electro-osmosis conductivity for soils.

• The velocity of water flow by hydraulic gradient and
electro-osmosis complies with Darcy’s law, and kh is a
tensor of hydraulic conductivity for soils.

• Both the hydraulic conductivity and electro-osmosis
conductivity remain constant during the consolidation
process.

• The water movement in soil is linear superposition of
water flows due to electro-osmosis and hydraulic
gradient.

• Only electro-osmosis occurs under the applied electric
field, and no soil particle movement occurs due to
electrophoresis. There are no electrochemical reactions
and streaming potential development during the electro-
osmotic consolidation.

Flow of pore water
The following equation can be used for the saturated soil

based on the continuity equation

@�v

@t
¼ = � v ¼ @vx

@x
þ @vy

@y
þ @vz

@z
(1)

where �v is the volumetric strain of soil mass and v is the
velocity vector of the pore water, where vx, v y and vz are
the pore-water flow velocities in the x, y and z directions,
respectively.

The pore-water flow consists of hydraulic and electro-
osmotic flows. The hydraulic flow is described by Darcy’s
law

vh ¼ �k h=H (2)

where vh is the hydraulic flow velocity vector; kh is the

hydraulic conductivity tensor; H is the total head equal to
the sum of the elevation and pressure heads.

Casagrande (1948) showed that electro-osmotic flow
through porous media induced by a voltage gradient had the
same form as Darcy’s law, that is

ve ¼ �k e=V (3)

where ve is the electro-osmotic flow velocity vector; ke is
the electro-osmosis conductivity tensor; and V is the elec-
trical potential.

The electro-osmotic and hydraulic water flows follow the
principle of superposition producing the coupled pore-water
flow equation

v ¼ vh þ ve ¼ �k h=H � k e=V (4)

Combining equations (1) and (4), it is possible to obtain
the equation for the conservation of mass or the equation for
water flow during electro-osmosis

= � (k h=H þ k e=V ) ¼ � @�v

@t
¼ @

@t
(= � u) (5)

where u is the vector of soil mass displacement.

Static equilibrium
According to Biot’s theory (Biot, 1941), the governing

constitutive equation between stress and strain can be written
in tensor form (Wang, 2000)

=2uþ 1

1� 2	
=(= � u)� ªw

2(1þ 	)

E
=(H � z) ¼ 0 (6)

where ı is the Poisson ratio; E is the Young’s modulus; z is
the elevation head; and ªw is the unit weight of water.

Conservation of electrical charge
The electrical current in the soil mass is due to both the

voltage and the hydraulic gradients (Lewis & Humpheson,
1973). As mentioned before, the streaming potential
development during the electro-osmotic consolidation is
ignored, and the electrical current density can be expressed
as follows according to Ohm’s law

j ¼ �e=V (7)

where j is the electrical current density vector; �e is the
electrical conductivity tensor.

According to the law of conservation of electrical charge,
the governing equation for the electric field can be repre-
sented by the following equation

�e=2V ¼ Cp

@V

@t
(8)

where Cp is the capacitance per unit volume.
Based on the above, the governing equations for electro-

osmotic consolidation can be described using the following
equations.

=2uþ 1

1� 2	
=(= � u)� ªw

2(1þ 	)

E
=(H � z) ¼ 0

= � (k h=H þ k e=V ) ¼ @

@t
(= � u)

�e=2V ¼ Cp

@V

@t

(9)

The basic variables of the above equations are the dis-
placement vector u, the total head H and the electrical
potential V. With equation (9), the practical problems for
electro-osmotic consolidation can be solved according to the
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actual boundary and initial conditions by numerical simula-
tion. The non-linear variation of the mechanical and elec-
trical parameters, such as the hydraulic and electro-osmosis
conductivities, the electrical conductivity and the coefficient
of compressibility can be incorporated to obtain accurate
predictions (Wu, 2009; Hu et al., 2010, 2012; Wu & Hu,
2013b).

NUMERICAL MODEL FOR ELECTRO-OSMOTIC
CONSOLIDATION

Based on the above theory described in equation (9), a 3D
numerical model was developed to simulate the electro-
osmotic consolidation of soft clay. The spatial discretisation
is based on the FEM, and the time discretisation uses the
FEM. The basic variables for this numerical model are the
displacement of soil mass, total head and voltage. The model
can directly predict the soil displacement, that is, the ground
settlement. At the same time, the tempo-spatial distributions
of the total head and electrical voltage as well as the stresses
and strains of the soils can be predicted.

Finite-element method formulation
Tetrahedron elements were used in the FEM analysis.

There are five main unknowns at each node, including three
displacements in three directions, denoted by us, vs and ws,
the total head H and the voltage V. For a tetrahedral element,
if the four nodes are marked as 1, 2, 3 and 4, the variables
can be expressed as

f�ge ¼

us
1 vs

1 ws
1 us

2 vs
2 ws

2 us
3 vs

3 ws
3 us

4 vs
4 ws

4

� �T

(10)

f�ge ¼ H1 H2 H3 H4 V 1 V 2 V 3 V 4

� �T

(11)

Based on Galerkin’s approach, the governing equation for
the stress and strain and the equation for the seepage can be
written in the finite-difference form as (Lewis & Humphe-
son, 1973; Hu et al., 2012)

[K]ef�ge þ [Kc]ef�ge ¼ fRfge
h (12)

[Ks]
ef�ge þ [Kb]ef _�ge � [Ka]ef _�ge ¼ fRqge

h (13)

where � is the nodal displacement vector and � is the nodal
hydraulic and electrical potential vector. K and Ka are
coefficient matrices for �, and Kc, Ks and Kb are coefficient
matrices for �. Rfh is the element load vector; Rqh is the
hydraulic and voltage vector. The incremental form of the
two equations can be derived as

K Kc

Ka �(Ł˜t[Ks]
e þ [Kb]e)

2
4

3
5 ˜�

˜�

8<
:

9=
;

¼
˜Rfh

˜t(Ks� n�1 � Rqh)

8<
:

9=
;

(14)

where �n�1 is calculated at the n � 1 time step and Ł is the
coefficient of the time step.

Boundary/initial conditions
The boundary conditions for displacement, seepage and

the electric fields are listed as follows.

The Dirichlet conditions specify the values or function for
the basic variants at the boundary

u ¼ u(t)

H ¼ H(t)

V ¼ V (t)

(15)

The Neumann conditions give the constraint force and
flux conditions at the boundary

n � � ¼ F(t)

n � v ¼ vn(t)

n � j ¼ jn(t)

(16)

where � is the stress tensor; F is the external force acting
on the boundary; and n is the normal vector at boundary.

To obtain a unique solution, the initial values of the basic
variants should be provided

u(0) ¼ u1

H(0) ¼ H1

V (0) ¼ V 1

(17)

where u1, H1 and V1 are the initial displacements, total head
and electrical voltage, respectively. In general, u1 is 0 before
the electro-osmotic consolidation.

By incorporating the above, the 3D electro-osmotic con-
solidation process can be simulated by the developed FEM
software. Furthermore, the 3D numerical model can be
simplified to simulate the 2D and 1D cases. The numerical
model can also simulate different electrode installation pat-
terns during electro-osmotic consolidation, as well as the
partially penetrating electrode situation.

Comparison with a previous analytical solution
Su & Wang (2003) proposed a 2D electro-osmotic con-

solidation model in a horizontal plane as shown in Fig. 1(a).
The electrodes were installed in rows with spacing L in the
x direction and p in the y direction. The electric field is in
the horizontal plane while the displacement occurs in the
vertical direction, and the water flows in the x and y
directions. Because of the symmetrical arrangement of the
electrodes, a representative element with one anode and one
cathode is used for the analysis as shown in Fig. 1(b). The
electrodes are treated as point on the representative element.
The four boundaries are all impermeable, except that the
cathode point is a sink.

The analytical solution for the total head is derived by the
separation of variables (Su & Wang, 2003)

H(x, y, t) ¼� ke

kh

V (x, y)þ
X1
m¼1

X1
i¼0

Bm,i

3 sin
(2m� 1)�

L
x cos

2i�

p
y

3 e� (2m�1=2L)2þ(2iL=p)2½ ��2Tv

(18)

Bm,i ¼
8

Lp

ðL
0

ðp=2

0

ke

kh

V (x, y, 0) sin
(2m� 1)�

L
x cos

2i�

p
y dxdy

(19)

where Tv is the time factor and Bm,i is a calculating factor.
The average degree of consolidation was derived as
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�UU ¼ 1� 4

�3

X1
m¼1

(�1)m�1

(m� 1=2)3
e�[m�(1=2)]2�2Tv (20)

Figure 2 shows the comparison of the analytical result
obtained from Su & Wang (2003) and the numerical result
based on the analytical model proposed in this paper. The
degree of consolidation based on Su & Wang (2003) is
larger than that obtained from the numerical analysis by
about 50% at Tv ¼ 1, which is due to the inaccurate assump-
tion of the voltage distribution by Su & Wang (2003). The
distribution of the voltage in the representative element is
obtained by the proposed numerical model and is shown in
Fig. 1(b). Since the electrodes are symmetrically arranged,

the boundary conditions for the voltage can be expressed as
follows

@V

@x
¼ 0 (x ¼ 0 and y 6¼ 0; x ¼ L and y 6¼ 0)

@V

@y
¼ 0 (y ¼ �p=2)

V ¼ V 0 (x ¼ 0 and y ¼ 0)

V ¼ 0 (x ¼ L and y ¼ 0)

8>>>>>>>><
>>>>>>>>:

(21)

However, Su & Wang (2003) assumed the voltage distri-
bution as

V (x, y) ¼ [(L� x)=L](1� 2 yj j=p)V 0 (22)

where V0 is the applied voltage. Based on this assumption,
the voltage is 0 when x ¼ L or y ¼ � (p/2), which is not
consistent with that shown in Fig. 1(b). Because of the
inaccurate assumption about the voltage distribution, the
voltage gradient was overestimated, and the corresponding
degree of consolidation was larger than that obtained from
the proposed numerical analysis.

Comparison of different electrode installation patterns
Similar to the installation patterns of sand drains, three

different electrode installation patterns are usually adopted
in practice, as shown in Fig. 3 (Bjerrum et al., 1967; Lo &
Ho, 1991; Burnotte et al., 2004; Glendinning et al., 2008).
In general, the diameter of the central electrical vertical
drain (EVD) employed as cathode is larger than that of the
steel bar used as anode. In patterns A and B, the electrodes
are installed in a square pattern, and the anodes and
cathodes are placed row by row in pattern A and interlaced
in pattern B. In pattern C, the electrodes are installed in a
triangular pattern. The representative elements for the three
installation patterns, which will be used in the numerical
simulation process, are also illustrated in Fig. 3. In pattern
A, every electrode is shared by two representative elements
and one anode and one cathode are used in one representa-
tive element. In pattern B, every anode is shared by four
representative elements and one anode and one cathode are
used in one representative element. In pattern C, two anodes
and one cathode are used in one representative element since
every anode is shared by three representative elements.

The treatment area of the three representative elements is
8 m2: The soil parameters adopted in the numerical analysis
are listed in Table 1.

The ratio of the average ground settlement to the depth of
the model, Sa/h, is shown in Fig. 4. The average ground
settlements of patterns A and B are almost the same,
whereas pattern C achieves the largest average ground settle-
ment, which is about 1.5 times that of patterns A and B.
Fig. 5 shows the ratio of the differential settlement to the
depth of the model, ˜S/h, and indicates that although
patterns A and B obtain approximately the same average
ground settlement, the differential settlement of pattern B is
smaller than that of pattern A. In addition, pattern C not
only achieves the largest average surface settlement but also
obtains the smallest differential settlement. The average sur-
face settlement of pattern C is about 1.5 times that of
patterns A and B, and the differential settlement is about 0.5
times. With an added anode, pattern C gives a larger and
more uniform electrical current intensity in the soil mass. In
practice, the steel bar was commonly used as anode, which
is much cheaper than the central EVD, so pattern C may be
the best way to install the electrodes among the three
patterns.

The proposed 3D theoretical and numerical model was
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Fig. 1. Schematic illustration of 2D model in the horizontal plane
and corresponding voltage distribution: (a) schematic illustration
of 2D model in horizontal plane; (b) voltage distribution in
orthogonal coordinate system
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used to analyse the effect of three different installation
patterns of EVD in the application of electro-osmotic con-
solidation. However, the practical situation is far more
complicated. The influence of the heterogeneity of soil layer,
the anisotropy of soil parameters and the smear zone formed
during the installation on the electro-osmotic consolidation
process need further investigation based on the proposed
model.

Simplification of the 3D model to the axisymmetric model
In the analysis of a drain well consolidation problem, the

3D model is often simplified to a 2D axisymmetric model
and a series of analytical solutions is obtained (Barron,
1948; Hansbo, 1981; Xie & Zeng, 1989; Indraratna et al.,
2005). In a similar way, the 3D model for electro-osmotic
consolidation can also be simplified to become a 2D

Anode

Anode

Anode

Cathode

Cathode

Cathode

(a)

(b)

(c)

Fig. 3. Three installation patterns of electrodes during electro-
osmotic consolidation: (a) pattern A: anodes and cathodes placed
row by row in a square pattern; (b) pattern B: anodes and
cathodes interlaced with each other in a square pattern;
(c) pattern C: electrodes installed in a triangular pattern

Table 1. Soil parameters and model dimensions used in the
theoretical analysis

Parameter Value

Unit weight of water, ªw: kN/m3 9.81
Hydraulic conductivity in radial direction, kr: m/s 5 3 10�9

Hydraulic conductivity in vertical direction, kz: m/s 5 3 10�9

Electro-osmotic permeability, ke: m2/s per V 3 3 10�9

Coefficient of volume compressibility, mv: MPa�1 0.37
Applied voltage, V0: V 20
Radius of central EVD, rw: m 0.1
Radius of steel bar used as anode, rs: m 0.02
Height of model, h: m 5
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Fig. 4. Ratio of average surface settlement to depth of model of
the three installation patterns
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Fig. 5. Ratio of differential settlement to depth of model of the
three installation patterns
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axisymmetric model when electrodes are installed in pat-
terns B and C (Nicholls & Herbst, 1967; Li et al., 2010;
Wu & Hu, 2013a). In this section, the proposed 3D
numerical model is used to analyse the distribution of
electric current intensity and average ground settlement in
patterns B and C, as well as the equivalent cylinder model
developed based on the equal area assumption.

Figure 6 illustrates the electric field distribution in sec-
tions of pattern B, pattern C and the equivalent cylinder
model. The numerical result shows that the electrical current
in the sections of patterns B and C are 0.44 times and 0.58
times respectively the electrical current of the equivalent
cylinder model. Therefore, the average surface settlements of
patterns B and C can be obtained from an equivalent
cylinder model by changing the applied voltage from V0 to
0.44V0 and 0.58V0 respectively. Nicholls & Herbst (1967)
also analysed the electrical current in the section of pattern
C and the equivalent cylinder model. They concluded that
the electrical current flowing through the section of pattern
C was 0.6 times the electrical current intensity obtained
from the section of the cylinder model, which agrees well
with the present authors’ numerical result.

Most of the previous numerical models cannot directly
predict the ground settlement, and the soil deformation is
usually indirectly obtained by analysing the electrical current
or the pore-water pressure (Nicholls & Herbst, 1967; Rittir-
ong & Shang, 2008). Since the proposed numerical model
couples the seepage field, the electric field, and the stress and
strain field, the ground settlement can be directly obtained.
Fig. 7 shows the ratio of the average surface settlement to
the depth of the model during the electro-osmotic consolida-
tion process, and the comparison of the three models shows
that the cylinder model achieves the largest average surface
settlement. However, the ratio of the average ground settle-
ment of pattern B and pattern C to that of the equivalent
cylinder model is different from that obtained by the elec-
trical current prediction by Nicholls & Herbst (1967). Fig. 7
shows the curves obtained by multiplying the average ground
settlement curve of the equivalent cylinder model by 0.44
and 0.58. It is shown that the electrical current prediction
underestimates the settlement in patterns B and C. The
average ground settlement of patterns B and C are about 0.5
and 0.7 times that of the equivalent cylinder model.

Wu & Hu (2013a) proposed an analytical solution for
the 2D axisymmetric problem of electro-osmotic consolida-
tion. Fig. 7 shows that the result from the analytical
solution is larger than that of the 3D numerical model of
a cylinder. Owing to the axisymmetric characteristics, the
electric field distribution in the cylinder model is actually
the same as that in the 2D axisymmetric model. However,
the axisymmetric analytical model (Wu & Hu, 2013a) only
considered the electric field and the seepage field, while
the stress and strain field was not taken into account. The
comparison of the analytical result and the numerical
result indicates that neglect of the stress and strain field
will cause a larger average ground settlement than the
actual situation.

The electro-osmotic consolidation is a multi-physics prob-
lem, which is related to the mechanical, electrical and
hydraulic characteristics of the soil–water system. The pre-
diction for ground settlement may be underestimated from
the electrical current prediction because the influence of the
seepage field and the stress and strain field is not considered
(Nicholls & Herbst, 1967). The ground settlement may be
overestimated if the electrical and hydraulic field is consid-
ered while the stress and strain field is uncoupled (Wu &
Hu, 2013a). The proposed 3D numerical model can predict
the actual situation reasonably by coupling the seepage,
electrical and stress/strain field together.

Current line

Current line

Current line

Contour
line

Contour line

Contour line

(a)

(b)

(c)

Fig. 6. Electrical flow in: (a) pattern B; (b) pattern C; and (c) the
equivalent cylinder model
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Finite-element method results for partially penetrating
electrode and totally penetrating electrode

When the ground is treated by electro-osmotic consolida-
tion, a partially penetrating EVD can also be used to
consolidate the soil, which is similar to partially penetrating
prefabricated vertical drains commonly used in vacuum
preloading ground treatment to reduce cost. The ratio be-
tween the depth of the EVD and the depth of the ground to
be treated is denoted by l9. When l9 ¼ 1, the EVD penetrates
through the whole drainage layer.

The 3D numerical model was performed for the above
situation and the soil parameters are shown in Table 1. Fig. 8
shows the numerical result in combination with partially
penetrating EVD at different depths. The y-coordinate de-
notes the ratio of the average surface settlement, Sa, to the
depth of the model. Based on Fig. 8, the decrease in EVD
depth slows down the ground consolidation. When the ratio l9
is larger than 0.9, the development of the average surface
settlement is almost identical to that when l9 ¼ 1. However,

when l9 decreases to 0.8 or less, the development of the
average surface settlement is much slower. Therefore, the
EVD does not need to penetrate to the bottom of the drainage
layer in electro-osmotic consolidation; a partially penetrating
EVD with l9 ¼ 0.9 will acquire almost the same settlement as
the totally penetrating one.

The developed 3D numerical model can analyse the varia-
tion of current, the pore pressure and the energy consump-
tion during the electro-osmotic consolidation process in
practical engineering. Based on these results, engineers can
optimise the electro-osmotic consolidation process and save
cost by choosing the optimal treatment time and electrode
distance, as well as the optimal depth of EVD. The combi-
nation of electro-osmotic consolidation with other ground
treatment techniques such as surcharge preloading and va-
cuum preloading can also be simulated by the proposed
model.

A CASE STUDY OF ELECTRO-OSMOTIC
CONSOLIDATION

To validate the proposed analytical and numerical model,
the present authors performed a numerical simulation of the
field case by Bjerrum et al. (1967), improving soft soils in
Oslofjord, Norway, 30 km south of Oslo. Several 9.6 m long
steel bars were embedded into the soil as the electrodes. The
electrodes were arranged at 0.6 m intervals in rows with a
space of 2 m between the anode and the cathode, as shown
in Fig. 9(a). The consolidation of the 2 m deep weathered
crust was ignored because its consolidation settlement was
much smaller compared with that of the 7.6 m deep soft soil
beneath.

The soil was treated as a single layer in the numerical
simulation. Owing to the symmetry of the electrode arrange-
ment in the ground, a 3D numerical simulation was per-
formed for a representative element of 2.0 m (length) 3
0.6 m (width) 3 7.6 m (depth) with one impervious anode
and one fully drained cathode, as shown in Fig. 9(b). Fig.
9(c) shows the FEM mesh of the representative element,
which has 2624 nodes and 10 714 tetrahedral finite elements.

Meanwhile, a 2D numerical model was also developed,
2 m long and 7.6 m deep, to compare with the 3D model.
The reported parameters of the soft clay in the field are
shown in Table 2. According to Bjerrum et al. (1967), the
soil was treated under intermittent electrical current as
shown in Fig. 10, which was adopted in the numerical
simulation. The average settlement between the anode and
the cathode was calculated in the numerical simulation and
compared with the field data obtained from a settlement
gauge installed near to the middle of the anode and the
cathode.

The results of the numerical simulations and the field
data are shown in Fig. 11. It is demonstrated that in the
early stage, the predicted settlement from the 3D numer-
ical simulation is larger than the field measurements, and
coincides well with the field measurements at the later
part of the test. The reason for the deviation in the early
stage is that the elastic modulus is assumed to be constant
in the calculating process of the numerical experiment for
this case study. In the real situation, the elastic modulus
increases with the drainage of pore water and the corre-
sponding surface settlement will decrease in this process.
The 2D numerical model gives a larger ground settlement
than the 3D model because the 2D model produced a
stronger electrical current intensity. Rittirong & Shang
(2008) performed a 2D numerical simulation for this case
study, by considering the seepage and the electric field in
the model, and the settlement was indirectly calculated
from the pore-water pressure and empirical formula. The
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numerical model proposed in this paper coupled the
seepage field, the electric field, and the stress and strain
field to provide a more realistic simulation, and the ground
settlement could be directly obtained. Fig. 11 also illus-
trates that the settlement stopped or even rebounded after
interrupting the electrical currents, which was also cap-
tured in the numerical simulation.

SUMMARY AND CONCLUSION
A theoretical model is proposed to describe the displace-

ment, pore-water pressure and electrical voltage during
electro-osmotic consolidation, by means of coupling of the
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Fig. 9. (a) Electrodes arrangement and representative element for the numerical simulation;
(b) diagram of the 3D numerical model; (c) mesh of the 3D numerical model

Table 2. Parameters of soft clay in field test (Bjerrum et al., 1967)

Parameter Value

Natural water content, w: % 31
Plastic limit, wp: % 14
Liquid limit, wL: % 19
Specific gravity, Gs 2.75
Bulk density, ª: kN/m3 1.94
Sensitivity, St 100
Coefficient of consolidation, Cv: m2/s 5 3 10�8

Hydraulic conductivity, kh: m/s 2 3 10�10

Electro-osmotic permeability, ke: m2/s per V 2 3 10�9
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Fig. 10. Variation of applied electrical voltage with time (Bjerrum
et al., 1967)
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seepage field, the electric field, and the stress and strain
field. Based on the proposed theory, a 3D FEM numerical
model is developed for electro-osmotic consolidation, which
can directly predict the ground settlement. Several different
numerical simulations are conducted to analyse the effect of
different installation patterns of EVD, the simplification of
the 3D model and the partially penetrating electrode. A case
study is also performed to verify the capability of the
proposed 3D theory.

With the 3D numerical model, three patterns commonly
used for electrode installation are analysed. The result
indicates that the triangular installation pattern can obtain
more ground settlement than the other two patterns.

The equivalent cylinder model is developed to investigate
the impact of the simplification from a hexahedron model
and a hexagonal prisms model to a cylinder model based on
the equal area assumption. The simplification is often used
in the theoretical analysis, and the numerical results illustrate
that the equivalent model will achieve a much larger settle-
ment. A reduction factor for the applied voltage is then
suggested in order to apply the cylinder model for electro-
osmotic consolidation.

The effect of the penetrating depth of the electrodes on
the ground settlement is also investigated. The numerical
result shows that a partially penetrating EVD with l9 ¼ 0.9
will acquire almost the same settlement as the totally
penetrating one.

An engineering case of electro-osmotic consolidation was
simulated to demonstrate the capability of the developed
theoretical and numerical models, and the calculated ground
settlement agrees well with the field data. The developed
numerical model has potential use in the engineering design
of a ground improvement system.
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NOTATION
Bm,i calculating factor for 2D model in horizontal plane

Cp soil capacitance per unit volume
E Young’s modulus
F external force acting on boundary in numerical model
H total head due to pore-water pressure and elevation

H1 initial total head in numerical model
h depth of model
j electrical current density vector in x, y and z directions

K, Ka coefficient tensors for � in the numerical model
Kc, Ks, Kb coefficient tensors for � in the numerical model

ke electro-osmosis conductivity
kh hydraulic conductivity
ke electro-osmosis conductivity tensor for anisotropic

soils
kh hydraulic conductivity tensor for anisotropic soils
L length of 2D model in horizontal plane
l9 ratio between depth of EVD and depth of ground to be

treated
n normal vector at boundary in numerical model
p height of 2D model in horizontal plane

Rfh element load vector in numerical model
Rqh vector of hydraulic and voltage condition in numerical

model
re, rw radii of central EVD and steel bar used as anode

Sa average surface settlement
˜S differential settlement
Tv time factor

t time
u soil displacements vector

u0 initial displacements in numerical model
v pore-water flow velocity in x, y and z directions

vh, ve pore-water flow velocity vectors due to hydraulic
gradient and electrical gradient

vx, v y, vz pore-water flow velocity in the x, y and z directions
V electrical potential

V0 applied voltage
V1 initial electrical voltage in the numerical model
w water content

wL liquid limit
wp plastic limit

z elevation head
ª bulk weight of soil

ªw unit weight of water
� vector of nodal displacements in numerical model
�v volume strain of soil mass
Ł coefficient of time step in numerical model
ı Poisson ratio
� stress tensor in the numerical model
�e electrical conductivity
�e electrical conductivity tensor
� vector of nodal hydraulic and electrical potentials in

numerical model
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TECHNICAL NOTE

Analytical solution for axisymmetric electro-osmotic consolidation

H. WU� and L. HU†

Electro-osmotic consolidation is a potential method for soil improvement. An axisymmetric electro-
osmotic consolidation model with coupled horizontal and vertical seepage is proposed and the
analytical solution is derived without the equal strain hypothesis, which was used in previous models.
The proposed analytical model can predict the distribution of pore-water pressure in the radial
direction, and comparison with previous analytical models indicates that the degree of consolidation is
overestimated if the model is simplified from an axisymmetric model to a planar model. A design
chart is developed to facilitate the evaluation of applying electro-osmotic consolidation for soil
improvement.

KEYWORDS: consolidation; dewatering; electrokinetics; ground improvement; seepage; theoretical analysis

INTRODUCTION
Electro-osmosis, in which an electrical field is applied to a
saturated soil to cause water flow from the anode to the
cathode, has been proved to be an effective method to
consolidate soil and enhance the bearing capacity of ground
(Bjerrum et al., 1967; Casagrande, 1983; Casagrande et al.,
1986; Chew et al., 2004; Hu et al., 2010). Esrig (1968) first
proposed a one-dimensional analytical model to calculate the
excess pore-water pressure. Wan & Mitchell (1976) consid-
ered the surcharge preloading, and coupled the two methods.
Thereafter several analytical models were proposed for elec-
tro-osmotic consolidation, including the two-dimensional
model in a vertical plane (Shang, 1998; Xu et al., 2011) and
the two-dimensional model in a horizontal plane (Su &
Wang, 2003). Prefabricated vertical drain (PVD) and electric
vertical drain (EVD) are often installed in an equilateral
triangular pattern in the ground so that an axisymmetric
model is more appropriate to describe the behaviour of soil
than the planar models (Glendinning et al., 2008).

The unit cell theory proposed by Barron (1948) was the
most popular method to analyse axisymmetric seepage pro-
blems, such as ground treatment with PVD (Carrillo, 1942;
Barron, 1948; Hansbo, 1981; Onoue, 1988; Xie & Zeng,
1989; Indraratna et al., 2005; Wu & Hu, 2012a), as well as
electro-osmotic consolidation (Li et al., 2010; Wu & Hu,
2012b). Li et al. (2010) developed an axisymmetric model
to analyse the soil behaviour of electro-osmotic consolida-
tion with surcharge preloading. Wu & Hu (2012b) proposed
an axisymmetric analytical model for electro-osmotic con-
solidation coupled with vacuum preloading. However, both
of the above analytical models ignored the vertical flow of
pore water and used the equal strain hypothesis, which
assumes equal vertical soil displacement along the radial
direction at an identical depth. The equal strain hypothesis is

not applicable for all situations, and only average excess
pore-water pressure can be obtained.

In this paper, an axisymmetric model considering both the
radial and vertical flows for electro-osmotic consolidation is
proposed, and the analytical solution is derived to describe
the behaviour of the soil mass. Results from the analytical
model are compared with previous model predictions and
design charts are obtained to evaluate the suitability of
electro-osmotic consolidation to given site conditions.

THEORETICAL ANALYSIS
Two-dimensional axisymmetric model

A schematic diagram of the two-dimensional axisym-
metric model for electro-osmotic consolidation with a central
EVD is shown in Fig. 1. The top of the model and the
central EVD are permeable boundaries, while the peripheral
and bottom boundaries are impermeable. The radii of the
model and the drain are re and rw, respectively. The voltage
is distributed along the radial direction and is independent
of time and the vertical position z. The electrical capacitance
per unit volume and the electrochemical reactions are
neglected. The electro-osmosis conductivity and the electri-
cal conductivity in r and z directions are supposed to be the
same and remain constant.

Governing equations, boundary conditions and initial
condition

The combined pore-water flow under the hydraulic gradi-
ent and electrical gradient can be described as (Esrig, 1968;
Hu et al., 2012)

vr ¼ �kr

@H

@r
� ke

@V

@r

vz ¼ �kz

@H

@z

(1)

where H is the total water head and V is the electrical
potential; vr and vz are the pore-water flow velocity in the
radial and vertical directions; kr and kz are radial and
vertical hydraulic conductivities, and ke is the electro-osmo-
sis conductivity.

Based on the principle of conservation of pore water in a
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saturated soil system, the following equation can be derived
under axisymmetric conditions

vr

r
þ @vr

@r
þ @vz

@z
¼� mv ªw

@H

@t
(2)

where mv is the coefficient of volume compressibility and
ªw is the unit weight of water.

The governing equation for electro-osmotic consolidation
under axisymmetric condition can be obtained by substitut-
ing equation (1) into equation (2)

kr

1

r

@H

@r
þ @

2H

@r2

� �
þ kz

@2H

@z2
þ ke

r

@V

@r
þke

@2V

@r2

¼ mvªw

@H

@t

(3)

The equation for the electric field can be obtained based on
the law of conservation of electrical charge

@V 2

@r2
þ 1

r

@V

@r
¼ 0 (4)

The boundary conditions for V can be expressed as

V (re, z, t) ¼ V a (5)

V (rw, z, t) ¼ 0 (6)

where Va is the applied voltage.
Then the solution for equation (4) can be derived as

V (r) ¼ V a

ln n
ln

r

rw

(7)

where n denotes the ratio of the diameter of the model to
the diameter of the EVD. Considering equation (7), equation
(3) can be simplified as

kr

1

r

@H

@r
þ @

2H

@r2

� �
þ kz

@2H

@z2
¼ mvªw

@H

@t
(8)

The peripheral boundary is impermeable so that the
boundary condition can be expressed as

vr(re, z, t) ¼ �kr

@H

@r
� ke

@V

@r
¼ 0 (9)

Substituting equation (7) into equation (9), the following
boundary equation can be obtained as

@H(re, z, t)

@r
¼ ke

kr

V a

ln n

1

re

(10)

The bottom boundary is impermeable and since the voltage
is distributed only in the radial direction, the mathematical
expression for the bottom boundary can be described as

@H(r, z, t)

@z

����
z¼L

¼ 0 (11)

where L is the depth of the model.
The boundary of the EVD and the top boundary can be

expressed as

H(rw, z, t) ¼ H0 (12)

H(r, 0, t) ¼ H0 (13)

where H0 is the total hydraulic head. When the other
methods such as vacuum preloading are used together
with electro-osmosis, H0 can be a certain value according
to the actual conditions. When the electro-osmotic con-
solidation is used alone for the soil improvement and
there is no water at the top of the model that can enter
the model, the top boundary is actually a 0 flux
boundary, which can be described by a one-dimensional
axisymmetric model.

The initial condition can be described as

H(r, z, 0) ¼ 0 (14)

Analytical solutions
According to equations (8) to (14), the analytical solutions

for H can be obtained by the separation of variables (details
are given in the supplementary data available on-line)

H(r, z, t) ¼
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Fig. 1. Diagram of the two-dimensional axisymmetric model of
electro-osmotic consolidation
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where Jj and Yj are the first and the second Bessel functions
respectively with an order of j, and ºi is the solution for
D0(º1=2 3 re) ¼ 0 where i equals 1,2,3. . .; Cv ¼ kr/(mvªw) is
the coefficient of consolidation in the radial direction. Then
the degree of consolidation can be calculated as
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Equation (19) indicates that the degree of consolidation is
independent of the electro-osmosis conductivity. The applied
voltage will contribute to the excess pore-water pressure and
settlement, but not the degree of consolidation if the electro-
chemical reactions are neglected.

When electro-osmotic consolidation is used alone, the
one-dimensional axisymmetric model can be employed, in
which the governing equation, the boundary conditions and
the initial condition are shown as follows
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(20)

The analytical solution can be derived as (details are
given in the supplementary data available on-line)
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DISCUSSION
The basic parameters adopted in the analytical model are

listed in Table 1.

Impact of vertical seepage on electro-osmotic consolidation
In order to focus on the effect of vertical seepage on the

electro-osmotic consolidation process when vacuum preload-
ing is also used, H0 is set at 0 to remove the effect of
vacuum preloading in the following analysis. The values for
the ratio of vertical to radial hydraulic conductivity, kz/kr,
were varied from 0.01 to 1 with a fixed kr; the comparison
is shown by the real lines in Fig. 2. The horizontal ordinate
Tv denotes the time factor, which can be expressed as
Tv ¼ Cv t/L2: The vertical ordinate denotes the ratio of the

se-
ttl-
e-
m-
ent
at

the anode to the depth of the model. The solid curves
represent the results of kz/kr ¼ 1, kz/kr ¼ 0.5,
kz/kr ¼ 0.1 and kz/kr ¼ 0.01 respectively.

Figure 2 illustrates that with the increase of kz, the
settlement at the anode decreases. When kz/kr ¼ 0.01, the
seepage in the vertical direction can be neglected and
the ratio of the settlement to the depth of the model
reaches 12%.

Table 1. Basic parameters for electro-osmotic consolidation in the
numerical and analytical model

Parameter Value

Radius of model, re: m 0.5
Depth of model, L: m 1
Unit weight of water, ªsat: kN/m3 10
Hydraulic conductivity in radial direction, kr: m/s 5 3 10–9

Hydraulic conductivity in vertical direction, kz: m/s 2.5 3 10–9

Coefficient of volume compressibility, mv: MPa�1 0.3
Electro-osmosis conductivity, ke: m2/s per V 2 3 10�9

Applied voltage, Va: V 10
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Fig. 2. Relationship between the ratio of settlement at the anode
to the depth of the model and time under different kz/kr
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Impact of the equal strain hypothesis
Wu & Hu (2012b) neglected the vertical seepage and

derived an analytical solution for the one-dimensional axi-
symmetric model with the boundary conditions shown in
equations (10) and (11) under the equal strain hypothesis

�uu(t) ¼ �MV a (1� e�t=Br ), �UU ¼ 1� e�t=Br (23)

where �uu and �UU are the average excess pore-water pressure
and the average degree of consolidation. Br ¼ ªw r2

e mv Fi,
M ¼ keªw(Fj/kr), Fi ¼ n2/(n2�1) (ln n � 3/4) + (1 � 1/4/n2)/
(n2 � 1), Fj ¼ n2/(n2 � 1) � 1/(2 ln n).

Figure 3 illustrates the excess pore-water pressure of the
two analytical solutions shown in equations (21) and (23),
representing the analytical solution with and without the
equal strain hypothesis respectively. Because of the equal
strain hypothesis, the excess pore-water pressure obtained
from equation (23) is the same along the radial direction.
Nevertheless, the proposed analytical solution can reflect the
variation of the excess pore-water pressure from 0 at the
cathode to a relative high negative excess pore-water pres-
sure at the anode.

Comparison with previous analytical solutions
Shang (1998) and Xu et al. (2011) simplified the problem

to a two-dimensional model in the vertical plane as shown
in Fig. 4. Shang (1998) assumed the voltage to be 0 at the
top boundary, which does not account for the actual situa-
tion. Xu et al. (2011) accounted for this boundary condition
and derived the analytical solution
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3
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kh(2m� 1)2(2i� 1)�3

�mi ¼
8keªwV aBCy(2i� 1)(�1)mþ1

Cmikh(2m� 1)2�

(25)

where Cx and Cy are the coefficients of consolidation in the
horizontal and vertical directions; kh is the hydraulic con-
ductivity in the horizontal direction; B is the distance be-
tween the anode and the cathode.

Figure 5 shows the comparison of the proposed two-
dimensional axisymmetric model with models proposed by
Shang (1998) and Xu et al. (2011). The x-coordinate, Tx, is
the time factor in the horizontal direction. The model
proposed by Shang (1998) overestimates the degree of con-
solidation for the two-dimensional model in the vertical
plane by about 8% at Tx ¼ 0.01, as there is a voltage
gradient in the vertical direction attributable to the assump-
tion of zero volts at the top boundary. The model proposed
by Xu et al. (2011) overestimates the degree of consolida-
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tion by about 15% at Tx ¼ 0.01 and 50% at Tx ¼ 0.1 owing
to the simplification from axisymmetric model to planar
model.

Field application of the proposed analytical solution
Figure 2 gives the relationship between the degree of

consolidation and the time factor. However, these curves are
generated for a specific problem, given size of the EVD,
basic properties of the soil and the electrical gradient. In
order to develop useful information for practitioners, Fig. 6
was developed using three dimensionless variables, namely,
re/L, S/L and G. The re/L value describes size of the treated
zone, S/L is the ratio of final settlement at the anode to the
thickness of the clay layer and G describes the electro-
osmosis properties

G ¼ ke V a

kr [(re þ rw)=2] ln n
(26)

With a designed EVD and treatment process, if the basic
soil properties are measured, then Fig. 6 can be used to
capture the relation between the final settlement and the
electrical gradient. In the design of electro-osmotic consoli-
dation, specifically for a given site with soil properties, it is
possible either to select the treatment zone r or the treatment
voltage to obtain desired settlement based on Fig. 6.

An example is analysed and the properties of the ground
are supposed to be as follows: ke ¼ 2.5 3 10–8 m2/(s V),
kr ¼ 5 3 10–10 m/s, kz ¼ 2.5 3 10–10 m/s, mv ¼ 0.312 MPa–1,
L ¼ 10 m. The radius of the EVD is assumed to be 0.04 m
and the applied voltage is set to be 12 V. If a settlement of
0.9 m is expected, then according to Fig. 6, re should be
0.75 m. When re is 0.75 m, G equals 520 and re/L equals
0.075. Then from the curve with G equals 520, S/H is 0.09,
which means the settlement is 0.9 m. Therefore, during the
installation of EVDs, the space between the anode and the
cathode should be 0.75 m in order to obtain a settlement of
0.9 m, and this is also the optimal choice for re in this
situation.

SUMMARY AND CONCLUSIONS
A two-dimensional axisymmetric model for electro-osmo-

tic consolidation is proposed to describe the coupling of
radial and vertical pore-water movement, and the analytical

solution is derived to show the distribution of the excess
pore water along the radial and vertical directions. Based on
the developed analytical solutions, the following conclusions
can be drawn.

(a) The proposed analytical model couples the pore-water
movement in horizontal and vertical directions with
electro-osmotic consolidation; the result indicates that
with the decrease of vertical hydraulic conductivity, the
settlement at the anode caused by electro-osmotic
consolidation increases.

(b) The proposed analytical model is more general and can
exactly describe the distribution of excess pore-water
pressure along the radial direction, whereas previous
models can only give the uniform excess pore-water
pressure, owing to the equal strain hypothesis.

(c) Since EVDs are often installed in an equilateral triangular
pattern, the axisymmetric model is more appropriate to
describe the behaviour of soil than the planar model. The
degree of consolidation is overestimated if the model is
simplified from an axisymmetric model to a planar
model.

(d ) Design curves are developed for the electro-osmotic
consolidation, which describes the relation between the
final settlement, the electrode spacing, the soil properties
and the applied voltage. Hence, the final settlement can
be predicted using these charts for a given site
configuration.
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NOTATION
B length of the model

Br calculating factor for 1D axisymmetric model under equal
strain condition, Br ¼ ªwr 2

emvFi

Ci calculating factor for 1D axisymmetric model without
equal strain condition

Cv coefficient of consolidation in the radial direction
Cx, Cy coefficients of consolidation in horizontal and vertical

directions for the planar model
D0 function related to the first and second Bessel functions

with an order of 0
D1 function related to the first and second Bessel functions

with an order of 1
E0 Young’s module

Fim calculating factor for 2D axisymmetric model without
equal strain condition

G electro-osmosis properties of soil
H total water head

H0 total hydraulic head applied on the model
Jj, Yj the first and second Bessel functions with an order of j

ke electro-osmosis conductivity
kr, kz hydraulic conductivities in the radial and vertical directions

L depth of the model
M calculating factor for 1D axisymmetric model under equal

strain condition, M ¼ keªw(Fj/kr)
mv coefficient of volume compressibility

n ratio of diameters of the model to the EVD
rw, re radii of the central EVD and the model

S/L ratio of diameters of the final settlement at anode to
thickness of clay layer

Tx time factor in horizontal direction for the planar model
U degree of consolidation for the 2D axisymmetric model
�UU average degree of consolidation for the 1D axisymmetric

model
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u pore-water pressure for the 2D model in the vertical plane
�uu average excess pore-water pressure in the radial direction

for the 1D axisymmetric model
V voltage in the model

Va applied voltage on the whole model
vr , vz pore-water flow velocities in the radial and vertical

directions
ªw unit weights of water and saturated soil
�v volumetric strain of soil mass
ºi the solution for D0(º1=2 3 re) ¼ 0 where i equals 1, 2, 3. . .

 Poisson’s ratio
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TECHNICAL NOTE

Improving the mechanical response of kaolinite and bentonite through
exposure to organic and metallorganic compounds

A. GAJO�, A . MADASCHI�, F. GIRARDI� and R. DI MAGGIO�

The mechanical response of soft clays can be modified through change of the adsorbed ions or by
adding lime or cement using deep mixing tools. This work focuses on analysing the effects induced
by a new class of chemical agents, which can be driven through soft clays and lead to cementing
bonds, without being associated with any deformation. The resulting technique could be of benefit for
improving in situ soil properties, for instance beneath existing foundations. Both kaolinite and sodium-
and potassium-bentonites are subjected to different chemical compounds, considering the effects on
the liquid limit, residual friction angle and apparent preconsolidation pressure.

KEYWORDS: clays; chemical properties; compressibility; consolidation; laboratory tests; shear strength

INTRODUCTION
Few methods are proposed in the literature and put into prac-
tice to improve the in situ mechanical properties of clays; these
include reducing their water content (by preloading embank-
ments or electrosmosis); chemical changes induced by cation
exchange (Ingles & Metcalf, 1972); and adding lime and/or
cement with deep mixing tools (Broms & Boman, 1979). All
traditional methods are associated with settlement, however,
and are not applicable underneath building foundations.

The present work focuses on analysing the effects induced
by a new class of chemical agents that can be driven
through soft clays (e.g. by electro-grouting), leading to the
formation of cementing bonds at interparticle contacts and
reducing compressibility, owing to their good affinity with
the surface groups on the faces and edges of clay particles.
Laboratory tests have been conducted to assess the effects of
polyvinyl alcohol (PVA), sodium polyvinyl alcoholate
(sodium-PVA), silicon and/or aluminium alkoxides on the
liquid limit, the residual friction angle and the apparent
preconsolidation effects of both kaolinite and sodium (Na)-
and potassium (K)-bentonites.

MECHANISMS OF INTERACTION BETWEEN ORGANIC
AND METALLORGANIC COMPOUNDS AND CLAY
PARTICLES

Organic–clay nanocomposites have recently been devel-
oped for numerous industrial applications (as a catalytic
support, to adsorb organic or inorganic substances and in
packaging), modifying clay mainly by means of cation
exchange reactions with alkyl ammonium salts that increase
the interlayer spacing where other molecules can be inserted,
changing the clay’s chemical nature (Stackhouse et al., 2001;
Adebajo et al., 2003; Ray & Okamoto, 2003; Nakatsuji et
al., 2004; Viville et al., 2004; Unuabonah et al., 2008).

The sol–gel route (Brinker & Scherer, 1989) has also
been explored with this aim: alkoxy silanes, such as tetra-

ethylorthosilicate (TEOS) or 3-methacryloxypropyl trimeth-
oxysilane (MPTMS), can adhere in thin, glassy layers to
clay particles through hydrolysis and condensation with the
silanols and aluminols (Si–OH and Al–OH) on their edges,
and with the silanols on the defects in the clay basal planes.
The residual hydroxyl groups on these thin layers can form
bridging bonds between the clay particles, with cementing
effects. Such effects can also be produced by aluminium
hydroxide, prepared by way of sol–gel (sol–aluminium
hydroxide (Al(OH)3)) containing short oligomers, usually
nuclei for the growth of aluminium oxide.

Polymers such as PVA can modify clays in other ways.
Polymer bridging reportedly induced a remarkable increase in
the viscosity of concentrated kaolin suspensions (Jarnstrom et
al., 1993). The adsorption of PVA onto kaolinite is also reported
to occur weakly on basal planes and mainly on hydroxyl groups
originating from octahedral sheets on clay edges (Sjoberg et al.,
1999). Some authors have suggested that the main mechanism
behind PVA adsorption on montmorillonite (Isci et al., 2004) is
intercalation between the platelets, leading to cation displace-
ment. Backfolk et al. (2006) stated that this latter mechanism is
applicable to impurities of montmorillonite as well and ac-
counts for PVA adsorption in kaolinite.

In the present study, sodium- and potassium-bentonite and
kaolinite were modified using TEOS, MPTMS, sol–aluminium
hydroxide, PVA and sodium-PVA in different concentrations.

MATERIALS AND METHODS
Tests were performed on commercial Speswhite kaolin and

natural, active sodium-bentonite. The liquid limit and plastic
index are wL ¼ 63 and Ip ¼ 22 for kaolinite and wL ¼ 436
and Ip ¼ 384 for sodium-bentonite. The specific surface is
14 m2/g for kaolinite (supplier’s data) and 260 m2/g for
sodium-bentonite (Di Maio, personal communication, 2005).
Sodium-bentonite consists of almost pure smectite (Calvello
et al., 2005). Potassium-bentonite was prepared by mixing
dry sodium-bentonite with a concentrated potassium chloride
solution, leaving the resulting suspension to age for 2 days
before washing it with distilled water. The liquid limit of the
resulting potassium-bentonite was wL ¼ 100 (Di Maio &
Fenelli, 1994; Di Maio, 1996, 1998).

For details of the experimental programme, see Gajo &
Maines (2007) and Wahid et al. (2011a, 2011b).
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The term ‘prepared’ refers here to a sample obtained by
mixing dry clay (about 400 g) with 1 l of the selected sol,
leaving the resulting clay suspension to age for 3–4 days,
then repeatedly siphoning off the supernatant and adding
distilled water to wash the clay. The term ‘exposed’ de-
scribes a sample initially prepared with water, then the pore
fluid’s chemical composition was changed under a given
stress state in an oedometer apparatus.

RESULTS OF MECHANICAL TESTS
Liquid limit of clays prepared with different sols

The liquid limit, zeta-potential and pH of the kaolinite
samples prepared with the different sols are given in Table
1. The effects induced by the different sols are much larger
than those induced by acid and base solutions (Wahid et al.,
2011a): PVA and TEOS lower the liquid limit, whereas sol–
aluminium hydroxide raises it. The effects on the liquid limit
are completely unrelated to the effects on the zeta-potential,
and correlate weakly with the variations in pH.

The effects on the sodium- and potassium-bentonite sam-
ples are given in Table 2. As in kaolinite, TEOS and
sodium-PVA lower the liquid limit in sodium-bentonite, and
sol–aluminium hydroxide raises it. In contrast, all the sols
considered increase the liquid limit of potassium-bentonite.
As in kaolinite, the zeta-potential and pH of both sodium-
and potassium-bentonites are scarcely related to the liquid
limit. Preparation with the different sols changes the sign of
the potassium-bentonite’s zeta-potential from positive to
negative, however, denoting the change of electrical charge
on the particle’s surface.

Residual shear strength of clays prepared with different sols
The residual shear strength was assessed in the ring shear

apparatus (Bromhead, 1979) applying a vertical stress of
100, 200 and 400 kPa. The results are plotted in Fig. 1 (for
kaolinite) and Fig. 2 (for bentonite) in terms of the residual

friction ratio (tan �9r ¼ �=� 9v) as proposed by Chattopadhyay
(1972) to linearise the plots in the low-pressure range.

Figure 1 shows that TEOS (8 g/l), sol–aluminium hydro-
xide (dilution 1:10) and sodium-PVA greatly increase the
residual strength of kaolinite. The changes in residual
strength are not, however, related to changes in the liquid
limit (from Table 1), probably attributable to rolling shear-
ing.

Figure 2 shows that, unlike kaolinite, the changes induced
in the residual strength of both sodium- and potassium-
bentonites are fairly consistent with the variations of the
liquid limit; that is, the compounds generally increase the
liquid limit (and reduce the residual shear strength) of

Table 1. Influence of the sol’s composition on the liquid limit, zeta-potential and pH of kaolinite, after a curing time of about 3–4 days

Materials Liquid limit Zeta-potential: mV pH

Kaolinite + sodium-PVA 46 �34.89 10.12
Kaolinite + PVA 49 �23.07 6.41
Kaolinite + TEOS (40 g/l) 50 �23.26 5.21
Kaolinite + TEOS (50 g/l) + sol–aluminium hydroxide (1:10) 54 �5.40 4.72
Kaolinite + MPTMS (40 g/l) 61 �7.10 4.28
Kaolinite + distilled water 63 �55.82 5.27
Kaolinite + sol–aluminium hydroxide (1:10) 74 �15.00 4.75
Kaolinite + sol–aluminium hydroxide (3:10) 76 �32.62 4.80

Table 2. Influence of the sol’s composition on the liquid limit, zeta-potential and pH of sodium- and potassium-bentonite, after a curing
time of about 3–4 days

Materials Liquid limit Zeta-potential: mV pH

Sodium-bentonite + TEOS (8 g/l) 343 — —
Sodium-bentonite + sodium-PVA 356 �45.05 10.41
Sodium-bentonite + distilled water 436 �39.09 7.50
Sodium-bentonite + PVA(10 g/l) 450 �43.72 9.23
Sodium-bentonite + sol–aluminium hydroxide (1:10) 472 �60.55 9.01
Potassium-bentonite + distilled water 100 20.21 7.56
Potassium-bentonite + sodium-PVA 104 �43.51 10.47
Potassium-bentonite + TEOS (50 g/l) 130 �38.37 7.00
Potassium-bentonite + PVA 158 �43.36 9.71
Potassium-bentonite + TEOS (50 g/l) + sol–aluminium hydroxide (1:10) 176 �49.37 8.10
Potassium-bentonite + sol–aluminium hydroxide (1:10) 295 �49.18 8.17
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potassium-bentonite, and decrease the liquid limit (and in-
crease the residual shear strength) of sodium-bentonite.

Mechanical effects induced by exposing clay samples to
different sols

Some water-prepared samples were submitted to a given
effective stress (from 10 to 320 kPa) under oedometric
conditions and then exposed to advection of the different
sols by applying a small difference in hydraulic head
(h ¼ 1.00 m) between the upper and lower porous stone.
Then the percolating sol was replaced with distilled water to
verify the stability of any cementation effects, even under a
change of pore fluid. Flushing for about 1 week for kaolinite
and 1 month for bentonite ensured the flow of a sufficiently
large volume of fluid (2–3 times the pore volume of the
sample). Then mechanical loading was resumed.

Figure 3 shows the results obtained in kaolinite samples
exposed to TEOS (8 g/l), MPTMS (8 g/l) and sol–aluminium
hydroxide (dilution 1:10), under a vertical effective stress of
40 kPa. Exposure to metallorganic compounds leads to a
very small apparent preconsolidation pressure for MPTMS
and sol–aluminium hydroxide, and a much larger one for
TEOS. The apparent preconsolidation is presumably due to
the formation of cementing bonds between kaolinite parti-
cles. These results can be compared with the null effects
induced by the exposure of kaolinite to sodium chloride
(Wahid et al., 2011b).

Some kaolinite samples were also exposed to TEOS (8 g/l)
under vertical effective stresses ranging between 10 and
320 kPa. As shown in Fig. 4, the greater the vertical effective
stress on the sample, the smaller the apparent preconsolida-
tion effects, in a logarithmic scale.

One kaolinite sample was prepared with TEOS (8 g/l) and
submitted to conventional loading up to 40 kPa; loading was
then interrupted for 1 week, and then resumed. No figure is
shown here for the sake of brevity, but the results showed
that apparent preconsolidation in the prepared sample after
ageing for a week is somewhat smaller than in the sample
exposed for 1 week.

The apparent preconsolidation induced by exposure to

TEOS (8 g/l) is consistent with some qualitative effects seen
in kaolinite prepared with TEOS. After being washed with
distilled water and left in a container for several days, the
kaolinite samples prepared with TEOS displayed a sensitive
behaviour (Fig. 5): their initial consistency was completely
lost after remoulding, and the samples became fluid. The
chemical bonds resulting from the clays’ surfaces interacting
with TEOS therefore remain active even after washing,
prompting an apparent preconsolidation and a sensitive be-
haviour.
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The tests performed on sodium- (Fig. 6(a)) and potassium-
bentonite (Fig. 6(b)) were stopped because the exposure and
washing times took too long (more than a month each), but
the experimental data collected sufficed to identify the effects
of the chemical exposure. In sodium-bentonite, mineral con-
tacts were expected to be negligible owing to the strong
surface interaction between particles, preventing the creation
of cementation bonds. This prediction was confirmed in that
sol–aluminium hydroxide induces a negligible apparent pre-
consolidation and TEOS has even smaller effects (Fig. 6(a)).
In potassium-bentonite, on the other hand, because mineral
contacts between the particles are relatively more common,
cementation effects were expected to be stronger, and the

experimental results confirmed as much (Fig. 6(b)). Given the
negligible effects seen in sodium-bentonite (Fig. 6(a)), expo-
sure to TEOS was not considered for potassium-bentonite
(Fig. 6(b)). The fact that sol–aluminium hydroxide has a
greater apparent preconsolidation effect than TEOS is con-
sistent with the former having a greater affinity for the
surface of bentonite particles than the latter. The apparent
preconsolidation induced by sol–aluminium hydroxide in
potassium-bentonite is smaller than in the case of kaolinite.

RESULTS OF SEM, HT-DSC AND XRD ANALYSES
Scanning electronic microscopy (SEM), high-temperature

differential scanning calorimetry (HT-DSC) and X-ray dif-
fraction (XRD) analyses on treated and untreated clays can
provide some interesting insight. Untreated sodium-bentonite
(Fig. 7(a)) has a powdery appearance and the clay’s morph-

(a)

(b)

Fig. 5. Sensitive behaviour of a kaolinite sample which was first
prepared with TEOS solution, then washed with distilled water and
subsequently left for a few days at rest in a container: (a) initial
consistency and (b) consistency after remoulding
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Fig. 6. Comparison of one-dimensional compression and swelling
tests performed on (a) sodium-bentonite and (b) potassium-
bentonite samples prepared with deionised water and later
exposed to TEOS and sol–aluminium hydroxide at the vertical
effective stress of 40 kPa
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ology was profoundly modified by exposure to sodium-PVA
and sol–aluminium hydroxide (Figs 7(b) and 7(c)), with the
powder forming clumps in both cases.

Any change in the HT-DSC curves vis-à-vis the untreated
clay suggests structural modifications induced by the chemical
treatment. Based on results of the present study, sodium-PVA
is more effective because the peak in Fig. 8, attributable to
dehydroxylation, has almost disappeared owing to structural
changes. This was confirmed by XRD analyses (Fig. 9).

Similar to the results of Nakao & Nogami (2005), the peak
shift to a lower angle (from 8.78 to 7.38) is observed in
sodium-bentonite treated with sodium-PVA, corresponding to
expansion of the interlayer spacing between the clay layers.

CONCLUSIONS
This paper focuses on the mechanical effects induced by a

new class of metallorganic compounds with a good affinity
for the surface groups on the faces and edges of clay
particles, which have already been seen to modify the
rheological properties of clay suspensions. The new com-
pounds offer the chance to improve the mechanical response
of clays under a given stress state, without inducing any
deformation. Consequently, the possible use of these com-
pounds beneath existing foundations is worthy of explora-
tion.

A complete characterisation of their effects on kaolinite
and sodium- and potassium-bentonites was conducted by
evaluating the liquid limit, zeta-potential, pH and residual
friction angle of clay samples prepared with different sols.

(a)

(b)

(c)

Fig. 7. Scanning electron microscopy photographs of (a) sodium-
bentonite, sodium-bentonite prepared with (b) sodium-PVA and
(c) sol–aluminium hydroxide (dilution 1:10), respectively
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Fig. 8. High-temperature differential scanning calorimetry
curves of: (a) sodium-bentonite; (b) sodium-bentonite + sol–
aluminium hydroxide; (c) sodium-bentonite + sodium-PVA
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Fig. 9. X-ray diffraction spectra of: (a) sodium-bentonite;
(b) sodium-bentonite + sol–aluminium hydroxide; (c) sodium-
bentonite + sodium-PVA (M refers to montmorillonite, Q to
quartz, T to trydimite and C to calcite)
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Other samples were exposed to the different sols under a
given vertical effective stress in an oedometer cell. Exposing
kaolinite to TEOS was found to induce an apparent precon-
solidation and a sensitive response. A similar (but slightly
smaller) effect was seen in potassium-bentonite exposed to
sol–aluminium hydroxide.
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NOTATION
h hydraulic head
Ip plastic index

patm atmospheric pressure
tan �9r tangent of residual friction angle

wL liquid limit
� 9v vertical effective stress
� shear stress
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Weathering of submerged stressed calcarenites: chemo-mechanical
coupling mechanisms

M. O. CIANTIA� and T. HUECKEL†

Long portions of the Apulian coast are steep cliffs in carbonate soft rocks. These, especially the
calcarenite, are affected by weathering processes that markedly alter their mechanical properties with
time, potentially leading to instability of coastal geomorphological structures. Such alterations are
mainly due to chemical reactions between the solid and fluid phases, and are driven by chemical
variables, which are internal variables and hence uncontrollable. In a search for the variables that
drive the process of rock weakening, recourse is made to the micro scale, at which most of the
chemical processes are observed and quantified. Observations using scanning electron microsope, thin
sections and X-ray computed tomography analyses appear to be crucial for the understanding,
interpretation and definition of the degradation mechanisms of the material. A chemo-mechanical
coupled model at the meso scale of the chemically reactive stressed porous system is presented and
framed in the context of a multi-scale scenario of an array of coupled phenomena. An analogous
model at the macro scale is developed in parallel together with upscaling and identification procedures
for meso-scale and macro-scale material constants. The main outcome of the study is a tool for
predicting the progress of time-dependent weathering phenomena, potentially allowing the stability of
geological structures to be assessed as it evolves with a progressing chemical degradation in a specific
configuration and under a specific set of loads.

KEYWORDS: chemical properties; plasticity; rocks/rock mechanics; soft rocks

INTRODUCTION
The Apulian coast (south-east Italy) is affected by weath-
ering processes that are typical of calcarenite cliffs (Fig. 1).
The factors that control the degradation processes are multi-
ple, but the main ones are the force of waves and rock
strength decay (Andriani & Walsh, 2007a). A pressing
question that arises is whether any portion of the shore may
become mechanically unstable and, if so, how quickly. For
parts of the coast that are relatively protected from wave
energy, such as large caverns or inland abandoned mines,
chemical weathering is the principal degradation mechanism.
It is convenient to separate the interaction of rock with water
over the short term from that over the long term. Calcarenite
may instantly lose up to 60% of its dry strength at the point
when water fills its pores (the short-term effect; Castellanza
et al., 2009; Eslami et al., 2010; Ciantia et al., 2013), while
when it is continuously saturated, it weakens owing to
dissolution of the grains and bonds over the long term
(Castellanza & Nova, 2004; Ghabezloo & Pouya, 2006;
Ciantia et al., 2013). It is known that the strength of
carbonate rocks depends on their volume fraction that is
filled with calcite (Hueckel et al., 1998). The short-term loss
and regain of strength is seen as a result of suspension and
re-sedimentation of solid mineral into and from the fluid
(Ciantia et al., 2013). It is a reversible process for a small
number of wetting–drying cycles in a closed system (Castel-

lanza et al., 2009). However, for a larger number of cycles,
the dry strength may not be fully recovered, whereas the
strength in wet conditions remains about the same over the
short term (Andriani & Walsh, 2007b). The long-term
changes are seen as irreversible. In Fig. 2 the two types of
behaviour are represented schematically. It is clear that the
wet strength constitutes a lower bound for all the other
above conditions, making the long-term mechanism of dis-
solution the most critical for the material stability.

Here, the authors concentrate on the long-term interaction
of calcarenite with water. This process appears to be a fully
coupled chemo-mechanical phenomenon, as the dissolution
rate is proportional to the effective surface area (Sjöberg,
1976), which increases as a result of the formation of
microcracks (Scholz, 1968; Krajcinovic, 1989). There are
several situations where physico-chemical processes are the
cause of instability inception and collapse, such as chemical
decomposition of intact granite caused by water transform-
ing feldspar and mica into clay (Lumb, 1962), and mudslides
in clay slopes affected by a change in the salinity and/or
acidity of pore water (Moore & Brunsden, 1996; Shuzui,
2001, 2002; Zhao et al., 2011).

SUMMARY OF FINDINGS AT THE MICRO SCALE
The questions at hand are as follows. What phenomena

occur upon long-term soaking of calcarenite in water? What
are the controlling variables for the dissolution of stressed
calcarenites? The answers are sought at the scale at which the
considered phenomena could be quantified. The complexity of
the mechanisms, and their dependence on different time and
space scales, require the adoption of a multi-scale approach.

The material studied is a highly porous calcarenite of
Gravina di Puglia; its features, as listed in Table 1, are taken
from Ciantia et al. (2013). The structure of the calcarenite is
seen in thin sections with both the polarised light micro-
scope and the scanning electron microscope (SEM). The
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chemical and pore space, and free surface area characterisa-
tion, are obtained via energy-dispersive X-ray spectroscopy
(EDS), mercury intrusion porosimetry (MIP) and X-ray
micro-computed tomography (MCT) respectively. The find-
ings are as follows.

(a) Grains and bonds in the solid structure are formed of
calcite microcrystals that have a characteristic length of
5 �m (Fig. 3(c)).

(b) About 50% of the pore volume is due to macropores that
have an average radius ranging between 25 and 250 �m,
while the rest is due to micropores (25 �m . r .
0.01 �m) (Fig. 4).

(c) Two distinct types of bond – strong (type A) and weak
(type B) – are visible in the microstructure. What
distinguishes them is the history of formation of the bond.
The strong bonds are bridges of calcite formed through a
diagenetic process, whereas the weak bonds are formed
by a mixture of the calcite ‘powder’ and seawater salts
that precipitates as sediment into a meniscus-shaped bond
when water evaporates; it is re-suspended when water
refills the pores (Delenne et al., 2011). These two types of
bond are observed in SEM and in thin sections (Fig. 5)
(Ciantia et al., 2013).

(d ) The chemical composition of the calcarenite of concern
(determined by EDS) is 98% calcium carbonate and some
traces of aluminium and magnesium.

(e) 99% of the porosity of calcarenite is connected (see X-ray
MCT, yielding a three-dimensional structure; Fig. 6).

( f ) The specific surface area results as 2.7 m2/g, as
determined by X-ray MCT and MIP.

A SCENARIO OF THE LONG-TERM DEGRADATION
PROCESS

In what follows, the material is considered as continuously
saturated and perfectly drained. The main component of
calcarenite, calcite (CaCO3), dissolves easily in water (Plum-
mer & Wigley, 1976; Kier, 1980; Morse et al., 2007). We
postulate that some calcite is dissolved in the pore fluid,
diminishing the dimensions of bonds and grains (and in-
creasing the porosity), and hence reducing the material
strength at the macro scale (Castellanza, 2002) (Fig. 7).

To quantify such a process, the following meso-scale
scenario is proposed. A meso-pore surrounded by deform-
able rock matrix is referred to as being filled with water, as
shown in the micrograph in Fig. 3(b). Water penetrating
radially from the fluid/rock interface is postulated to effect

N

Canosa di Puglia Trani
Bari

Gravina in Puglia

Polignano a mare

Monopoli

Lecce

Grotta della Poesia

0 50 km

Fig. 1. Map of Apulian coast and two air views of coast morphology. A risk analysis study is necessary to predict the time evolution of
cavern expansion in densely populated areas to avoid the scenario on the right occuring in the area shown on the left
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dissolution of the mineral. If the material is stressed and at
yielding, the developing irreversible microcracks induce an
increase in the specific surface area. As the reaction rate per
volume of fluid is proportional to the surface area at the
fluid/solid interface, it follows that the rate is coupled to the
mechanical damage.

In order to develop a numerical model for such a mechan-
ism, it is necessary to refer to representative elementary
volumes (REV) and variables at the scale at which it is
taking place. To arrive at predictions at a macro scale (Fig.
8(a)), or even a regional scale, a multi-scale model is
necessary. The formulation for dissolution and specific sur-
face area increase is developed at the micro scale (Fig.
8(c)), whereas the phenomena of damage described above
are formulated at a meso-scale level of a pore (Fig. 8(b)).
Finally, quantities from these two scales are transferred to
the macro scale, at which continuum mechanics constitutive
models are formulated.

CHEMICAL DISSOLUTION OF CALCARENITE IN
STRESSED CONDITIONS

Whereas the kinetics of dissolution of calcite has been
studied for some time (e.g. Krauskopf & Bird, 1995), the
effect of stress and deformation on the material’s dissolution
has largely been ignored. The present authors present a
possible approach to account for the influence of the materi-
al mechanical damage on the rate of mass loss from
calcarenite. The rate at which calcium carbonate dissociates
into water solution is directly proportional to the area of the
interface between the two phases (Sjöberg, 1976). In acidic
conditions it depends on the pH of the fluid (Sjöberg &
Rickard, 1984). The rate constant k and the reacting surface
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Fig. 2. (a) Short-term cyclic effect affects only the dry strength;
(b) to reduce wet peak strength, long-term dissolution is required

Table 1. Geotechnical properties of the analysed calcarenite
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(b) (c)

0 μm 250 0 μm 250 mm 5

(a)

Fig. 3. (a) Macroscopic view of calcarenite; soft rock is porous, yellow-whitish stone. (b) A macro pore observed through polarised
light microscope. (c) Calcite microcrystals with characteristic length 5 �m. The whole solid mass comprises these microcrystals
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Fig. 4. Pore size distribution obtained as meanvalue of distributions
obtained from mercury intrusion porosimetry, two-dimensional
image analysis of thin sections and three-dimensional image analysis
of micro-CT tests
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area A in Sjöberg’s equation are in 1/cm2s and cm2 respec-
tively. Generalising this rate equation, the present authors
refer to the reactive surface area per the actual reacting fluid
volume. Hence Sjöberg’s rate constant needs to be recalcu-
lated to account for the actual reacting fluid volume. In the

absence of the effective actual reacting fluid volume for
Sjöberg’s tests, a volume is estimated as follows. Buhmann
& Dreybrodt (1985a, 1985b) observed that, beyond the layer
thickness of the adjacent water of about 0.002–0.005 cm,
the dissolution rate of calcite becomes independent of the

(a) (b)

(c) (d)

0 μm 250

0 μm 100

0 μm 40

0 μm 100

Fig. 5. Thin sections of calcarenite observed with (a) polarised light microscope and (b)–(d) scanning electron microscope. Thick white
arrows indicate bonds classified as type A; darker thin arrows indicate type B bond

(a) (b) (c) (d)

Fig. 6. Elaboration of X-ray micro computed tomography results. The structure is reconstructed in three dimensions, starting from (a) by
scanning sample into slices and recomposing the whole solid slice by slice. Porosity, pore-size distribution and effective surface area can
be estimated through detailed analyses. (a) Slice; (b) slice section; (c)–(d) three-dimensional reconstruction of part of the sample
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reacting fluid volume. Calculating the actual reacting fluid
volume by multiplying a unit area (1 cm2) by the limit
thicknesses just mentioned, an adjusted apparent rate con-
stant k�b in cm/s is obtained for Sjöberg’s tests. Hence,

replacing Sjöberg’s coefficient k with k�b or k�a , and the
surface A with A�, in cm2/cm3 the kinetic equation reads

d[M]

dt
¼ �k�b A�MmfC � [Ca2þ]

1=2
[CO2�

3 ]
1=2g

for 7:5 , pH , 14

d[M]

dt
¼ �k�a A�Mm[Hþ]

for 4 , pH , 7:5

(1)

where k�b and k�a are apparent rate constants (1 cm/s) for
neutral and acidic pH conditions respectively; A� is the
calcite specific surface area per unit reacting fluid volume in
cm2/cm3, Mm is the molecular mass of calcium carbonate in
g/mol; [Hþ] is the concentration of hydrogen ions in the
fluid; and C is a constant that is a function of the root of
ksp, equal to 2.47e�7 mol/cm3 (Sjöberg, 1976).

The accumulated relative mass removal of calcite from
the solid (or reaction progress) reads

� ¼ ˜[M]

[M0]
¼ [M0]� [M]

[M0]
(2)

where [M0] is the initial calcite mass per unit reacting fluid

200   mμ

(a) (b) (c)

(d) (e) (f)

Fig. 7. Schematic representation of mass loss due to dissolution of calcium carbonate. (a) Initial state: structure is held together by type
A and type B bonds. (b) As water fills the pores, type B bonds fall into suspension, and dissolution of structure begins. (c)–(f) With time,
mass is lost, and material is weakened

0 mm 5

(a)

0 μm 250

(b)

0 10μm

(c)

Δ

Fig. 8. (a) Macro-REV; (b) meso-REV; (c) micro-REV
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volume. Therefore the rate of relative dissolved mass results
as

_� ¼ k�b A� Mm

[M0]
fC � [Ca2þ]

1=2
[CO2�

3 ]
1=2g

for 7:5 , pH , 14

_� ¼ k�a A� Mm

[M0]
[Hþ]

for 4 , pH , 7:5

(3)

� is constrained by the inequality 0 < � < 1 (De Groot,
1966). When � ¼ 1, the reaction is completed: that is, all the
calcite is removed.

The present authors adopt a recently developed concept
(Hu & Hueckel, 2007a, 2007b) of dissolution, enhanced by
the creation of a new internal surface area of solid/fluid
interface generated by the local damage. The damage con-
sists in the opening of microcracks, the walls of which
become sites of additional dissolution. A scalar internal
variable ã represents the amount of the added surface area.
The surface area of the microcracks can be measured via
acoustic emission, as proportional to the acoustic energy
released during cracking. Variable ã is linked to the reaction
area A� in equation (3) according to

~aa ¼ A� � A�0
A�0

(4)

The internal interface surface area generated by the
microcracking can be assessed using a model of a two-
dimensional hexagonal crystal assembly (Hu & Hueckel,
2007b). The surface area is proportional to the volumetric
irreversible strain, �irr

v , and inversely proportional to an
average crack opening at the apex, ˜, considered as a rock
characteristic (see e.g. Fig. 8(c)).

~aa ¼ 8ffiffiffi
3
p

˜
�irr

v

�� �� � 1 m if �irr
v , 0 (5)

Hence

A� ¼ f �irr
v

� �
¼ A�0 1þ � �irr

v

�� ��	 

if �irr

v , 0

A�0 if �irr
v > 0

8<
: (6)

where � ¼ (8=
ffiffiffi
3
p

˜) � 1 m is a proportionality constant, and
A�0 represents the effective surface area of pre-existing voids.
The former inequality restricts the range of validity of the
expression to the dilatancy strain only. The latter inequality
excludes possible compressive volumetric strains not asso-
ciated with microcracking. Substituting equation (6) in equa-
tion (3) and using Macaulay brackets ( xh i :¼ (xþ jxj=2)=2),

_� ¼ k�b A�0 (1þ � ��irr
v

� �
)fC � [Ca2þ]

1=2
[CO2�

3 ]
1=2g

with 0 < � < 1 for a basic pH

_� ¼ k�a A�0 (1þ � ��irr
v

� �
)

Mm

[M0]
[Hþ]

with 0 < � < 1 in acid

(7)

Denoting

Kb
c ¼ k�b A�0

Mm

[M0]
fC � [Ca2þ]

1=2
[CO2�

3 ]
1=2g

Ka
c ¼ k�a A�0

Mm

[M0]
[Hþ]

Kb,a ¼ �Kb,a
c

(8)

equation (3) can be written as

_� ¼ Kj ��irr
v

� �
þ Kj

c with 0 < � < 1 and

j ¼ a or b if in acid or base
(9)

where Kj
c is a function related to the ionic concentrations in

the fluid and the surface area of the pre-existent pore space
per unit volume of water in the rock. Integrating equation
(9) with respect to time, one may calculate the mass removal
accumulated from the onset of the process. The time vari-
able is the reaction time, which may depend on the history
of the environmental conditions, such as water saturation, or
on the general chemical conditions of the water, such as pH
level.

� ¼
ðt

0

Kj ��irr
v

� �
dt þ Kj

c t (10)

In this work the system considered is an open system
(Fig. 9), which means that fresh water constantly washes the
pores at a rate greater than the reaction rate, keeping ionic
concentration low. Notably, for pH values less than 8,
[CO2�

3 ] becomes negligible, and dissolution is at its fastest
rate (Sjöberg, 1976): hence equation (8) becomes

Kb
c ¼ k�b A�0

Mm

[M0]
C

Ka
c ¼ k�a A�0

Mm

[M0]
[Hþ]

Kb,a ¼ �Kb,a
c

(11)

Dissolution

CaCO H CO Ca 2HCO3 2 3
2

3� �→ � �

In Out

[Ca ][CO ] constant2
3

2� � �
[Ca ][CO ]2

3
2� �

[Ca ][CO ]
[Ca ][CO ]

2
3

2

2
3

2

� �

�� Δ �

0 μm 250

Fig. 9. Open-system scenario; ionic concentration in meso-REV is
constant, as Ca2þ production due to dissolution is small compared
with water entry/exit rate
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The above assumptions make the accumulated mass re-
moval (equation (10)) dependent only on deformation, the
reaction time, and ksp or [Hþ], depending on the pH regime.
The strain rate, as formulated within rigid hardening plasti-
city theory, is a homogeneous function of order one of the
stress rate and the rate of reaction (Hu & Hueckel, 2007a)
(see also e.g. Mróz (1973)): hence the integrated mass
removal � is a linear function of the reaction time. Experi-
mental tests are performed in both acid and basic pH
regimes in order to determine the two constants k�a and k�b :
Calcarenite is dissolved, measuring pH and the mass varia-
tion with time. Tests 1–3, shown in Fig. 10, represent
calcarenite dissolved in the acidic regime for a closed
system. The pH grows from A to B as the [Hþ] ions are
consumed during the reaction. By contrast, test 4 is per-
formed in the basic regime for an open system scenario. The
Ka

c=A�0 line is obtained by interpolating the experimental
points in the acid regime, whereas the Kb

c=A�0 line is the
horizontal line passing from experimental point 4. The
Ka,b=A�0 lines are obtained by translating the Ka,b

c =A�0 lines
vertically by an amount proportional to �. In the same
graph, Sjöberg’s recalculated constants are also reported. In
the basic regime, if the system is closed, the reaction
continues until equilibrium is reached: hence

[Ca2þ]
1=2

[CO2�
3 ]

1=2 ¼ C, at which point the reaction stops
(see equation (8)). A larger set of experiments is obtained in
the acidic regime because of the high reaction rate. By
contrast, at neutral pH the reaction is so slow that very long
periods are necessary to obtain measurable mass changes.

CHEMO-MECHANICAL COUPLING AT A SINGLE PORE
SCALE

The objective is now to establish a relationship between
the deformation due to compressive stress and ensuing
damage, and dissolution of calcite at the interphase interfaces.
The present authors consider a meso-scale representative
elementary volume (meso-REV) of a single pore between
four bonded grains and subjected to a constant isotropic
compression (Fig. 11(a); after Hu & Hueckel (2007a)). The
scenario of the chemo-mechanical loading process comprises
the following circumstances and phenomena.

(a) The material is isotropic and rigid-plastic.
(b) Strains are small.
(c) The REV (Fig. 8) is saturated with water, the pore system

is interconnected, and the material is drained.
(d ) Initially, the material is in the rigid regime; yielding and

deformation are induced by the dissolution.
(e) Yielding produces strain and dilatancy damage, linked to

microcracking.
( f ) Microcracking generates new solid/fluid interfaces dif-

fused over the considered boundary value problem
(BVP).

(g) Dissolution occurs as a kinetic process.
(h) The dissolution rate is proportional to specific surface

area, and increases with the newly generated interfaces.
(i) Two coupled mechanisms contribute to the plastic

hardening: volumetric strain-hardening and mass removal
softening.

( j) The dissolved species in the micropores diffuse instantan-
eously across the solid.

(k) The chemo-mechanical behaviour of the meso-pore is

1 10� �17
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Fig. 10. Reaction rate per unit initial specific area as function
of pH
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(b)

(a)

p

Fig. 11. Isotropic compression: (a) meso-REV, (b) corresponding
thick cylinder
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represented by that of a plain-strain cylinder surrounding
the pore, which in turn is represented by its cavity (Fig.
11(b)).

(l ) Both the mechanical and chemical processes are axially
symmetric with respect to the centre of the cylinder
cavity.

The above assumptions translate into solving the following
problem: radial compression of a rigid-plastic cylinder af-
fected by the chemical damage (Fig. 12). The problem is
similar to the grain indentation addressed by Hu & Hueckel
(2007a) to model soil ageing. The mathematical formulation
of the BVP is an extension of an analogous problem
formulated by Hill (1950), and investigated for granular
media by Mróz & Kwaszczynska (1971) and Hueckel &
Mróz (1973) to include the chemo-mechanical coupling.

Stress boundary conditions are applied at r ¼ a and r ¼ b,
while the lateral constraints are ignored. At the inner
boundary r ¼ a, �r ¼ 0, while at the outer boundary r ¼ b
�r ¼ p ¼ constant. The equilibrium equation and the kine-
matic relationships of the plane-strain, axially symmetric
problem are as follows.

d� r

dr
þ � r � � W

r
¼ 0

_�irr
r ¼ �

d _u

dr

_�irr
Ł ¼ �

_u

r

_�irr
v ¼ �

1

r

d( _ur)

dr
¼ _�irr

Ł þ _�irr
r

(12)

where r and Ł are outward radial and circumferential
coordinates respectively, and u is a radial displacement. As
the material is rigid-plastic, the total strain is identical to the
plastic strain. The yield locus is defined solely via a
combination of the radial and circumferential stress compo-
nents, �r and �Ł respectively, as

f ¼

1

2
(�Ł � � r)�

Æ

2
(� r þ �Ł)� [1þ ª�irr

v � ��]
tan�1 � tan Ł1

tan Ł1 þ 1
��01 ¼ 0; �Ł > � r tan�1

1

2
(� r � �Ł)� Æ

2
(� r þ �Ł)� [1þ ª�irr

v � ��]
tan Ł2 � tan�2

tan Ł2 þ 1
��02 ¼ 0; �Ł < � r tan�2

� r � ��02[1þ ª�irr
v � ��] ¼ 0; � r tan�2 < �Ł < � r

�Ł � ��02[1þ ª�irr
v � ��] ¼ 0;

� r

tan�1

< � r < �Ł

8>>>>>>>>>>><
>>>>>>>>>>>:

(13)

with the restriction that overall hardening function h

h ¼ 1þ ª�irr
v � �� . 0 (14)

is always positive.
The constants describing the yield locus are

tanŁ1 ¼
1

tan Ł2

¼ 1þ Æ

1� Æ

tan�1 ¼
1

tan�2

¼ ��02

��01

(15)

and ª and � are respectively strain-hardening and chemical
softening constants, taken here for simplicity to be the same
for �r and �Ł: The axial stress �z is assumed not to
influence yielding in plane-strain rate conditions, and is
calculated from equation (13) as � z ¼ 1

2
(� r þ �Ł)� 3BJ

1=2
2 ,

where B is a constant and J2 is the second invariant of
deviatoric stress: the sign � refers to either the top or the
bottom part of the yield locus (Fig. 13; see also Mróz &
Kwaszczynska (1971)).

The rate of relative mass removal _�, defined by equation
(9), is different in two distinct phases. An initial phase
simulates the long-term dissolution of calcite from the pre-
existing pores. The initial (constant) stress state is well
within the initial yield locus in the entire domain. The initial
yield locus shrinks homothetically once the chemical soft-
ening starts, until yielding is initiated at the stress state at
the points of the external cylinder perimeter (Fig. 14). Until
this point there is no deformation. Once the radial stress �r

at the outer boundary is ‘reached’ by the shrinking yield
locus – namely its segment AC0 only, or two segments AC0,
D0B, depending on the thickness of the cylinder – the whole
cylinder yields at once (Hueckel & Mróz, 1973).

The irreversible strain rate is defined via the normality
flow rule as

_�irr
ij ¼ _̧ @ f

@� ij

(16)

The multiplier _̧ is determined from the extended Prager’s
consistency condition, _f (� ij, �irr

v , �) ¼ 0 (see e.g. Hueckel &
Borsetto (1990), Hueckel (2002)), as a function of rates of
stress and reaction progress, �

_̧ ¼
@ f =@� ij

� �
_� ij þ @ f =@�ð Þ _�

� @ f =@�irr
v

� �
@ f =@� kkð Þ

_̧ ¼ 0 if f , 0 or f ¼ 0 and _f , 0

(17)

Three states can arise in the material during yielding (Fig.
15): the dilatant state for AC0 ( _�v , 0); the compactant state
for D0B ( _�v . 0); and the critical state for the yield locus
corner, C0/D0 (where the normality rule implies an infinity
of the strain rate directions, and hence it may occur that
_�v ¼ 0). When yielding proceeds, three corresponding zones
develop, fulfilling the continuity conditions at the boundaries
of the zones. A set of five transcendental equations is solved
in order to determine stress, displacement and reaction
progress fields. Prior to yielding, _�ij ¼ 0, the yield locus
changes only as a result of dissolution from the pre-existing
pores. At the moment when yielding is initiated, the critical

p p

Time

Fig. 12. Long-term dissolution of a stressed macropore
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zone has no thickness. This is used as an initial condition,
from which it is possible to obtain the value of circumfer-
ential stress at the instant of yielding onset (Fig. 14(a)),
which reads

� yield
Ł ¼ p= 1� a

b

tan�1 � 1

tan�1

� �
tan�1 � 1

tan�1 � tan Ł1

� �1= tan Ł1�1

(18)

Hence the time necessary to activate yielding of the calcar-
enite during continuous dissolution depends only on the
reaction rate (Kj

c) and on the ‘distance’ between the circum-
ferential stress at the onset of yielding (� yield

Ł ) and the initial
strength of the material (Fig. 14(b)), and reads

t� ¼ ��02 � � yield
Ł

�Kj
c�
�
02

(19)

The onset of yielding of the outer perimeter is chosen as a
starting moment (t ¼ 0) for the subsequent phase, simulating
a long-term process at a constant load driven by the mass
removal, that is, after the initiation of yielding. With progres-
sion over time, the stress at the boundary r ¼ c grows along
C0C, and a critical zone, CD, develops between the dilatant
and compactant zones: see Fig. 15. The dilatant and critical
zones expand ( _c . 0 and _d . 0), reducing the thickness of
the compactant zone, until either � ¼ 1 or h ¼ 0. The linear
yield function implies the following constraints: for the inner
zone a < r < c, dilatant kinematics and a fixed ratio of the
radial and circumferential strains ( _�r= _�Ł ¼ � tan Ł1), result.
At the corner points the flow rule is non-unique, but the ratio
of �r to �Ł ratio is constant: �Ł/�r ¼ tan Ł1, together with the
strain-hardening function, defines the equations for the cri-
tical zone c < r < d. Finally, for the outer zone, d < r < b,
compactant kinematics with _�Ł . 0 and _�r ¼ 0 induce a
displacement that is constant with respect to space in the
entire zone, and hence equal to the displacement of the outer
boundary, ub: By imposing displacement and (radial) stress
continuity at r ¼ c and in r ¼ d, the following set of tran-
scendental equations for the coupled chemo-mechanical
problem is obtained.

The radial stress continuity at r ¼ c requires that

pc ¼
tan�1 � tan Ł1

tanŁ1 þ 1
��01

1� �Kj
ct

1� tan Ł1

a

c

� �1�tan Ł1

� 1

" #(

þ
(tanŁ1 � 1)(ªucctan Ł1 þ �

Ð t

0
Kjucctan Ł1 dt)

2 tan Ł1

3 c� tan Ł1�1 1� a�2 tan Ł1

c�2 tan Ł1

� �
 �)

(20)

The above condition and a one-to-one relationship between
radial and circumferential stress at the critical state imply
that

pc tan�1 ¼ pc tanŁ1

� tan�1 � tanŁ1

tanŁ1 þ 1
��01

1þ tanŁ1 � 1ð Þ ª
uc

c
þ �

ðt

0

Kj uc

c
dt


 �
� �Kj

ct

� �
(21)

The displacement continuity at r ¼ c requires that

uc ¼
1

ªc

1� �Kj
ct

2
c2 � d2ð Þ

� pc

��02

tan Ł1

tan Ł1 þ 1
c2 1� d

c

� �tan Ł1þ1
" #

þ ªudd

8>>><
>>>:

9>>>=
>>>;
(22)

The radial stress continuity at r ¼ d requires that

pc

c

d

� �1�tan�1

¼ pb

d

þ ��02 1� �Kj
ct

� �
1� b

d

� �
þ ª

ub

d
ln

b

d

� �
 �
(23)

The circumferential stress continuity at r ¼ d results from a
similar argument as above for r ¼ c, as

pc tan�1

c

d

� �1�tan�1

¼ ��02 1� ª
ub

d
� �Kj

ct


 �
(24)

The displacement continuity between the critical and com-
pactant zone and the uniform radial displacement across the
compactant zone imply that

ud ¼ ub (25)

The enhanced dissolution due to the formation of new
cracks in the critical zone is not considered in obtaining an
analytical solution of the differential equation (22). The zone
itself has a numerically insignificant thickness, which makes
this assumption reasonable.

A parametric study of the numerical solution for equations
(20)–(25) using Matlab# is presented in Figs 16–19. The
constitutive parameters and geometry are listed in Tables 2–
4. Fig. 16(a) presents the displacement ua of the internal
circumference, r ¼ a, induced by a purely chemical process
at different pH values. This displacement can be interpreted
as a closure of the pore space, accompanied by a substantial
weakening of the material around it. Notably, for the most
acidic solution (pH ¼ 2.8) after about 6 min of the chemical

σ σ ε2, ,θ θ
.

εij
.

εr
.

εθ
.

φ1

φ2

σ σ ε1, , rr
.

lcr

εθ
.

θ1

θ2

σ*02

σ*01

Fig. 13. Yield condition
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exposure, at a value of 5% of the inner radius, the inward
displacement becomes uncontrollable, and the solution of
equations (20)–(25) ceases to exist. Fig. 16(b) illustrates the
evolution of the zones across the pore surroundings for
different pH. With time, the compaction zone becomes
smaller (50%), while the dilatant damage zone spreads,
owing to the chemical enhancement of damage. The relative
mass dissolution and volumetric strain for pH ¼ 7.5 are
depicted in Figs 17(a) and 17(b). The largest mass dissolu-
tion occurs at r ¼ a, its rate being proportional to dilatancy.
At the terminal moment (t ¼ 530 h), the mineral dissolution
at r ¼ a reaches the value 6%, 30 times higher than the pre-
existing background dissolution.

As the external radial loading is constant at both r ¼ a
and r ¼ b, the radial stress distribution (Figs 17(c) and 18)
does not change much. Spatially, the stress varies quite
significantly across the radius (Fig. 17(d)). The displacement
evolution for each point of the pore surroundings is depicted
in Fig. 19. The closing of the internal pore accelerates with
time. It is seen (Fig. 17) that in the dilatant zone the two
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Fig. 14. Initiation of yielding due to chemical dissolution: stress state before (a) and at
yielding onset (b)
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softenings (strain-softening and chemical softening) super-
impose one over the other. Plasticity consistency rules
preclude a stable and unique response to unconstrained soft-
ening behaviour with an inward stress rate (e.g. Maier &
Hueckel, 1979). However, even if local behaviour can be
unstable, a global BVP response can be stable, if a region in
a hardening, stable mode is sufficiently large for the integral
of the second-order work to be positive (Hueckel & Maier,
1977). It is the same in the considered case, except that
there are two sources of softening. So, physically, until there
is a sufficiently large supporting mass in the hardening mode
(here in the form of the external strain-hardening shell), the

pore remains stable. Eventually, the shrinking external zone
does not provide sufficient support, and the whole solid
matrix collapses. Mathematically, this means there is no
admissible solution to the system of differential equations
for the evolution of the material, equilibrium, chemical
process rate and kinematics. Fig. 20 shows the resulting
equilibrium surface of the external perimeter pressure as
a function of total dissolved mass within the cylinder and
external perimeter displacement, p(���, ub): Imposing a con-
stant p across the surface of solutions with a resulting pre-
critical dissolved mass–displacement relationship, it emerges
that beyond a critical point A9 no solution satisfying all the
required conditions can be obtained. A process driven by the
time-dependent, uncontrollable variable of mass removal (the
dark line AA9), in order to continue (A9B9), would require a
reversal of chemical reaction, �_� , 0, to satisfy the above
relationships. Following an arbitrary �(ub=b)=�(���) . 0 path
(A9B) that does follow the surface requires that _p , 0, and
hence violates the set of the governing conditions. Visibly,
there exists a locus (dashed line) of points of instability.

UPSCALING
To develop a quantitative simulation tool for the chemo-

mechanical mechanism described, it is necessary to represent
the obtained results at the macro scale, using macroscopic
variables. A previously developed macroscopic chemo-
plasticity theory (Hueckel, 1992, 2002), which is an exten-
sion of Cam-clay theory (Schofield & Wroth, 1968), will be
used for this purpose. The macro-scale yield limit is ex-
pressed via the mean normal stress �pp and deviatoric stress
invariant �qq (variables with an overbar refer to macro scale)

�ff ¼ �qqþ �ppM ln
�pp

�ppc

� �

�qq ¼ 1
2
�ssij�ssij

� �1=2

(26)
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Table 2. Geometrical parameters for the meso-BVP (thick cylinder geometry)

a: �m b: �m 2b: �m VT: �m3 VV: �m3 VS: �m3 n e

100 200 400 5.0 3 107 2.6 3 107 2.4 3 107 0.52 1.08
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The hardening variable �ppc, describing the size of the yield
locus and hence the apparent preconsolidation stress, is
dependent on the macro-scale volumetric plastic strain and
relative mass change according to (Hueckel et al., 1999)

�ppc ¼ �pp0
c exp

1þ e0ð Þ
�ºº

���pl
v þ R ���

� �
 �
(27)

where �pp0
c is the initial size of the yield locus, e0 is the initial

void ratio, and �ºº is the plastic bulk modulus of compressi-
bility. To be consistent with the microscopic approach, rigid
plasticity is adopted. The chemical softening term R is a
function of the macroscopic relative mass loss ���, identified
as the volume average of a meso-scale mass removed from
the solid structure: � integrated over the macro-REV. The
expression for this volume average is a cross-scale transfer
function for the mass removal (Hu & Hueckel, 2007a).

Cross-scale functions and upscaling procedure
Macroscopic tests make it possible to observe and meas-

ure the strength decrease of calcarenite due to weathering at
constant load (e.g. geostatic conditions). For a constant stress
_��� ij ¼ 0, or for (@�ff =@ _��� ij) _��� ij ¼ 0, the resulting macroscopic
plastic strain rate is obtained from the extended Prager
consistency condition (Hu & Hueckel, 2007b) as

_���
pl

v ¼ �
@�ff =@���
� �

�_�

@�ff =@���pl
v

(28)

To take advantage of the quantifiable phenomena at the
meso scale, the macro-scale REV is postulated as a periodic
arrangement of the meso-scale REVs (Fig. 21). Then the
chemical softening term R(���) in equation (27) can be calcu-
lated using the data from the simulation of the meso-scale
process of dissolution, assuming it to be a linear function
R(���) ¼ Rc

��� of the macroscopic relative mass dissolution.

Rc ¼ �
@�ff =@���pl

v

� �
_���

pl

v

�_�
(29)

Subsequently, the macroscopic variables �_� and _���
pl

v are substi-
tuted by their counterpart averages at the meso scale. Know-
ing @�ff =@���pl

v , and the averaged rates �_� and _���
pl

v , the coefficient
Rc is determined. The macroscopic strain rate can be calcu-
lated from the boundary displacement rate, _ui, of the meso-
scale REV (Bagi, 1996) as

_���
pl

v ¼
Ð

S
_uinidS

V
¼ � 2 _ub

b
(30)

where V is the volume of the REV with the boundary
surface S, and ni is the outward unit normal to S. The
macroscopic relative mass dissolution rate �_� is obtained as

�_� ¼
Ð

V
�_�dV

V

¼ 2�

� b2 � a2ð Þ

ðb

a

_�rdr

¼ 2

b2 � a2

ðb

a

rKj ��vh i þ rKj
c

	 

dr

(31)

Furthermore, substituting

_� ¼ Kj
c þ Kj tan Ł� 1ð Þ uc

c

r

c

� �� tan Ł�1

for a < r < c

Kj
c for c , r < b

8><
>:

(32)

the rate of mass removal at the macro scale becomes

�_� ¼ Kj
c þ Kj 2uc

b2 � a2
ctan Ł a1�tan Ł � c1�tan Łð Þ (33)

while

Rc¼
1þe0

�ºº

� _���
pl

v

�_�

 !

¼1þe0

�ºº

2 _ub=b

Kj
cþKj[2uc=(b2�a2)]ctanŁ(a1�tanŁ�c1�tanŁ)

( )

(34)

At this point, if all the mechanical meso- and macro-scale
parameters of equation (34) are known, it is possible to
determine Rc: The most important outcome of the upscaling
procedure is deduced from the parametric study proposed in
Fig. 22. A set of three different values of macroscopic
plastic strain rate. and hence of _ub (equation (30)), is used
as an input for the meso-BVP model (Fig. 22(a)). The
corresponding upscaled results of the meso-BVP response
are presented in Figs 22(b)–22(d). Notably, the upscaled
macroscopic rate of mass removal is identical for the three
different tests, and is a linear function of the macroscopic
volumetric plastic strain (Fig. 22(d)). This means that once
the meso model has been calibrated (using a suitable loading
condition), and hence the linear relationship between �_� and
���pl

v has been determined, the macroscopic hardening law can
be written without the need to use the meso-scale model any
more. In fact,

_�ppc ¼ �ppc

(1þ e0)
�ºº

_���
pl

v þ Rc
�_�


 �

¼ �ppc

(1þ e0)
�ºº

_���
pl

v þ Rc[A(Kj
c)þ B(Kj)���pl

v ]

� � (35)

The calibration of the rest of the meso-scale parameters is
performed using macroscopic experiments, as below.

Meso-scale model calibration: a downscaling procedure
The parameters defining the geometry of the meso-scale

REV are determined by imposing that the index properties at
the meso scale and macro scale are the same (Table 1), and
that the meso-pore constitutes 50% of the meso-scale REV
total pore volume. This percentage is derived from the pore
size distribution curve (Fig. 4) showing that 50% of the
pores are between 40 and 200 �m, with a mean radius of
100 �m. (Hence a ¼ 100 �m was chosen.) The remaining
void volume is incorporated in the rock matrix surrounding
the meso-pore. The resulting geometry of the meso-scale

p p

Fig. 21. Macro-REV (right) as periodic repetition of meso-REV
(left)
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REV is provided in Table 2 (the thickness in the z direction
is assumed to be 2b). The physical parameters (Table 3) are
estimated using MIP, whereas the opening of the micro-
cracks, ˜, is determined through SEM observations of the
micro-cracked calcarenite. � is calculated from the param-
eter ˜ via equation (5). The remaining parameters (��01, Ł1,
�1, ª, �) of the meso model are calibrated using a down-
scaling procedure. Downscaling implies using macroscopic
experiments to calibrate the parameters of the meso-scale
model. First, the parameters (��01, Ł1, �1, ª) controlling the
mechanical response only are calibrated using mechanical
macroscopic tests. Subsequently, the chemical parameter (�)
is calibrated, evaluating the strength loss with time due to
chemical dissolution of unstressed samples. The mechanical
test to calibrate the model is the isotropic compression of
calcarenite performed by Lagioia & Nova (1995) (Fig. 23).
The macroscopic response of the sample is elastic until it
becomes unstable, forming compaction bands (Nova et al.,
2003). The elastic limit and the post-peak behaviour are
used to calibrate the mechanical parameters of the meso-
scale BVP. The p–(ub/b) curves are presented in terms of
the macroscopic variables e–�pp using equation (30), and the
relationship between void ratio and volumetric strain,
e ¼ e0 � (1þ e0)���v: The yielding point and the volumetric
collapse are both well captured through the upscaled meso-
scale BVP (Fig. 23(b)). The calibrated mechanical para-
meters are listed in Table 4.

The chemical rate constants are calculated from Fig. 10.
The Rc constant is calibrated matching the macroscopic
strength decrease with time due to chemical dissolution of
calcarenite in acid (Fig. 24(d); Ciantia et al., 2013). The
specimens were immersed in acid, and pH, ˜M (change in

0

0·5

1·0

1·5

2·0

0 0·02 0·04 0·06

t: h
(a)

εpl v
: %

ε pl
v_1

.
ε pl

v_2

.
ε pl

v_3

.

ε pl
v_1

.
ε pl

v_2

.
ε pl

v_3

.

0

1

2

3

0 0·005 0·010 0·015 0·020

�:
 g

/c
m

3

ε pl
v

(b)

� 10�3

0

1

2

3

0 0·02 0·04 0·06

t: h
(c)

ε pl
v_1

.
ε pl

v_2

.
ε pl

v_3

.

ε pl
v_1

.
ε pl

v_2

.
ε pl

v_3

.

0

1

2

3

0 0·005 0·010 0·015 0·020

ε pl
v

(d)

� 10�5� 10�5

�:
 g

/c
m

s
3

. �:
 g

/c
m

s
3

. 1
B K( )j

A K( )j
c

Fig. 22. Upscaled meso-BVP results for three different plastic strain histories: (a) macroscopic plastic strain with time
(input to meso-BVP in terms of ub); (b)–(d) corresponding upscaled results

Table 3. Physical properties of the meso-BVP

Gs M: g M m: g/mol Ss: m2/g A�0 : cm2/cm3 ˜: �m �
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mass) and (via an oedometric test) the yielding threshold
were measured with time (Figs 24(a), 24(b), 24(c)). The
chemical softening parameter (� ¼ 5) was calibrated, simu-
lating a compensatory mechanism that required the Rc con-
stant in equation (34) and the macroscopic one to be equal.

Table 4. Mechanical parameters for the meso-BVP

��01: MPa �1: degrees Ł1: degrees ª
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Fig. 24. Macro-calibration in acid of chemically induced dissolution damage: (a) axial stress plotted against axial strain; (b) pH
evolution with time during the dissolution phase of the submerged samples; (c) macro-scale accumulated relative mass removal
evolution with time; evolution of preconsolidation pressure with respect to macro-scale accumulated relative mass removal
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Note that Rc is independent of pH and fairly constant with
time, except in the last stages as the solution becomes
unstable (Fig. 25).

The multiscale model is validated by predicting the long-
term behaviour of calcarenite subject to chemical weathering
in contact with water at a neutral pH (Fig. 26). The four
experimental points available for comparison are placed in
the context of results on other rocks (Matsukura & Hirose,
1999).

It is interesting to note that, according to the model, only
5% of mass loss can cause a 24% loss of strength in terms
of �ppc: At pH ¼ 4 this happens in about 3 h, whereas in water

with a neutral pH for an open system scenario, the same
weight loss – and hence damage – is expected in about
1.8 years.

CONCLUSIONS
In this paper, the consequences of dissolution of calcar-

enite in stressed conditions for the change in the mechanical
properties are investigated, quantified and modelled by
means of a multiscale procedure. The mathematical model
developed is effectively a three-scale model. The chemistry
of the problem is simulated at the scale at which the kinetic
laws of geochemical reactions are formulated (micro scale),
while the chemically enhanced mechanical damage phenom-
ena are quantified at the meso scale. Finally, a model of a
reactive porous continuum at the macro scale, at which
engineering large-scale computations can be performed, is
produced via upscaling.

The peculiarity of this multiscale model is that the meso
model is a multi-physical BVP by itself. However, by virtue
of the chosen geometry of the REV, the BVP can be solved
semi-analytically. The emphasis of the work is on well-
defined and reproducible procedures to represent mechan-
isms formulated from basic geochemistry and inelastic con-
stitutive laws at a scale at which they can be tested
experimentally, and simulated for engineering purposes.
Cross-scaling functions allow the variables of the meso scale
to be suitably represented at the macro scale, and vice versa.
The key mechanism of the model is the coupling between
the rate of dissolution and the increase of the specific
surface area induced by microcracking.

The available experimental data and the experiments
performed ad hoc in the laboratory on calcarenite are
sufficient to perform the inter-scale identification of model
parameters at all scales involved. The limited predictions
performed for different pH conditions of water thus far yield
a very convincing scenario of the effect of weathering of
calcarenites on the stability of the coast. An interesting
outcome of the adopted upscaling procedure is that the
upscaled macroscopic rate of mass removal is proportional
to the macroscopic volumetric plastic strain. This means
that, once the microstructure of the material has been
determined (e.g. specific surface area and microcrack char-
acteristic dimensions), the macroscopic hardening law can
be postulated and calibrated phenomenologically without the
need to use the meso-scale variables. While many of the
aspects of the model require further study, a tool to answer
the opening question of how quickly portions of the calcar-
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enite shore can become mechanically unstable, and also
which portions are the most vulnerable, is available as a
prototype.
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NOTATION
A� calcite specific surface area per unit reacting fluid volume
A�0 initial specific surface area per unit reacting fluid volume

a thick cylinder inner boundary
~aa scalar internal variable representing amount of added

surface area
B nondimensional constant
b thick cylinder outer boundary
C equilibrium constant function of ksp

[Ca2þ
] concentration of calcite ions

[CO2�
3 ] concentration of carbonate ions

c dilatant-critical boundary radius
d compactant-critical boundary radius
e void ratio

e0 initial void ratio
f yield locus function
�ff macro-scale yield locus function

Gs specific gravity
[Hþ] concentration of hydrogen ions

h hardening function
J 2 second invariant of deviatoric stress
K j increase in dissolution rate due to coupling effects; j ¼ a

or b if in acid or base
Kj

c dissolution rate in uncoupled conditions; j ¼ a or b if in
acid or base

k�a apparent rate constant in acid pH

k�b apparent rate constant in basic pH
ksp thermodynamic equilibrium constant

[M] mass per unit reacting fluid volume; slope of critical state
line

[M0] initial mass per unit reacting fluid volume
Mm molecular mass

n porosity
ni outward unit normal
p outer boundary radial pressure
�pp macro-scale isotropic effective stress

pc radial stress at dilatant-critical boundary
�ppc macro-scale hardening variable representing apparent

preconsolidation stress
�ppc0 macro-scale hardening defining the initial size of the yield

locus
�qq macro-scale deviatoric stress
R macro-scale chemical softening function

Rc macro-scale chemical softening constant
r outward radial coordinate
S REV boundary surface

Ss specific surface area
�ssij deviatoric component of the macro-scale stress tensor

t time
t� time necessary to activate yielding
u radial displacement

ui radial displacement of point i of thick cylinder (ub

represents radial displacement of point b)
V REV volume

VS volume occupied by the solid phase
VT total volume
VV volume of voids
Æ yield locus parameter

ª strain-hardening constant
ªs unit weight of solid phase

ªsat unit weight of saturated material
˜ average crack opening at the apex
� chemical softening constant
�r radial micro strain
�v volumetric micro strain
�ij total micro strain tensor
�Ł circumferential micro strain
�irr

ij plastic strain tensor

�irr
v volumetric plastic strain

���pl
v macro-scale volumetric plastic strain
Ł outward circumferential coordinate
Łi yield locus parameter
Ł1 yield locus parameter
� accumulated relative mass removal
��� macro-scale accumulated relative mass removal
_� rate of relative dissolved mass
¸ plastic multiplier
�ºº plastic bulk modulus of compressibility

�ij stress tensor
��� ij macro-scale stress tensor
�r radial stress
�z stress perpendicular to radial and circumferential

coordinates
�Ł circumferential stress

� yield
Ł circumferential stress at the7 moment of yielding
��01 stress related to initial strength

��02 stress related to initial strength
� proportionality constant indicating degree of chemo-

mechanical coupling
�i yield locus parameter
�1 yield locus parameter
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Massive sulfate attack to cement-treated railway embankments

E. E. ALONSO� and A. RAMON�

Two access embankments to a railway bridge, having a maximum height of 18 m, experienced a
continuous and severe heave shortly after construction. Vertical displacements reached 120 mm in a
2-year period. The embankments were designed, by including soil–cement-treated transition wedges,
to provide an increasingly rigid support as the trains approach the stiff bridge abutments. A grid of
10 m deep jet-grouting columns was also built, with the purpose of stabilising the embankments.
Instead, a sustained swelling deformation, which extended to depths of 8–10 m, was activated. The
compacted soil was low-plasticity clayey material, with a variable percentage of gypsum. The
embankments suffered a massive ettringite–thaumasite attack, which was triggered by the simultan-
eous presence of cement, clay, sulfates and an external supply of water (rain). The paper describes the
field extensometer and inclinometer records, the long-term laboratory tests performed, some miner-
alogical observations and the reactions leading to the growth of expansive crystals, and presents a
model that simulates the measured heave. Forces acting against the bridge, which was seriously
damaged, were estimated. Remedial measures include removal of the active upper zone of the
embankments, and the construction in stages of slabs supporting the rails and founded on piles built
on both sides of the embankments. The case is considered unique because of the magnitude of the
reaction developed in the embankments, and its damaging action on the nearby bridge structure.

KEYWORDS: case history; chemical properties; expansive soils; field instrumentation; ground improvement;
mineralogy

INTRODUCTION
Cement attack by sulfates is a well-known mechanism of
degradation of concrete and mortars made of Portland ce-
ment. The phenomenon is well known in general terms.
Portland cement has a dominant content (60�70%) of
calcium oxide (CaO), a significant proportion (20�25%) of
silica (SiO2), a small proportion (2�6%) of aluminium and
iron oxides (Al2O3, Fe2O3), and sulfate (in the form of
gypsum: CaSO4

:2H2O) (1�5%). Gypsum is added to retard
the paste setting.

Sulfate attack of a hardened cement paste leads to the
development of ettringite, a hydrated sulfate of calcium and
aluminium. This mineral crystallises in bundles of elongated
filaments, which retain a high proportion of water molecules
in the crystalline structure. The source of the attack is often
described as being either ‘internal’ (when the cement itself
has excessive sulfate content) or ‘external’ (when water
carrying sulfate ions enters into contact with the hardened
cement). The development of ettringite implies a destruction
of the strength of the cement paste, and a substantial swel-
ling. The external attack progresses as an advancing front
from the surface exposed to the sulfated water. Aluminium
oxides are reduced to a minimum in sulfate-resistant cements.
In the absence of aluminium, ettringite does not develop.
Another mineral, thaumasite, also develops as a consequence
of sulfate attack. It is a hydrated sulfate of calcium and
silicon. It may crystallise from ettringite by means of an
isomorphous substitution of aluminium by silicon.

Cement- and lime-treated soils are often used to stabilise
road bases and sub-bases. When the soil has some propor-
tion of gypsum, or the treated soil is exposed to sulfated

waters, a similar attack resulting in loss of strength and
significant heave has often been reported (Sherwood, 1962;
Mitchell & Dermatas, 1992; Snedker, 1996; Rajasekaran et
al., 1997; Puppala et al., 2003; Rajasekaran, 2005). Some of
these studies discuss the minimum sulfate content that
triggers the attack. Most of the papers point out that sulfate
contents in excess of 0.5�1% (concentration of soluble
sulfate in water, by weight) result in ettringite formation and
soil swelling.

However, lower threshold values (0.3%) have also been
identified (Mitchell & Dermatas, 1992; Snedker, 1996). It
appears that the loss of strength of the treated soil and
associated swell is related to the sulfate content. Sherwood
(1962) described an unconfined compressive strength reduc-
tion of 24% of treated soil when the sulfate content was as
low as 0.25%.

Unlike ‘pure’ cement mixtures or concrete, treated soils
usually contain a certain proportion of clay minerals, which
are a source of aluminium and silicon ions. In fact, the
highly basic environment (pH in excess of 12) created by
the hydration of cement’s calcium oxide is capable of
dissolving the clay minerals and releasing Al and Si atoms,
ready to be integrated into ettringite and thaumasite mole-
cules. The implication is that sulfate-resistant cements, low
in aluminium oxides, do not necessarily guarantee the pre-
vention of sulfate attack in treated soils. However, Puppala
et al. (2003) report the good performance of sulfate-resistant
cement in stabilising soft and expansive clays with high
sulfate content.

Most of the geotechnical literature on sulfate attack con-
cerns the stabilisation of compacted road bases and sub-
bases. The treatment is applied to relatively thin layers, and
the sulfate attack results in surface heave and reduction of
soil strength. In contrast, the case described here concerns
an entire embankment. The induced swelling strains resulted
not only in a surface heave but also in very high and totally
unexpected forces against bridge abutments, which caused
significant structural damage.
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The paper first describes the two affected embankments,
located on both sides of a bridge built recently for a high-
speed railway line. Field measurements, once the heave was
first identified, will be described, as well as the properties of
the compacted material used in the construction of embank-
ments. Sulfate attack will be described in some detail,
relying on some specific tests performed and on some
geochemical calculations. The embankment swelling was
modelled, and an estimation of pressures developed against
the bridge abutment was made. Finally, the costly remedial
measures are briefly described. The case is probably an
extreme case of sulfate attack to a large engineering struc-
ture, and highlights the severity of the phenomenon, which
may develop when several contributory factors cooperate to
create a critical and dangerous situation.

DESIGN AND CONSTRUCTION OF EMBANKMENTS
A 196 m long bridge, Pallaresos Bridge, which belongs to

the high-speed railway link between Madrid and Barcelona,
was built in the province of Tarragona, Spain, in 2004. Fig.
1 shows the plan view and a longitudinal section of the
bridge. Each one of the seven bridge spans was structurally
resolved by two parallel box girder beams resting isostat-
ically on the pillars. A continuous, cast in situ slab was
extended over prefabricated slabs placed over the girder
beams. Rails were supported by a ballast layer on top of the
continuous concrete slab. Fig. 2 shows a photograph of one
of the embankments, the abutment and the bridge.

Bridge pillars were founded on excavated piles. The two
abutments, of similar design and dimensions, were directly
founded on a hard marl of Tertiary age. They limit the two
embankments shown in the figure, which reached a maxi-
mum height of 18 m in the proximity of the abutments. The
thickness of the approaching embankment decreased progres-
sively away from the bridge abutments. The internal design
of the embankments is shown, in longitudinal section, in Fig.
3. Transition wedges of increasing stiffness were designed to
ensure a smooth transition from the compacted soil to the
rigid bridge structure. The wedge closest to the abutment
was specified as a cement–soil mixture. The embankment
material was previously excavated in a Miocene natural
formation: a sequence of claystones with some proportion of

gypsum veins and interstratified sandstone layers. Some
selected soil was used also as a rail track sub-base.

Once the railway line was in operation, rail levelling
started on a routine basis. Results of this levelling for two
dates, 13 December 2005 and 3 April 2006, are shown in
Fig. 4. The levelling performed in April 2006 shows two
distinct swelling peaks in the position of the two abutments.
No significant settlement or heave was detected along the
bridge itself. Data in Fig. 4 show a maximum heave of
12�16 mm with respect to the initial levelling. Maximum
heave rate, comparing the two successive levellings, is about
4.0�4.5 mm/month.

Countermeasures were adopted, and the rail tracks were
levelled periodically by adjusting the thickness of the ballast
layer. Since no signs of a reduction in heave rate were
noticed, geotechnical investigations were commissioned. A
difficulty for all the subsequent field activities was the need
to keep the railway line in full operation.

Samples taken in the first borings drilled through the two
embankments indicated that the cement-treated soil was
rather weak, and prone to disintegration. It was also difficult
to identify the expected geometry of wedges as shown in
Fig. 3. These findings were probably the reason behind the

Abutment 1
Abutment 2

N

0 20 m

Tarragona

Right side

Left side

Lleida

Fig. 1. Longitudinal profile and plan view of Pallaressos bridge

Fig. 2. Pallaressos embankment, Lleida side. The excavated
pathway on the embankment side was made to allow access of
drilling machines for installation of measuring instruments

202 ALONSO AND RAMON



decision to again reinforce the embankments, in October
2006, by means of 1.5 m diameter jet-grouting columns,
which were arranged in the manner shown in Fig. 5.

The central part of the embankment was treated. Columns
reached a depth of 10 m in the vicinity of the abutment. The
length and density of the columns were reduced as the
distance to the abutment increased. The transition zone was
extended in both embankments to an overall length of 30 m.

One year after finishing jet-grouting treatment, at the end
of 2007, embankment heave was again detected, and track
profiling, by modifying the ballast cushion, had to start
again. In May 2008 a surface-topographic survey provided
precise information on the evolution of heave. It was found
that the embankment heave had resumed, and measured
heave rates (4.2 mm/month, 5.7 mm/month and 6.5 mm/
month in different positions) were even higher than the
values first observed when the problem was initially de-
tected. Field monitoring and soil testing were thereafter
increased.

FIELD OBSERVATIONS
Additional surface-topographic marks were installed on

the top of the embankments. They covered a length of 35 m
in the Lleida (1) embankment (Fig. 6) and 45 m in the
Tarragona (2) embankment. Surface horizontal displacements
were measured in the transverse and longitudinal embank-
ment directions. Fig. 7 provides the measurements of hor-
izontal and vertical surface movements in one of the
abutments from 2 March 2009 to 19 April 2010. The records

indicated that significant horizontal movements were devel-
oping in the transverse direction. An accumulated horizontal
transverse movement of 150 mm was measured during the
first 17.8 months of monitoring at topographic mark PR-1.5,
located 10 m away from the Lleida abutment structure. An
accumulated heave of 59 mm was measured at PR-1.5 during
the same period.

The distribution of surface heave along distance is shown
in Fig. 8 for Abutment 1. The maximum heave occurred at
a distance of 10–13 m from the abutments. At further
distances the displacement decreased progressively. At dis-
tances in excess of 30 m to the abutment no movements
were detected. The transverse horizontal movements fol-
lowed the same pattern. The maximum transverse horizontal
movements were measured at the same points where the
maximum heave was recorded.

The two embankments exhibited similar behaviour. The
topographic monitoring also made it possible to measure
horizontal movements along the longitudinal direction of the
embankments. Points displaced towards the bridge abutment.
Longitudinal displacements were substantially lower than the
displacements recorded in the other two directions. However,
displacements reaching 22 mm towards the abutment struc-
ture were measured during 17.8 months in topographic
marks installed along the first 10 m from the abutment. The
smaller displacements recorded in the longitudinal direction
are explained by the confinement applied by the abutment
and the bridge structure on one side, and by the rest of the
embankment on the opposite side.

Topographic stations and levelling marks were also in-
stalled outside the embankments, on the natural ground, but
no movements were recorded.

The evolution of vertical displacements in time at some
points of both embankments is shown in Fig. 9. The rate of
vertical displacements has not been constant in time. The
average rates of heave, obtained by means of different meas-
urement procedures, have been plotted in Fig. 10. The first
estimation of heave rate corresponds to rail levelling that
was available in 2006. Despite the variability of results, the
plot shows that the heave rate has increased from values
around 2–4 mm/month in 2006 to heave rates varying from
2.5 to 7.5 mm/month in 2008. Fig. 9 also provides the total
accumulated rainfall. A relation between the evolution of
heave and the rainfall events can be identified. Heave rate
accelerates in periods immediately following significant rain-
fall events.

Inclinometer records showed that the horizontal move-
ments were developing in depth. Some results are shown in
Fig. 11. The horizontal displacements decreased gradually
along the first 8–10 m of boring. Horizontal movements at
positions deeper than 13–14 m were not significant. This
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20

15

10

5

0

�5

�10

�15

C
ur

re
nt

or
ig

in
al

: m
m

�

34 550� 34 955�
0 50 m

km

Levelling 03 April 2006

Abutment 1 Abutment 2
Levelling 13 December 2005

Fig. 4. Rail levelling after construction

MASSIVE SULFATE ATTACK TO CEMENT-TREATED RAILWAY EMBANKMENTS 203



behaviour was also observed for other inclinometers. Inclin-
ometers measured a horizontal movement about 9–12 mm in
the transverse direction from 31 October 2008 to 16 January
2009. Those horizontal movements indicated that the em-
bankment was also swelling in a lateral direction.

Vertical deformation of embankments was investigated by
means of continuous extensometers (sliding micrometers;

Kovári & Amstad, 1982) installed in boreholes. Data were
recorded on a monthly basis. The positions of the extens-
ometers installed in the Lleida embankment are shown in
Fig. 6. Continuous extensometers with lengths varying from
18 to 48 m were installed in each embankment at distances
of 8, 13 and 40 m from the abutments. Measured swelling
strains concentrated at the first 8 m. Smaller compressive

C 30 m

A�

14 m

A

Abutment
position

C�
0 5 mJet-grouting column, dia. 1·5 m�

(a)

A–A longitudinal section�

10 m

Abutment
position

10 m

0 5 m

C–C cross-section�

(b)

Fig. 5. Jet-grouting treatment of embankments: (a) position of columns in plan view;
(b) cross-sections

P-20

Y( )�

Z( )� X( )�

N

0 20 m

P-11

Topographic station

Levelling mark

Extensometer

PR-1·9

PR-1·7

PR-1·5
PR-1·3

PR-1·1

PR-1·2
PR-1·4

PR-1·6

PR-1·8PR-1·10

Abutment 1: Lleida

EV-1·2 EV-1·1B EV-1·1
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meters in Lleida embankment
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strains were recorded in the lower part of the embankments
(Fig. 12). Strain records maintained the pattern of vertical
variations over time (Fig. 12). The upper ‘active’ level did
not progress downwards. Micrometers installed at a distance
of 40 m from abutments recorded only a small compression.

The integral of strains along depth, measured in micro-
metres, was found to be consistently very close to the
surface displacements measured in topographic marks. A
continuous extensometer was also installed in natural ground
at the centre of the valley to check whether any source of
movements, other than the deformation of the embankments,
was present in this case. No vertical displacements were
measured by this instrument. The substratum was also shown
as unstrained in all the sliding micrometers installed.

The results described indicate the three-dimensional nature
of the deformation of embankments as a result of an internal
volumetric swelling. A significant result was the reduced

longitudinal deformation, which implied that high horizontal
loads could be acting against the abutments, and therefore
against the bridge itself. These forces were probably sym-
metrical, acting on both sides of the bridge. In fact, an
inspection of the bridge structure revealed the existence of
fissures and spalling damage at the contact between the
abutment and bridge structural elements (Fig. 13). The
development of swelling in the embankment also induced
significant damage in the communications and drainage
conduits on the top of the embankments, near the abutments.
A displacement of the abutment structure towards the bridge
was noticed ‘de visu’. This unforeseen horizontal loading
against the bridge prompted a thorough inspection of the
structure, and the adoption of various repairs that are not
described here. An interesting observation, which shows the
effect of opposing forces acting on the two sides of the
bridge, is the pattern of bending-induced cracking on the
lower part of the pillars, which is sketched in Fig. 14.

There was also a concern about the possibility of strong
passive stresses developing on the upper part of the embank-
ments, in the longitudinal direction. A passive failure could
result in a risk of rail distortions. An analysis of the stress
state inside the embankments, reported below, was per-
formed. First, the geotechnical properties of the embankment
materials will be described.

GEOTECHNICAL DATA
Pallaresos Bridge crosses a small valley in the eastern part

of the Ebro Basin, which is filled by Tertiary deposits of
Miocene age. The substratum, a sequence of horizontally
deposited reddish claystone layers and sandstones poorly
cemented, appears close to the surface. Thin veins of
gypsum cross the claystone at regular intervals. Limestone
layers of high lateral continuity are also interbedded in the
sequence of claystones and sandstones. Claystone levels
dominate the sequence. When intact, it reaches unconfined
compression strengths in the range 10�50 MPa. However,
the claystone has a weak cementation, and it is very
sensitive to changes in water content.

Compaction data taken during construction of embank-
ments are given in Fig. 15. Dry-density–water-content pairs
determined on embankment lifts are plotted in the figure.
Also indicated are the determined modified Proctor optimum
values. The fill reached quite high dry densities, even if the
modified optimum dry densities were seldom reached. On
the other hand, the compaction water content was ordinarily
on the dry side of optimum. Very often, the degree of
saturation was fairly low (, 0.7): therefore as-compacted
suction was high, and water (mainly from rainfall) would
tend to progressively wet the embankment.

One of the modified Proctor optimum points in Fig. 15
shows an exceptionally high value of water content and a
low dry density. This point was reported in the original ‘as
built’ documents. It was decided to maintain it, despite the
large differences with respect to the remaining points. The
plot in Fig. 15 includes density and water content informa-
tion on 24 construction layers. Interestingly, the field dens-
ities determined for the particular layer (a total of eight
values), showing the exceptional density and water content
values of the modified Proctor (MP) optimum, also exhibited
abnormally low density values. It is inferred that the data
are correct, and may be explained by the heterogeneous
nature of the source material.

Points above the Sr ¼ 1 line are explained by errors in the
raw laboratory data. The tests were performed at the time of
construction by a control laboratory, and it was decided to
include all of them in the plot of Fig. 15.

Figure 16 shows the exposed surface of a cut through the

10

8

6

4

2

0

H
ea

ve
 r

a
te

: m
m

/m
on

th

25/10/05 20/10/06 15/10/07 09/10/08 04/10/09
Date

Track-
levelling
monitoring
train

Topographic
levelling of
different
points

Fig. 10. Average heave rates of embankment at different periods
of time

26

24

22

20

18

16

14

12

10

8

6

4

2

0

�12 �8 �4 0 4 8 12

D
ep

th
: m

Accumulated displacement: mm

31/10/2008

14/11/2008

28/11/2008

12/12/2008

09/01/2009

16/01/2009

Fig. 11. Accumulated displacements measured at inclinometer
I1T in Tarragona embankment

206 ALONSO AND RAMON



upper part of one of the embankments. The excavation was
performed during the underpinning operations described
later. The picture shows two jet-grouting columns, a cement-
treated soil in the lower part, and the reddish compacted fill
with an abundant presence of gravels and small boulders.

Samples taken in some borings were tested, and vertical
profiles of some identification properties are given in Fig.
17. The fine fraction is low-plasticity clay. The data suggest

a decrease in plasticity with depth within the embankment.
Water content remains below the plastic limit, except in one
of the tested specimens, which has an abnormally high value
in view of the compaction data given in Fig. 15. Grain-size
distribution tests provided the following fractions (average
value and range): gravel 35% (62.1–18.6%); sand 21%
(35.1–10.5%); and fines content 35% (69.3–7%). The mean
diameter varied widely (8.0–0.0035 mm), with an average
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value of 1.6 mm. Some boulders with sizes in excess of
100 mm were scattered inside the fill. They had sharp edges,
because they were a result of blasting the Miocene forma-
tion. Smaller-size gravels, however, had rounded edges. The
main minerals identified, and their approximate contents, as
determined in semi-quantitative X-ray diffraction analysis,

were: carbonates (calcite and dolomite) 52%; gypsum 20%;
clay minerals (illite and kaolinite) 18%; and quartz 10%.

Relevant information is the variation with depth of soluble
sulfates in the soil, given in Fig. 18. It reaches values in the
range 2.0�2.5% in the upper 8 m. At lower levels, the
sulfate content drops to less than 0.5%. Most probably this
was the result of two different source areas. It reflects the
natural variation of gypsum content found in the natural
formation. Data given in the introduction suggest that sulfate
attack of cement is likely to develop in the upper 8 m of the
embankment.

Swelling tests
Samples recovered in borings were difficult to test, be-

cause of the presence of gravels. The following procedure
was followed to approximate the conditions in the embank-
ment. Gravels of limestone or sandstone were removed, and
the remaining soil was homogenised. The homogenisation
was carried out in disturbed samples recovered in boring
lengths of approximately 1.20 m. The resulting ‘soil’ was
compacted to standard Proctor energy and a water content of
10%. A dry density very close to 2 g/cm3 was achieved in
four tested samples that extended from the surface to a
depth of 4.80 m. Samples were tested in the plastic mould
used for compaction (diameter 120 mm, height 160 mm).
Silicon grease was previously applied to the mould inner
surface. The unloaded samples were placed in a closed
chamber at a constant temperature (88C), and the lower

Fig. 13. Damage observed near abutments
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thrusts on abutments
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20�30 mm of each sample were kept in a bath under water.
Water could migrate upwards by capillary gradients. Vertical
displacements were measured on the sample top.

The results are shown in Fig. 19. The initial response
reflects a ‘standard’ swelling associated with suction reduc-
tion and clay minerals hydration, but the long-term swelling
observed in all samples cannot be explained by these
mechanisms. In addition, the strong swelling measured in
some samples, especially in one of them (1.20�2.40 m), is
not expected in a low-plasticity soil compacted at a standard
Proctor density. The mineral content of the samples before
testing was not determined: therefore the measured swelling
cannot be related to some particular distribution of constitu-
ents (the compaction water content and dry density were
very similar in all four samples tested). The significant result
is that all tests exhibited a long-term swelling that, despite
variation from test to test, was very relevant. Again, these
tests are an indication of the heterogeneity of fill character-
istics. The sample taken from 1.20�2.40 m, which devel-
oped the strongest swelling, was dismantled after 150 days
of testing, and smaller portions were subjected to X-ray
diffraction and scanning electron microscopy (SEM) obser-
vations. Ettringite and thaumasite crystals were identified.

They also provided strong peaks in the X-ray diffractograms.
Samples collected in the embankments were also analysed,
as described below.

MINERAL GROWTH AND CHEMICAL REACTIONS
Samples for mineralogical observations were taken from

several positions in the field

(a) core samples from borehole instrumentation
(b) samples taken from the exposed soil or jet-grouting

columns on the surface of embankments
(c) samples taken in excavations of the upper 5 m of the

embankments during underpinning.

They were subjected to X-ray diffraction analysis and SEM–
EDS (scanning electron microscopy–energy dispersed spec-
trometry) observations. An optical microscope with a 1003
magnifying power was also employed. The results can be
summarised as follows.

(a) Poorly cemented soil–cement mixtures or pure cement
grout had a low apparent weight, a wet, sometimes
muddy, consistency, and a whitish colour. Ettringite and,
most notably, thaumasite were always found. The SEM
photographs in Figs 20 and 21 are characteristic patterns.

(b) The following minerals were detected in the reddish clay
matrix: calcite, gypsum, quartz, dolomite, illite (sericite)
and kaolinite.

18

16

14

12

10

8

6

4

2

0

0 0·5 1·0 1·5 2·0 2·5 3·0

Soluble sulphates: % SO3
A

ve
ra

ge
 d

ep
th

 o
f

sa
m

pl
e 

te
st

ed
: m

Fig. 18. Variation of sulfate content determined in samples
recovered in boring S-2.1B (Tarragona embankment)

0

1

2

3

4

5

6

7

8

0 100 200 300 400 500 600

S
w

el
lin

g:
 %

Time: days

Depth: 1·2–2·4 m

3·6–4·8 m

2·4–3·6 m

0–1·2 m

Fig. 19. Long-term swelling tests on compacted samples (boring
S-2.1B)

Fig. 20. Ettringite needles found in tested sample

Fig. 21. Thaumasite flat crystals and ettringite needles found in
tested sample

MASSIVE SULFATE ATTACK TO CEMENT-TREATED RAILWAY EMBANKMENTS 209



(c) Low-density thin flakes could be easily peeled off from
the cement-treated columns, which often exhibited an
advanced degradation state. A white powder was ob-
served, especially in fissures or holes. When observed by
the SEM, it was identified as thaumasite crystals.

The chemical formulae for ettringite and thaumasite are

(a) ettringite: Ca6[Al(OH)6]2(SO4)326H2O
(b) thaumasite: Ca6[Si(OH)6]2(CO3)2(SO4)224H2O:

In both minerals, the presence of water is remarkable.
Thaumasite growth is regarded as a secondary process once
ettringite has crystallised. Comparing the two atomic com-
positions, thaumasite implies the substitution of Al by Si,
and the presence of a carbonate component. The develop-
ment of both minerals follows a complex process, which has
been described by Hunter (1988), Mitchell & Dermatas
(1992) and Mohamed (2000). In lime- or cement-stabilised
soils, the process starts by the hydration of lime and ionisa-
tion of the calcium hydroxide. The highly basic environment
(pH . 12) dissolves clay minerals, which provide a source
for Al and Si. High pH also favours the dissolution of
sulfate minerals, which provides Ca2þ and SO4

2� ions.
Ettringite precipitates when aluminium released from clays,
calcium from cement or lime, and sulfates combine with
water molecules. Crystals develop in the pore solution (Deng
& Tang, 1994; Mohamed, 2000).

Carbonic acid, present in the pore water, and the dissol-
ution of calcite lead to the precipitation of thaumasite, once
ettringite is present. Hunter (1988) indicates that the pre-
sence of thaumasite (and the absence of ettringite) suggests
that the transition of ettringite to thaumasite is complete.
The dominant presence of thaumasite in the analysed sam-
ples from the embankment suggests an advanced state of

sulfate attack. Bensted (2003) indicates that thaumasite can
be formed by a direct reaction between calcium, sulfate,
silica and carbonate ions in water solutions. However, these
reactions are unlikely, or very slow (Köhler et al., 2006).
Additionally, it has been reported that thaumasite crystallises
only at temperatures not reaching 158C, a result that was
recently challenged by Blanco-Varela et al. (2006), who
found that thaumasite may develop at temperatures as high
as 258C. Rajasekaran (2005) reports that ettringite appears to
be more stable above 158C. Therefore, the climate in Pallar-
essos (a marked two-season Mediterranean environment)
may explain the development of thaumasite as well as
ettringite at all times throughout the year.

With the purpose of obtaining an improved understand-
ing of the sulfate attack, a simulation of the processes
taking place at the soil/cement interface was performed
with the help of a general-purpose transport and chemical
reactions program, Retraso (reactive transport of solutes;
Saaltink et al., 1998, 2005). Retraso solves the coupled
hydraulic transport processes and the chemical reactions.
Chemical equations provide the source or sink terms (con-
centrations of different species) of the mass conservation
equations. The set of non-linear partial differential equa-
tions is solved simultaneously by iterative procedures. The
included transport processes are advection, molecular diffu-
sion and mechanical dispersion. The code handles mineral
precipitation and dissolution reaction under a large set of
experimental kinetic and equilibrium laws. Kinetic laws are
included in a large database. The structure of the kinetic
equations was proposed by Lasaga (1984). The code can
handle a number of chemical reactions (e.g. acid–base,
redox, aqueous complexation) under local equilibrium.

A simple one-dimensional problem, illustrated in Fig.
22(a), was analysed. Two porous materials, the compacted
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soil and a cement grout, interact through a common inter-
face. The soil–cement properties and their ‘active’ constitu-
ents are given in Table 1. Only diffuse processes are
considered.

The idea was to check whether ettringite comes out
naturally as a new species, and to follow its distribution in
space (on both sides of the interface) and time. In addition,
there was an interest in knowing the evolution of other
constituents and the pH of the medium, a key piece of
information to explain the sulphate attack.

An initial pH in equilibrium was calculated for the soil and
the cement pore water with the program PHREEQC (Par-
khurst, 1995; Parkhurst & Appelo, 1999), which simulates
chemical reactions in aqueous solutions. Initial values of
pH ¼ 7.7 and pH ¼ 12.4 were calculated for the soil and
cement pore water respectively. Then Retraso was used to
obtain the precipitated or dissolved amounts of calcite, dolo-
mite, gypsum and ettringite. They were calculated by equili-
brium equations, because they result from rapid reactions. In
the case of kaolinite, quartz and portlandite (calcium hydro-
xide), kinetic equations were used in Retraso. Some results
are given in Fig. 22 for a calculation period of 5 years.

The pH maintains a high value on the cement side of the
interface. A plume of high pH values migrates progressively
towards the soil (Fig. 22(b)). In parallel, an ettringite front
advances in the cement medium (Fig. 22(c)). In 5 years, a
deep penetration is calculated (,1.5 m). The sulfate attack
started (against the treated wedge and, later, against jet-
grouting columns) in 2006, soon after the end of embank-
ment construction. The calculated depth of the ettringite
front in Fig. 22(c) suggests that the attack has currently
(2012) affected the whole volume of the grouted columns. In
fact, in all samples recovered at different positions, ettringite
and/or thaumasite was identified.

Two additional results are shown in Figs 22(d) and 22(e).
Kaolinite is being progressively dissolved in the soil, starting
at the interface. The consequence is the release of Al ions,
necessary for ettringite precipitation. The concentration of
sulfate increases at the interface and in the immediate
vicinity, which induces the precipitation of ettringite.

Even if the analysis performed is quantitative, the calcu-
lated volume fraction of precipitates (or dissolved species)
is not believed to be representative. The real problem is
exceedingly complex: for example, the reactive surface is
unknown (a small value, 0.14 m2/m3, was adopted in the
calculation model), there are uncertainties on the validity of
the kinetic equations, the pore water was probably under
significant suction values for most of the time, and initial
volume fractions and diffusion coefficients were estimated.
Therefore, no attempt was made to couple the chemical
calculations with the observed heave. The measured swelling
strains and their effect on the bridge were approached in a
much simpler manner, as discussed below. Nevertheless, the
chemical analysis performed provided a good understanding
of sulfate attack.

MODELLING EMBANKMENT SWELLING
Measured swelling strains and surface heave provided data

to perform a stress analysis of the embankment. A suspected
passive state in the upper part of the embankment caused
some concern, because of a possible instability disrupting
the rail tracks. Also, structural engineers in charge of bridge
rehabilitation were interested in estimating the existing long-
itudinal forces against the bridge.

A plane-strain analysis was conducted (Fig. 23). The
embankment material was simulated as a Mohr–Coulomb
model with parameters estimated from available design
and construction data (E ¼ 67 MPa, 	 ¼ 0.3, c9 ¼ 5 kPa,
�9 ¼ 308). Elastic moduli were measured in loading–
reloading branches of plate-loading tests performed during
embankment construction. Seven tests were performed,
and the chosen value is close to the lower limit. Strength
parameters are a conservative estimate of the compacted
low-plasticity soil. A zero dilatancy angle was also im-
posed.

Swelling was modelled by imposing a volumetric defor-
mation distributed in the volume indicated in Fig. 23. This
active zone was divided in sectors, following the data
provided by the continuous extensometers. The imposed
strains were guided by two criteria: reproducing the sliding
micrometer data approximately, and reproducing the meas-
ured heave at surface level.

Figure 24 shows a comparison of measured and calculated
heave in the period 26 May 2008 to 9 December 2009.
Swelling strains result in a substantial change in the initial
geostatic distribution of stresses. Horizontal stresses become
major principal stresses in the upper part of the embankment
(Fig. 25). Calculated stresses against the fixed bridge abut-
ment indicated that the essentially horizontal stresses have
reached a passive state. The calculation provided an esti-
mated total force of 2.32 MN/m in the transverse direction
against the bridge abutment. A discontinuity is calculated at
the boundary between the swelling layer and the lower non-
active soil.

Calculated stresses and forces against the bridge are most
probably a lower limit to the actual values, because of the

Table 1. Initial parameters for hydro-chemical analysis

Property Compacted soil Cement

Porosity 0.3 0.3
Diffusion coefficient, D: m2/s 10�9 10�9

Volumetric fractions Calcite: 0.2 Portlandite: 0.35
Dolomite: 0.18 Quartz: 0.35
Gypsum: 0.05
Kaolinite: 0.05

Quartz: 0.03
Reactive surface: m2/m3 0.14 0.14
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Fig. 23. Geometry of finite-element model
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conservative estimate of friction and effective cohesion,
bearing in mind that the fill remains unsaturated. Increased
strength would not prevent a passive state being reached,
because the actual swelling experienced by the fill since the
first warnings in 2006 is substantially higher than the
modelled heave recorded in the shorter period analysed.

It was concluded that, in addition to the need to provide a
new and stable support for the rails, the stresses against the
bridge abutment should also be substantially reduced. On the
other hand, there was no hope of a reduced swelling rate for
the immediate future.

REMEDIAL MEASURES
Despite the signs of a mature state of the sulfate attack

(hydrochemical calculations described; dominant presence of
thaumasite), the field swelling records suggested that heave
of the treated embankments could continue for years at a
sustained rate. Modifying the thickness of the ballast cushion
below the rail tracks could not cope with the expected
medium-term heave. Forces against the abutment wall were
damaging the bridge, and a passive state of stress, threaten-
ing the rail tracks, had developed in the upper part of the
embankments.

It was then decided to excavate the upper 6 m of the
embankments in the stretch affected by sulfate attack, and
also to support the rail tracks by a structure founded on piles
on both sides of the embankment. The solution is shown in
Fig. 26. Supporting piles (excavated piles, which reach the
substratum) were first built in the position shown in the plan
view of Fig. 26(a). Then reinforced concrete slabs were built
on the sides of the railway tracks, after enlarging the embank-
ments in a lateral direction. Once the rail tracks were under-
pinned, the upper part of the embankments was excavated in
stretches 9 m long, and the concrete slabs were slid into place.
Fig. 26(b) shows a longitudinal section of the solution. An
open gap, 3 m thick, will be left between the lower surface of
the slabs and the new upper surface of the embankments.

CONCLUDING REMARKS
Sliding micrometer data were conclusive in showing the

extent of the swelling strains within the embankment. The
upper 8 m had a sulfate content (2.5%) sufficiently high to
explain the attack. However, solid gypsum gravels were

scattered throughout the soil mass. They constitute, de facto,
a substantial increase in gypsum content, which is not
accounted for in the chemical analysis of the fine fraction of
the soil.

The potential growth of ettringite and thaumasite will
continue until the exhaustion of sulfates. The availability of
other chemical species (calcium, silicates, aluminium and
water) seems essentially unlimited in the embankments.

The longitudinal profile of surface heave is, in part,
explained by the layout of grouting columns. Friction against
the abutments, enhanced by the high horizontal stresses
developed in the longitudinal direction, explain the small
vertical displacements measured in the vicinity of the abut-
ment wall. The restriction to vertical heave offered by the
abutment also explains, to some extent, the settlements
measured by the extensometers below the upper expanding
volume. But there is also the possibility of a collapse of soil
as rainwater migrates downwards. The compaction data
given in Fig. 15 indicate that a significant proportion of the
embankments was initially under high suction. The confining
stress below the ‘active’ upper part (vertical stresses in
excess of roughly 170�180 kPa) is probably enough to
explain some collapse strains. This aspect of the embank-
ment behaviour has not been analysed in this paper, which
concentrates on the chemical changes and their conse-
quences, associated with sulfate attack on cement-treated
materials in the presence of clay minerals and water.

The case history described is a case of failure of the
controls expected during the execution of earthworks for
bridge abutments (the Spanish Standards indicate that soils
containing gypsum and other salts should not be stabilised
with cement). The Standards also open the possibility of
using sulfate-resistant cement in cases of sulfate content in
excess of 0.5%. Many access embankments to bridges
located in the very large Ebro Basin, where sulfates are
widespread, have been built in recent years. However, to the
authors’ knowledge, no similar reaction has been reported.
Nearby cases in which the embankment material was se-
lected to avoid sulfates are also known to the authors. No
damage was observed in those cases. Standards also specify
that the director of works should conduct a laboratory testing
plan, whose scope is also defined, before authorising the
initiation of fieldworks. It seems that these controls and
provisions were not followed to the extent required in the
case reported.

Fig. 25. Calculated principal stresses in embankments
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TECHNICAL NOTE

Microbial method for construction of an aquaculture pond in sand

J. CHU�†, V. IVANOV�†, V. STABNIKOV�‡ and B. LI�

A method to construct an aquaculture pond in sand using microbial biocementation is presented in
this paper. The microbially induced calcium carbonate precipitation process was used to form a low-
permeability layer in sand for the construction of a water pond model in the laboratory. The test
results indicated that the permeability of sand was reduced from the order of 10�4 m/s to 10�7 m/s
when an average 2.1 kg of calcium (Ca) per m2 of sand surface was precipitated. The bending
strengths of the walls and the base of the model pond were in the range of 90–256 kPa. The
unconfined compressive strengths for the samples taken from the walls and the base of the pond were
in the range of 215–932 kPa.

KEYWORDS: ground improvement; grouting; permeability; seepage

INTRODUCTION
Conventionally, compacted bentonite, geosynthetic clay liner
or plastic liners are used to seal ponds, channels and
reservoirs in sand. However, these methods are costly. For
example, about 60 kg of bentonite is required to seal 1 m2

of pond area according to Pillay & Kutty (2005). The
technology with plastic liner is more expensive depending
on the design situations (Pillay & Kutty, 2005).

Studies have shown that the microbially induced carbonate
precipitation (MICP) process can be used to increase the
shear strength and decrease the permeability of sand, owing
to the filling of the pores with the minerals precipitated
(Gollapudi et al., 1995; Mitchell & Santamarina, 2005;
Whiffin et al., 2007; Chu et al., 2009; DeJong et al., 2010;
Tobler et al., 2011). The MICP process is catalysed by
urease-producing bacteria (UPB) owing to an increase in pH
to produce carbonate in the presence of calcium ions (Ferris
et al., 1996; Stocks-Fischer et al., 1999) as shown in the
following

CO NH2ð Þ2 þ 2H2Oþ Ca2þ þ UPB

! CaCO3 þ 2NH4
þ þ UPB

(1)

However, practical applications of the MICP process for
soil treatment are far more complicated (Ivanov & Chu,
2008; Ivanov, 2010) because the quantity of reagents re-
quired by conventional biocementation through percolation
of soil with bacterial suspension and solutions of calcium
salt and urea is large. Recently, a new approach has been
developed to form a low-permeability layer several centi-
metres thick on top of a sand surface through the MICP
process (Chu et al., 2012). This method has been adopted to

build a laboratory-scale water pond model in sand. The
method for the construction of this pond and the properties
of the microbial mediated sand are discussed in this paper.
Potential applications of the method presented could include
the construction of runoff collection ponds in deserts’ sand
(Boers, 1994), aquaculture ponds (Kitto & Reginald, 2011;
Lucas & Southgate, 2012) or algal biofuel production ponds
(Campbell, 2008).

CONSTRUCTION OF MODEL POND
Sand and reagents

Ottawa sand with a mean grain size of 0.42 mm was used
for the construction of the water pond model. The sand was
deposited dry in a box and the density achieved was
1600 kg/m3:

The reagents used for creating a low-permeability layer in
sand included

(a) a suspension of bacterial cells of Bacillus sp. VS1
with urease activity 2.7 mM hydrolysed urea/min
(9.7 g urea/l.h)

(b) a solution containing 82.5 g/l (0.75 M) calcium chloride
and 90 g/l (1.5 M) urea. The strain of UPB Bacillus sp.
VS1 was used as a bioagent inducing formation of calcite
from calcium chloride and urea (Stabnikov et al., 2011;
Chu et al., 2012).

Urease-producing bacteria were grown in a liquid medium of
the following composition: Tryptic soy broth DIFCOTM, 30 g/l;
urea, 20 g/l; MnSO4

.H2O, 12 mg/l; NiCl2
.6H20, 24 mg/l;

conductivity of the prepared medium was 1400 mS/m. All
components of this medium, with the exemption of urea, were
sterilised at 1218C for 15 min. The stock solution of urea,
100 g/l, was prepared and sterilised by filtration through
WhatmanTM nitrocellulose membrane with 0.2 �m pores to
prevent urea being lost during autoclaving. Cultivation was
conducted in a B. Braun biostat fermentor (International Equip-
ment Trading Ltd., Vernon Hills, Illinois, USA) with working
volume 1.5 l at temperature 308C under aeration rate 3 l/min.
Palm oil was used as an antifoaming agent in quantity 0.2%
(v/v). Duration of cultivation was 4 days. The pH value of the
culture liquid, with a concentration of bacterial cells of about
8 g of dry biomass/l, was adjusted to pH 7 by 1 N HCl.

Manuscript received 28 February 2012; revised manuscript accepted
22 October 2012. Published online ahead of print 31 January 2013.
Discussion on this paper closes on 1 January 2014, for further details
see p. ii.
� School of Civil and Environmental Engineering, Nanyang Techno-
logical University, Singapore.
† Department of Civil, Construction & Environmental Engineering,
Iowa State University, USA.
‡ Department of Microbiology and Biotechnology, Ukrainian Na-
tional University of Food Technologies, Kiev, Ukraine.



Formation of low-permeability layer in sand
The model pond was built within a rectangle glass tank of

48 cm 3 38 cm 3 20 cm (length 3 width 3 height) filled
with 28 kg of sand, in which a rectangular hole of 34 cm 3
26 cm 3 5 cm (length 3 width 3 height) was excavated
manually as shown in Fig. 1(a). A plastic board was used to
support the stability of the walls of the excavated hole.

The following five steps were used to treat the surface of
the model pond

(a) spray with bacterial suspension
(b) spray with calcium chloride and urea solution

(c) spray with bacterial suspension for a second time
(d ) cover the sand surface with calcium chloride and urea

solution
(e) dry the model pond outdoors under sunlight for 2 days.

The first spray (first treatment) of the bacterial suspension
on the bottom and four walls of the pond supplied a dosage
of about 1.35 ml/cm2 (or 0.11 kg/m2) of dry biomass and
the average supply rate was 0.7 ml/cm2 per h (or 7 l/m2 per
h). The spray of the solution containing calcium chloride
and urea on the bottom and four walls provided a dosage of
approximately 2.3 ml/cm2 (or 23 l/m2) of calcium (Ca) and
the average supply rate was 0.7 ml/cm2 per h (or 7 l/m2 per
h). The supply rate and time of the treatment were adjusted
so that there was no liquid above the sand surface. The
second spray (second treatment) of the bacterial suspension
on the bottom and the four walls provided a dosage of
0.7 ml/cm2 (0.05 kg/m2) of dry biomass and the average
supply rate was approximately 0.7 ml/cm2 per h (7 l/m2 per
h). The supply rate and time of the treatment were adjusted
so that there was no liquid above the sand surface. Then, the
model pond was filled with calcium chloride and urea
solution so that the level of liquid was 5 mm above the sand
surface for 2 days. This third treatment enhanced the bio-
cementation of the surface layer (Chu et al., 2012) but is not
mandatory for real construction technology. Subsequently,
the liquid was drained off from the tank and the model pond
was left to dry outdoors for 2 days. The water pond formed
is shown in Fig. 1. A cross-sectional view of the model pond
after it had been used for cultivation of algae is shown in
Fig. 1(c). It can be seen that the water pond is formed by a
low-permeability layer surrounding the boundary of the
pond. The sand below the low-permeability layer was not
treated. In this way, the biotreatment was localised and thus
the cost of treatment was reduced.

Design of the biocemented layer of sand
The formation of the biocemented layer of sand during

the construction of the pond can be calculated using the
following model. The maximum deposition of calcium (Q,
kg) in the biocemented layer of sand is

Q ¼ CV p þ CV s (2)

or

Q ¼ CA(Hpnþ H s) (3)

where C is calcium concentration (kg/m3); Vp is volume of
pores in the soil (m3); Vs is volume of calcium salt solution
(m3); A is treated area (m2); Hp is height of the treated sand
(m); n is sand porosity; Hs is height of the calcium salt
solution above soil surface (m). The calculated ratio of the
quantities of precipitated calcium in the biocemented crust
and in the bulk of sand for the model pond was 0.83, which
was almost the same as the experimental value of 0.80. This
ratio could be diminished by the formation of a low-per-
meability layer on top of the sand by sequential spraying of
biocementing solution performed before major precipitation
of calcium from solution above the surface of the sand.

The thickness of the biocemented layer, Hp, of sand can
be calculated as follows

Hp ¼ (V b=A)n (4)

where Vb is volume of bacterial suspension and solution of
calcium chloride and urea, which was used for spraying the
sand surface. The thickness of the biocemented layer was
from 20 to 30 mm for the bottom and from 15 to 20 mm for
the walls (Fig. 1(c)).

A field emission scanning electron microscope (FE-SEM)

(a)

(b)

(c)

Fig. 1. Formation of a water pond model in sand: (a) before
treatment; (b) after treatment; (c) cross-sectional view of the
bottom of the pond after cultivation of algae
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JSM-7600 (Jeol, Japan) was used to study the dry, platinum
(Pt)-coated samples of bio-treated sand. From the SEM
image, it can be seen that the pores between sand grains
were filled by the minerals precipitated. According to the
energy dispersive X-ray spectroscopy (EDS) spectrum, the
fill material between the sand grains had the following
contents, in atomic %: C, 19.9; O, 31.1; Ca, 49.0, whereas
the sand grains had: C, 8.7; O, 60.8; Al, 1.3; Si, 23.9; Ca,
0.5; Zr, 4.8. The higher contents of calcium and carbon in
the fill material could be an indication of the formation of
calcium carbonate (CaCO3).

GEOTECHNICAL PARAMETERS OF MODEL POND
Water leakage tests

The average leakage rate from the bio-treated model pond
was determined roughly by the change of water table over a
given time interval. The water level change was monitored
after the pond was filled with 5 l of tap water. This was
done at the end of every treatment. For every measurement,
the time taken for 25 mm of water drop to occur was
recorded. The leakage rate calculated after each treatment is
shown in Fig. 2. It can be seen that the leakage rate reduced
with each additional treatment. The leakage rate after the
fourth treatment was 3 3 10�7 m/s. It is possible to reduce
the leakage rate further by using one or two additional
treatments. However, a leakage rage in the order of 10�7 m/s
was comparable with the leakage rate required for tropical
fish ponds, aquaculture ponds (Teichert-Coddington et al.,
1989) or for shrimp mariculture ponds (Weisburd & Laws,
1990). Therefore, the leakage rate was considered adequate
for aquaculture or fish ponds.

Permeability tests
The engineering properties of the soil in the bio-treated

low-permeability layer were measured using different labora-
tory tests. Samples taken from the walls and the bottom of
the pond were tested separately. Permeability tests were
conducted using a triaxial cell by following the constant
head method (Head, 1986). As the bio-treated sand was hard
and brittle, it was difficult to trim a sample into a perfect
cylinder. Small cracks could also occur on the surface of the
sample. To overcome these problems, model clay was used
to seal the cylindrical surface of a 38 mm dia. specimen, as
shown in Fig. 3. The specimen was then installed into a
triaxial cell and sealed using a membrane. A confining
pressure of 50 kPa was used. Two GDS pressure volume
controllers that could apply a pressure and measure the
volume at the same time (Chu et al., 1992) were used to
apply pressures of 45 and 40 kPa to the bottom and top of
the specimen respectively. Once steady-state flow conditions

were obtained, the quantity of flow over a time interval was
measured to calculate the permeability. Two permeability
tests each were conducted on samples taken from the walls
and the bottom of the pond. The results are presented in
Fig. 4. It can be seen that the permeability of the bio-treated
sand taken from both the walls and the bottom of the pond
had been reduced from the initial 4.0 3 10�4 to
3.5 3 10�7 m/s, on average. This permeability value was still
not low enough to make a leakage-free water pond. How-
ever, it was adequate for building aquaculture ponds.

Four-point bending tests
The MICP process not only reduced the permeability of

sand substantially, but also increased the stiffness and shear
strength of the soil. By observation, it can be seen that the
bio-treated soil cemented together like sandstone. The ce-
mentation effect was likely to have been created by the
minerals produced through the MICP process. The cementa-
tion effect not only increased the shear strength, but also
created cohesion or tensile strength in the soil. To assess the
tensile strength of the bio-treated soil, some four-point
bending tests were carried out by following a procedure
detailed in ASTM standard D6272-10 (ASTM, 2010). One
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reason for doing the four-point bending tests was that the
samples were only suitable for this type of test. The test set-
up is shown schematically in Fig. 5. The support span was
80 mm. The dimensions of the specimen were 5 mm thick,
100 mm long and 20 mm wide, which did not exceed one-
quarter of the support span. The loading span was 26.7 mm,
which was one-third of the length of the supported span.
The diameter of the round loading noses was 6 mm. The
maximum bending stress S for a load span of one-third of
the support span is calculated as follows (ASTM D6272-10
(ASTM, 2010))

S ¼ P
L

t
d2 (5)

where S is the bending strength in the outer fibre throughout
the load span (MPa); P is the load at a given point on the
load–deflection curve (N); L is the support span (mm); t is
the thickness of the beam (mm); and d is the depth of the
beam (mm).

The bending strengths measured by the four-point bending
tests for samples taken from the walls and base are shown in
Fig. 6. It can be seen that the bending strengths measured
are in the range of 90–256 kPa. These bending strengths
were still much smaller compared with those of rocks. How-
ever, as the untreated sand had no cohesion or tensile
strength at all, the measured bending strength is a good
indication of the cementation effect due to bio-treatment.
This bending strength of the soil will enhance the stability
of the pond and all steeper slopes or even walls to be used
for the pond. This will help to cut down further the
construction cost for the pond.

Unconfined compression tests
Unconfined compression (UC) tests were also conducted

on specimens 10 mm in diameter and 20 mm high. Small-
diameter samples had to be used as the cementation zone
was only 15–30 mm thick. Nevertheless, the UC test pro-
vided a way to assess the degree of improvement of the sand
given the fact that clean sand would not even stand as a
column. A loading rate of 0.4 mm/min (or 2% strain) was
used in the tests. The UC strengths obtained for samples
taken from both the walls and the base were in the range
215–932 kPa (Fig. 7). There was a large variation in the UC
strength even for samples taken from the same zone. This
could be partially attributed to the non-uniformity in the
treatment of the soil and the disturbance to the samples
during sample preparation. Similar to the bending strength
obtained from the four-point tests, the strength of the sample
at the bottom of the pond is slightly lower than that of the
sample at the wall. This could be because the walls had a
larger surface area than the base for the application of
biocementation solution. Additionally, sample size may have
a significant effect on the absolute value and variations of
the unconfined compressive strength.

CONCLUSIONS
A method to construct a water pond in sand based on an

MICP approach is presented in this paper. The calcite
formed through the MICP process filled the pores in sand
and resulted in a substantial reduction in the permeability as
well as an increase in the stiffness and shear strength of
sand. A water pond model was built in the laboratory using
this method. The test results indicated that the permeability
of sand was reduced from the order of 10�4 m/s to 10�7 m/s
when an average 2.1 kg/m2 of calcium was precipitated in
sand. Although clean sand has no tensile or unconfined
compressive strength, the bio-treated soil had a bending
strength of up to 256 kPa, as measured by four-point bend-
ing tests, and an unconfined compressive strength of up to
932 kPa.
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NOTATION
A treated area (m2)
C calcium concentration (kg/m3)
d depth of beam (mm)

Hp height of the treated sand (m)
Hs height of the calcium salt solution above soil surface (m)
L support span (mm)
n sand porosity
P load at a given point on the load–deflection curve (N)
Q maximum deposition of calcium in biocemented layer of

sand (kg)
S bending strength in outer fibre throughout load span (MPa)
t thickness of beam (mm)

Vb volume of bacterial suspension and solution of calcium
chloride and urea, used for spraying sand surface (m3)

Vp volume of pores in the soil (m3)
Vs volume of calcium salt solution (m3)

REFERENCES
ASTM (2010). ASTM D6272-10: Standard test method for flexural

properties of unreinforced and reinforced plastics and electrical
insulating materials by four-point bending. West Conshohocken,
PA, USA: Committee D20 on Plastics, ASTM.

Boers, T. M. (1994). Rainwater harvesting in arid and semi-arid
zones. Wageningen, the Netherlands: International Institute for
Land Reclamation and Improvement.

Campbell, M. N. (2008). Biodiesel: algae as a renewable source for
liquid fuel. Guelph Engng J. 1, No. 1, 2–7.

Chu, J., Lo, S.-C. R. & Lee, I. K. (1992). Strain softening behavior
of granular soil in strain path testing. J. Geotech. Engng, ASCE
118, No. 2, 191–288.

Chu, J., Ivanov, V., Lee, M. F., Oh, X. M. & He, J. (2009). Soil and
waste treatment using biocement. In Ground improvement tech-
nologies and case histories (eds C. F. Leung, J. Chu and R. F.
Shen), pp. 160–166. Singapore: Research Publishing.

Chu, J., Ivanov, V. & Stabnikov, V. (2012). Microbially induced
calcium carbonate precipitation on surface or in the bulk of soil.
Geomicrobiol. J. 29, No. 6, 544–549.

DeJong, J. T., Mortensen, B. M., Martinez, B. C. & Nelson, D. C.
(2010). Bio-mediated soil improvement. Ecol. Engng 36, No. 2,
197–210.

Ferris, F. G., Stehmeier, L. G., Kantzas, A. & Mourits, F. M.
(1996). Bacteriogenic mineral plugging. Can. J. Petroleum
Technol. 35, No. 9, 56–61.

Gollapudi, U. K., Knutson, C. L., Bang, S. S. & Islam, M. R.
(1995). A new method for controlling leaching through per-
meable channels. Chemosphere 30, No. 4, 695–705.

Harkes, M. P., van Paassen, L. A., Booster, J. L., Whiffin, V. S. &
van Loosdrecht, M. C. M. (2010). Fixation and distribution of
bacterial activity in sand to induce carbonate precipitation for
ground reinforcement. Ecol. Engng 36, No. 2, 112–117.

Head, K. H. (1986). Manual of soil laboratory testing, vol. 3.
London, UK: Pentech Press.

Ivanov, V. (2010). Environmental microbiology for engineers. Boca
Raton, FL, USA: CRC Press.

Ivanov, V. & Chu, J. (2008). Applications of microorganisms to
geotechnical engineering for bioclogging and biocementation of
soil in situ. Rev. Environ. Sci. Biotechnol. 7, No. 2, 139–153.

Kitto, M. R. & Reginald, M. (2011). Effect of summer/winter light
intensity and salt on growth kinetics and beta carotene accumula-
tion by Dunaliella in open outdoor earthern ponds in a desert
island, off UAE coast. J. Algal Biomass Utilization 2, No. 4, 14–21.

Lucas, J. S. & Southgate, P. C. (2012). Aquaculture: farming
aquatic animals and plants, 2nd edn. Chichester, UK: Wiley.

Mitchell, J. K. & Santamarina, J. C. (2005). Biological considera-
tions in geotechnical engineering. ASCE J. Geotech. Geoenviron.
Engng 131, No. 10, 1222–1233.

Pillay, T. V. R. & Kutty, M. N. (2005). Aquaculture: principles and
practices. Oxford, UK: Wiley-Blackwell.

Stabnikov, V., Naemi, M., Ivanov, V. & Chu, J. (2011). Formation of
water-impermeable crust on sand surface using biocement. Ce-
ment and Concrete Research 41, No. 11, 1143–1149.

Stocks-Fischer, S., Galinat, J. K. & Bang, S. S. (1999). Microbio-
logical precipitation of CaCO3: Soil Biol. Biochem. 31, No. 11,
1563–1571.

Teichert-Coddington, D. R., Peralta, M. & Phelps, R. P. (1989).
Seepage reduction in tropical fish ponds using chicken litter.
Aquacultural Engng 8, No. 3, 147–154.

Tobler, D. J., Cuthbert, M. O., Greswell, R. B., Riley, M. S,
Renshaw, J. C., Handley-Sidhu, S. & Phoenix, V. R. (2011).
Comparison of rates of ureolysis between Sporosarcina pasteurii
and an indigenous groundwater community under conditions
required to precipitate large volumes of calcite. Geochim. Cos-
mochim. Acta 75, No. 11, 3290–3301.

Weisburd, R. S. J. & Laws, E. A. (1990). Free water productivity
measurements in leaky multiculture ponds. Aquacultural Engng
9, No. 6, 377–403.

Whiffin, V. S., van Paassen, L. A. & Harkes, M. P. (2007).
Microbial carbonate precipitation as a soil improvement tech-
nique. Geomicrobiol. J. 24, No. 5, 417–423.

MICROBIAL METHOD FOR CONSTRUCTION OF AN AQUACULTURE POND IN SAND 219




	Bio- and Chemo-Mechanical Processes in Geotechnical Engineering: Géotechnique Symposium in Print 2013
	Preface
	Contents
	Session 1. Chemo-mechanical investigations in soils
	1.1 Clays
	Double-structure effects on the chemo-hydro-mechanical behaviour of a compacted active clay
	INTRODUCTION
	AN INSIGHT INTO MICROSTRUCTURAL CHANGES INDUCED BY CHEMICAL EFFECTS
	EFFECTS OF DOUBLE STRUCTURE ON CHEMOMECHANICAL

BEHAVIOUR
	EFFECTS OF DOUBLE STRUCTURE ON

HYDRO-CHEMICAL TRANSPORT
	APPLICATION OF THE FRAMEWORK
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	A chemo-mechanical constitutive model accounting for cation exchange in expansive clays
	INTRODUCTION
	FORMULATION OF CHEMO-MECHANICAL

CONSTITUTIVE MODEL
	APPLICATIONS
	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	An experimental and constitutive investigation on the chemo-mechanical behaviour of a clay
	INTRODUCTION
	THEORIES AND EVIDENCE
	EXPERIMENTAL PROGRAMME
	EXPERIMENTAL RESULTS
	CONSTITUTIVE FRAMEWORK
	NUMERICAL MODELLING
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	Reduction of the clogging potential of clays: new chemical applications and novel quantification approaches
	INTRODUCTION
	DEFINITIONS
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	APPENDIX 1: ADSORPTION MEASUREMENTS
	APPENDIX 2: GRADING CURVES
	NOTATION
	REFERENCES

	1.2 Other geo-materials
	Coupled chemical-hydraulic-mechanical behaviour of bentonites
	INTRODUCTION
	THEORY
	MATERIALS AND METHODS
	INTERPRETATION OF TEST RESULTS
	CONCLUSIONS
	NOTATION
	REFERENCES

	Environmentally enhanced crack propagation in a chemically degrading isotropic shale
	INTRODUCTION
	MECHANISMS OF MINERAL DISSOLUTION IN A

CARBONATE GEOMATERIAL COUPLED WITH

VOLUMETRIC STRAIN
	NUMERICAL SIMULATION OF CRACK PROPAGATION

IN THE PRESENCE OF COUPLED DAMAGE–

DISSOLUTION PROCESSES
	MODELLING OF DIFFUSION OF DISSOLVED CALCITE 
COUPLED WITH IRREVERSIBLE DAMAGE INSIDE THE PROCESS ZONE
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	A chemo-poro-mechanical model for sequestration of carbon dioxide in coalbeds
	INTRODUCTION
	MODELLING APPROACH
	NUMERICAL SIMULATIONS
	CONCLUSION
	NOTATION
	REFERENCES

	Growth of polymer microstructures between stressed silica grains: a chemo-mechanical coupling
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION AND CONCLUSION
	ACKNOWLEDGEMENTS
	REFERENCES

	Some unexpected effects of natural and anthropogenic chemicals on construction
	INTRODUCTION
	REDOX REACTIONS
	AVAILABILITY OF DATA
	NITROGEN
	IRON
	SULFUR
	CARBON
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Session 2. Bio-chemo-mechanical aspects in geomechanics
	Effect of chemical treatment used in MICP on engineering properties of cemented soils
	INTRODUCTION
	EXPERIMENTAL WORK
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES

	Mitigation of liquefaction of saturated sand using biogas
	INTRODUCTION
	MATERIALS AND METHODS
	TEST RESULTS
	DISCUSSION
	CONCLUSIONS
	NOTATION
	REFERENCES

	Dynamic response of liquefiable sand improved by microbial-induced calcite precipitation
	INTRODUCTION
	MATERIALS AND METHODS
	BIOCEMENTATION INTEGRITY DURING STRESS CYCLING
	FREE-FIELD DYNAMIC PERFORMANCE
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	Volumetric consequences of particle loss by grading entropy [technical note]
	BACKGROUND
	Λ: MASS-(PARTICLE)-LOSS-INDUCED VOID VOLUME 
CHANGE PARAMETER
	GRADING ENTROPY – COORDINATES
	GRADING ENTROPY – DIAGRAM
	OEDOMETER TESTS
	GRADING ENTROPY COORDINATES AND ¸
	SUMMARY
	NOTATION
	REFERENCES

	Session 3. Overview and future challenges
	Biogeochemical processes and geotechnical applications: progress, opportunities and challenges
	INTRODUCTION
	POTENTIAL OF BIOLOGY TO MODIFY ENGINEERING

PROPERTIES OF SOILS
	RESEARCH ACTIVITY AND APPLICATIONS
	FIELD APPLICATIONS
	CLOSURE: RESEARCH AND DEVELOPMENT NEEDS
	ACKNOWLEDGEMENTS
	REFERENCES

	Related content
	Mathematical model of electro-osmotic consolidation for soft ground improvement
	INTRODUCTION
	THEORETICAL MODEL FOR ELECTRO-OSMOTIC

CONSOLIDATION
	NUMERICAL MODEL FOR ELECTRO-OSMOTIC

CONSOLIDATION
	A CASE STUDY OF ELECTRO-OSMOTIC

CONSOLIDATION
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	Analytical solution for axisymmetric electro-osmotic consolidation [technical note]
	INTRODUCTION
	THEORETICAL ANALYSIS
	DISCUSSION
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	Improving the mechanical response of kaolinite and bentonite through exposure to organic and metallorganic compounds [technical note]
	INTRODUCTION
	MECHANISMS OF INTERACTION BETWEEN ORGANIC AND METALLORGANIC COMPOUNDS AND CLAY 
PARTICLES
	MATERIALS AND METHODS
	RESULTS OF MECHANICAL TESTS
	RESULTS OF SEM, HT-DSC AND XRD ANALYSES
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	Weathering of submerged stressed calcarenites: chemo-mechanical coupling mechanisms
	INTRODUCTION
	SUMMARY OF FINDINGS AT THE MICRO SCALE
	A SCENARIO OF THE LONG-TERM DEGRADATION PROCESS
	CHEMICAL DISSOLUTION OF CALCARENITE IN STRESSED CONDITIONS
	CHEMO-MECHANICAL COUPLING AT A SINGLE PORE SCALE
	UPSCALING
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	NOTATION
	REFERENCES

	Massive sulfate attack to cement-treated railway embankments
	INTRODUCTION
	DESIGN AND CONSTRUCTION OF EMBANKMENTS
	FIELD OBSERVATIONS
	GEOTECHNICAL DATA
	MINERAL GROWTH AND CHEMICAL REACTIONS
	MODELLING EMBANKMENT SWELLING
	REMEDIAL MEASURES
	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	REFERENCES

	Microbial method for construction of an aquaculture pond in sand [technical note]
	INTRODUCTION
	CONSTRUCTION OF MODEL POND
	GEOTECHNICAL PARAMETERS OF MODEL POND
	CONCLUSIONS
	ACKNOWLEDGEMENT
	NOTATION
	REFERENCES


