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Preface

The development of polymeric materials in the form of geosynthetics has brought major
changes in the civil engineering profession. Geosynthetics are available in a wide range of
compositions appropriate to different applications and environments. Over the past three to
four decades, civil engineers have shown an increasing interest in geosynthetics and in
understanding their correct uses. Simultaneously, significant advances have been made
regarding the use of geosynthetics in civil engineering applications. These developments
have occurred because of ongoing dialogue among engineers and researchers in both the
civil engineering field and the geosynthetic industry.

Every four years since 1982, the engineering community has held an international
conference on geosynthetics. There are presently two official journals, namely Geotextiles
and Geomembranes, and Geosynthetics International, from the International Geosynthetics
Society. A few books have also been written to meet the demands of students, researchers,
and practising civil engineers. However, we feel that there should be a textbook on
geosynthetics that deals with the basic concepts of the subject, especially for meeting the
requirements of students as well as of practising civil engineers who have not been exposed
to geosynthetics during their university education. The book also covers major aspects
related to field applications including application guidelines and description of case studies
to generate full confidence in the engineering use of geosynthetics. We have made every
effort in this direction and do hope that this book will be of value to both civil engineering
students and practising civil engineers. In fact, the aim of this book is to assist all those who
want to learn about the fundamentals of geosynthetic engineering.

The subject is divided into nine chapters and presented in a sequence intended to appeal
to students and other learners reading the book as an engineering subject. Chapter 1 deals
with the general description of geosynthetics including their basic characteristics and
manufacturing processes. Any application may require one or more functions from the
geosynthetic that will be installed. Such functions are described in Chapter 2. This chapter
also discusses aspects of the geosynthetic selection. Chapter 3 covers the properties of
geosynthetics along with the basic principles of their measurement. Chapter 4 presents
physical descriptions of major applications of geosynthetics in civil engineering and identifies
the geosynthetic functions involved. The analysis and design concepts for selected applications
are described in Chapter 5. The general application guidelines for various applications are
provided in Chapter 6 along with some application-specific guidelines. Chapter 7 addresses
important aspects related to quality control and field performance monitoring. Chapter 8
includes some aspects related to cost analysis and provides some available economic
experiences. Selected case studies are presented in Chapter 9. Answers to multiple choice



xiv Preface

questions and selected numerical problems included as self evaluation questions are given
in Appendix A. A list of the latest common test standards and codes of practice are included
in Appendix B. Some important websites related to geosynthetics are given in Appendix C.
A list of all references and subject index are included at the end of the book.

It should be noted that there is good continuity in the presentation of the topics and their
concepts described. Line drawings, sketches, graphs, photographs and tables have been
included, as required for an engineering subject. Therefore, readers will find this book lively
and interactive, and they will learn the basic concepts of most of the topics. However, we
welcome suggestions from readers of this book for improving its contents in a future edition.

Sanjay Kumar Shukla
Jian-Hua Yin
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Chapter |

General description

I.1 Introduction

In the past four decades, considerable development has taken place in the area of geosynthetics
and their applications (see Table 1.1). Geosynthetics are now an accepted civil engineering
construction material and have unique characteristics like all other construction materials
such as steel, concrete, timber, etc. This chapter provides a general description of geosynthetics
including their basic characteristics and manufacturing processes.

1.2 Geosynthetics

The term ‘Geosynthetics’ has two parts: the prefix ‘geo’, referring to an end use associated with
improving the performance of civil engineering works involving earth/ground/soil and the
suffix ‘synthetics’, referring to the fact that the materials are almost exclusively from man-made
products. The materials used in the manufacture of geosynthetics are primarily synthetic
polymers generally derived from crude petroleum oils; although rubber, fiberglass, and other
materials are also sometimes used for manufacturing geosynthetics. Geosynthetics is, in fact, a
generic name representing a broad range of planer products manufactured from polymeric
materials; the most common ones are geofextiles, geogrids, geonets, geomembranes and geo-
composites, which are used in contact with soil, rock and/or any other civil engineering-related
material as an integral part of a man-made project, structure or system (Figs 1.1-1.5).

Products, based on natural fibres (jute, coir, cotton, wool, etc.), are also being used in contact
with soil, rock and/or other civil engineering-related material, especially in temporary civil
engineering applications. Such products, that may be called geonaturals, have a short life span
when used with earth materials due to their biodegradable characteristics, and therefore, they
have not many field applications as geosynthetics have (Shukla, 2003a). Though geonaturals are
significantly different from geosynthetics in material characteristics, they can be considered a
complementary companion of geosynthetics, rather than a replacement, mainly because of
some common field application areas. In fact, geonaturals are also polymeric materials, since
they contain a large proportion of naturally occurring polymers such as lignin and cellulose.

Geotextile: 1t is a planar, permeable, polymeric textile product in the form of a flexible
sheet (Fig. 1.1). Currently available geotextiles are classified into the following categories
based on the manufacturing process:

e Joven geotextile: A geotextile produced by interlacing, usually at right angles, two or
more sets of yarns (made of one or several fibres) or other elements using a conventional
weaving process with a weaving loom.
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e Nonwoven geotextile: A geotextile produced from directionally or randomly oriented
fibres into a loose web by bonding with partial melting, needle-punching, or chemical
binding agents (glue, rubber, latex, cellulose derivative, etc.).

e Knitted geotextile: A geotextile produced by interlooping one or more yarns (or other
elements) together with a knitting machine, instead of a weaving loom.

e Stitched geotextile: A geotextile in which fibres or yarns or both are interlocked/
bonded by stitching or sewing.

Geogrid: 1t is a planar, polymeric product consisting of a mesh or net-like regular open
network of intersecting tensile-resistant elements, called ribs, integrally connected at the

Table I.1 Historical developments in the area of geosynthetics and their applications

Decades  Developments

Early The first use of fabrics in reinforcing roads was attempted by the South Carolina

decades  Highway Department in 1926 (Beckham and Mills, 1935). Polymers which form the
bulk of geosynthetics did not come into commercial production until thirty years
later starting with polyvinyl chloride (PVC) in 1933, low density polyethylene (LDPE)
and polyamide (PA) (a.k.a. nylon) in 1939, expanded polystyrene (EPS) in 1950, poly-
ester (PET) in 1953, and high density polyethylene (HDPE) and polypropylene (PP)
in 1955 (Hall, 1981).The US Bureau of Reclamation has been using ggcomembranes in
water conveyance canals since the 1950s (Staff, 1984).

Late A range of fabrics was manufactured for use as separation and filter layers between

1950s granular fills and weak subsoils. WWoven fabrics (nowadays called geotextiles) played
critical filtration functions in coastal projects in The Netherlands and in the USA.

1960s Rhone-Poulenc Textiles in France began working with nonwoven needle-punched

geotextiles for quite different applications. Geotextiles found a role as beds for
highway and railway track support systems. Chlorosulfonated polyethylene (CSPE)
was developed around 1965.

1970s The first geotextile used in a dam, in 1970, was a needle-punched nonwoven
geotextile used as a filter for the aggregate downstream drain in the Valcross Dam
(17 m high), France (Giroud, 1992). Geotextiles were incorporated as reinforcement
in retaining walls, steep slopes, etc. The beginning of the ongoing process of standards
development started with the formation of the ASTM D-13-18 joint committee on
geosynthetics and the formation of industry task forces.The first samples of Tensar
grid were made in the Blackburn laboratories of Netlon Ltd, UK, in July 1978.The
first conference on geosynthetics was held in Paris in 1977.The geofoam was
originally applied as a lightweight fill in Norway in 1972.

1980s The beginning of the use of geosynthetics occurred in the construction of safe containment
of environmentally hazardous wastes. Soil confinement systems based on cellular
geotextile nets were first developed and evaluated in France during 1980. Netlon
developed a similar concept, but on a larger scale, with the introduction of the Tensar
Geocell Mattress in 1982.The first known environmental application of geonet was in
1984 for leak detection in a double-lined hazardous liquid-waste impoundment in
Hopewell,Virginia. Koerner and Welsh wrote the first book on geosynthetics in 1980.
The International Geosynthetics Society was established in 1983.The first volume of
international journal entitled Geotextiles and Geomembranes was published in 1984.

1990s Many standards on geosynthetics were published by the American Society of
Testing Materials (ASTM), USA,; the International Organization for Standardization
(ISO), Switzerland; the British Standards Institution (BSI), UK; the Bureau of
Indian Standards (BIS), India, etc. The second international journal entitled
Geosynthetics International was first published in 1995.
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Figure 1.1 Typical geotextiles: (a) woven
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(a-i) :

(b)

Figure 1.2 Typical geogrids: (a) extruded — (i) uniaxial; (ii) biaxial; (b) bonded; (c) woven.

junctions (Fig. 1.2). The ribs can be linked by extrusion, bonding or interlacing: the resulting
geogrids are respectively called extruded geogrid, bonded geogrid and woven geogrid.
Extruded geogrids are classified into the following two categories based on the direction of
stretching during their manufacture:

e Uniaxial geogrid: A geogrid produced by the longitudinal stretching of a regularly
punched polymer sheet, and therefore it possesses a much higher tensile strength in the
longitudinal direction than the tensile strength in the transverse direction.

e Biaxial geogrid: A geogrid produced by stretching in both the longitudinal and the
transverse directions of a regularly punched polymer sheet, and therefore it possesses
equal tensile strength in both the longitudinal and the transverse directions.
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Figure 1.3 Typical geonet.

Geonet: It is a planar, polymeric product consisting of a regular dense network of
integrally connected parallel sets of ribs overlying similar sets at various angles (Fig. 1.3).
At first glance, geonets appear similar to geogrids; however, geonets are different from
geogrids, not mainly in the material or their configuration but in their functions to perform
the in-plane drainage of liquids or gases, as described in Chapter 2.

Geomembrane: 1t is a planar, relatively impermeable, synthetic sheet manufactured from
materials of low permeability to control fluid migration in a project as a barrier or liner
(Fig. 1.4). The materials may be polymeric or asphaltic or a combination thereof. The term
barrier applies when the geomembrane is used inside an earth mass. The term liner is
usually reserved for the cases where the geomembrane is used as an interface or a surface
revetment.

Geocomposite: 1t is a term applied to the product that is assembled or manufactured in
laminated or composite form from two or more materials, of which one at least is a geosynthetic
(geotextile, geogrid, geonet, geomembrane, or any other type), which, in combination,
performs specific function(s) more effectively than when used separately (Fig. 1.5).

There are a number of geosynthetics available today, including webs, grids, nets,
meshes, and composites, which are technically not textiles; however, they are used in
combination with or in place of geotextiles. All such products are often called geotextile-
related products (GTP). Some common GTP and other types of geosynthetics are briefly
described below.

Geocell: A three-dimensional, permeable, polymeric honeycomb or web structure,
assembled from geogrids and special bodkins couplings in triangular or square cells
(Fig. 1.6(a)(i)) or produced in the factory using strips of needle-punched polyester or solid
high density polyethylene (HDPE) (Fig. 1.6(a)(ii)).

Geofoam: A polymeric material manufactured by the application of the polymer in
semi-liquid form through the use of a foaming agent to have a lightweight material in slab
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Figure 1.4 Typical gecomembranes.

or block form with high void content for use as lightweight fills, thermal insulators and
drainage channels.

Geomat: A three-dimensional, permeable, polymeric structure made of coarse and rigid
filaments bonded at their junctions used to reinforce roots of vegetation such as grass and
small plants and extend the erosion control limits of vegetation for permanent installation
(Fig. 1.6(b)).

Geomesh: A geosynthetic or geonatural generally with a planar woven structure having
large pore sizes, which vary from several millimetres to several centimetres for use in
mainly erosion control works (Fig. 1.6(c)).

Geopipe: A plastic pipe (smooth or corrugated with or without perforations) placed
beneath the ground surface and subsequently backfilled (Fig. 1.6(d)).

Geospacer: A three-dimensional polymeric moulded structure consisting of cuspidated
or corrugated plates with large void spaces (Fig. 1.6(¢e)).

Geostrip: A polymeric material in the form of a strip.

For convenience in making drawings or diagrams of geosynthetic applications with
clarity, geosynthetic products can be represented by abbreviations and/or graphical symbols
as recommended by the International Geosynthetics Society (see Table 1.2).

1.3 Basic characteristics

Geosynthetics are commercially available in numerous varieties in the markets under various
product names (brand names) and/or product types (descriptive numbers or the codes)
(see Table 1.3). They are versatile in use, adaptable to many field situations and can be
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(CY

Figure 1.5 Typical geocomposites: (a) reinforced drainage separator; (b) drainage composites;
(c) geosynthetic clay liner.

combined with several building materials. They are utilized in a range of applications in
many areas of civil engineering, especially geotechnical, transportation, water resources,
environmental (geoenvironmental), coastal, and sediment and erosion control engineering
for achieving technical benefits and/or economic benefits. The rapid growth in the past four
decades all over the world (Figs 1.7, 1.8, and 1.9) is due mainly to the following favourable
basic characteristics of geosynthetics:

e non-corrosiveness
e highly resistant to biological and chemical degradation
e Jlong-term durability under soil cover



(a)i) Diaphragms

()i (A) (a)-ii)(B)

Figure |.6 Typical geotextile-related products: (a) geocell — (i) site assembled, (ii) factory produced:
(A) collapsed form, (B) expanded form; (b) geomat; (c) geomesh — (i) plastic (ii) woven coir,
(iii) woven jute; (d) geopipe; (€) geospacer.



Figure 1.6 Continued.

Table 1.2 Abbreviations and graphical symbols of geosynthetic products as
recommended by the International Geosynthetics Society

Abbreviations  Graphical symbols Geosynthetic products

GTX — e o Geotextile

GMB Geomembrane

GBA Geobar

GBL Geoblanket

GCD Geocomposite drain with

geotextile on both sides

GCE TIIIITIINTIIIIITIIIITITIITI1171111T Geocell

GCL ST AT Tt TG Geocomposite clay liner
Surficial geosynthetic

GEC AR HAHAAHHHHA AN A Y erosion control

GEK 313343323343333333342332233523333373333  Electrokinetic geosynthetic

GGR - ~—o Geogrid

GMA Y e Se e oWl s Geomat

GMT Geomattress

GNT Geonet

GSP Geospacer

GST A e = s Geostrip
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Table 1.3 Some product names and types of geosynthetics

Product names and types Product classification

Tensar |60RE Uniaxial geogrid

Tensar S540 Biaxial geogrid

Secutex 301 GRK5 Needle-punched geotextile

Naue Fasertechnik Geomembrane both sides smooth
PEHD 406 GL/GL, 1.5 mm

Terram W/20-4 Woven polypropylene geotextile

Terram PW4 Composite reinforced drainage separator

Netlon CE 131 Geonet

Terram ParaLink 600S Welded geogrid

Terram Grid 4/2-W Coated polyester woven geogrid

Secumat ES 601 G4 Single layer erosion control

layer with woven fabric

high flexibility

minimum volume

lightness

ease of storing and transportation

simplicity of installation

speeding the construction process

making economical and environment-friendly solution
providing good aesthetic look to structures.

The importance of geosynthetics can also be observed in their ability to partially or completely
replace natural resources such as gravel, sand, bentonite clay, etc. In fact, geosynthetics can be
used for achieving better durability, aesthetics and environment of the civil engineering projects.

1.4 Raw materials

Almost exclusively, the raw materials from which geosynthetics are produced are polymeric.
Polymers are materials of very high molecular weight and are found to have multifarious
applications in the present society. The polymers used to manufacture geosynthetics are
generally thermoplastics, which may be amorphous or semi-crystalline. Such materials melt
on heating and solidify on cooling. The heating and cooling cycles can be applied several
times without affecting the properties.

Any polymer, whether amorphous or semi-crystalline, consists of long chain molecules
containing many identical chemical units bound together by covalent bonds. Each unit may
be composed of one or more small molecular compounds called monomers, which are most
commonly hydrocarbon molecules. The process of joining monomers, end to end, to form
long polymer chains is called polymerization. In Figure 1.10, it is observed that during poly-
merization, the double carbon bond of the ethylene monomer forms a covalent bond with
the carbon atoms of neighbouring monomers. The end result is a long polyethylene (PE)
chain molecule in which one carbon atom is bonded to the next. If the chains are packed in a
regular form and are highly ordered, the resulting configuration will have a crystalline struc-
ture, otherwise amorphous structure. No polymers used for manufacturing geosynthetics are
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Figuer 1.7 Growth of geosynthetics in North America based on (a) quantity; (b) sales (after
Koerner, 2000).

completely crystalline, although HDPE can attain 90% or so crystallinity, but some are
completely amorphous. Manufacture of polymers is generally carried out by chemical or
petrochemical companies who produce polymers in the form of solid pellets, flakes or
granules.

The number of monomers in a polymer chain determines the length of the polymeric chain
and the resulting molecular weight. Molecular weight can affect physical and mechanical
properties, heat resistance and durability (resistance to chemical and biological attack)
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Figure 1.8 Estimated consumption of geosynthetics in Western Europe (after Lawson and
Kempton, 1995).
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Figure 1.9 Geosynthetic consumption and construction investment in Japan (after Akagi, 2002).

properties of geosynthetics. The physical and mechanical properties of the polymers are also
influenced by the bonds within and between chains, the chain branching and the degree of
crystallinity. An increase in the degree of crystallinity leads directly to an increase in rigidity,
tensile strength, hardness, and softening point and to a decrease in chemical permeability.
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Figure 1.10 The process of polymerization: (a) an ethylene monomer; (b) a polyethylene molecule.

Table 1.4 Polymers commonly used for the manufacture
of geosynthetics

Types of polymer Abbreviations

Polypropylene PP
Polyester (polyethylene terephthalate) PET
Polyethylene
Low density polyethylene LDPE
Very low density polyethylene VLDPE
Linear low density polyethylene LLDPE
Medium density polyethylene MDPE
High density polyethylene HDPE
Chlorinated polyethylene CPE
Chlorosulfonated polyethylene CSPE
Polyvinyl chloride PVC
Polyamide PA
Polystyrene PS

Notes

The basic materials consist mainly of the elements carbon, hydro-
gen, and sometimes nitrogen and chlorine; they are produced
from coal and petroleum oil.

If the polymer is stretched in the melt, or in solid form above its final operating temperature,
the molecular chains become aligned in the direction of stretch. This alignment, or molecular
orientation, can be permanent if, still under stress, the material is cooled to its operating tem-
perature. The orientation of molecules of the polymers by mechanical drawing results in higher
tensile properties and improved durability of the fibres. The properties of polymers can also be
altered by including the introduction of side branches, or grafts, to the main molecular chain.

The polymers used for manufacturing geosynthetics are listed in Table 1.4 along with
their commonly used abbreviations. The more commonly used types are polypropylene (PP),
high density polyethylene (HDPE) and polyester (polyethylene terephthalate (PET)).

Most of the geotextiles are manufactured from PP or PET (see Table 1.5). Polypropylene
is a semi-crystalline thermoplastic with a melting point of 165°C and a density in the range
of 0.90-0.91 g/cm?’. Polyester is also a thermoplastic with a melting point of 260°C and a
density in the range of 1.22-1.38 g/cm’.
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Table 1.5 Major geosynthetics and the most commonly
used polymers for their manufacture

Geosynthetics Polymers used for manufacturing

Geotextiles PP, PET, PE, PA

Geogrids PET, PP, HDPE

Geonets MDPE, HDPE

Geomembranes HDPE, LLDPE,VLDPE, PVC, CPE,
CSPE, PP

Geofoams EPS

Geopipes HDPE, PVC, PP

The primary reason for PP usage in geotextile manufacturing is its low cost. For non-critical
structures, PP provides an excellent, cost-effective raw material. It exhibits a second
advantage in that it has excellent chemical and pH range resistance because of its semi-
crystalline structure. Additives and stabilizers (such as carbon black) must be added to
give PP ultraviolet (UV) light resistance during processing. As the critical nature of the
structure increases, or the long-term anticipated loads go up, PP tends to lose its effective-
ness. This is because of relatively poor creep deformation characteristics under long-term
sustained load.

Polyester is increasingly being used to manufacture reinforcing geosynthetics such as
geogrids because of high strength and resistance to creep. Chemical resistance of polyester
is generally excellent, with the exception of very high pH environments. It is inherently
stable to UV light.

Polyethylene is one of the simplest organic polymers used extensively in the manufacture
of geomembranes. It is used in its low density and less crystalline form (low density poly-
ethylene (LDPE)), which is known for its excellent pliability, ease of processing and good
physical properties. It is also used as HDPE, which is more rigid and chemically more
resistant.

Polyvinyl chloride (PVC) is the most significant commercial member of the family of
vinyl-based resins. With plasticizers and other additives it takes up a great variety of forms.
Unless PVC has suitable stabilizers, it tends to become brittle and darkens when exposed to
UV light over time and can undergo heat-induced degradation.

Polyamides (PA), better known as nylons, are melt processable thermoplastics that
contain an amide group as a recurring part of the chain. Polyamide offers a combination of
properties including high strength at elevated temperatures, ductility, wear and abrasion
resistance, low frictional properties, low permeability by gases and hydrocarbons and
good chemical resistance. Its limitations include a tendency to absorb moisture, with result-
ing changes in physical and mechanical properties, and limited resistance to acids and
weathering.

The raw material for the manufacture of geofoams is polystyrene (PS), which is known as
packaging material and insulating material by the common people. Its genesis is from ethylene
and is available in two forms: expanded polystyrene (EPS) and extruded polystyrene (XPS).

There are several environmental factors that affect the durability of polymers. Ultraviolet
component of solar radiation, heat and oxygen, and humidity are the factors above ground
that may lead to degradation. Below ground the main factors affecting the durability of



General description 15

Table 1.6 A comparison of the resistance of polymers, commonly used in the production of
geosynthetics (adapted from John, 1987; Shukla, 2002a)

Influencing factors Resistance of polymers
PP PET PE PA
Ultraviolet Medium High Low Medium
light (unstabilized)
Ultraviolet High High High Medium
light (stabilized)
Alkalis High Low High High
Acids High Low High Low
Salts High High High High
Detergents High High High High
Heat, dry (up to 100°C) Medium High Low Medium
Steam (up to 100°C) Low Low Low Medium
Hydrolysis High High High High
(reaction with water)
Micro-organisms High High High Medium
Creep Low High Low Medium
120
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Figure I.1] Effect of temperature on some geosynthetic polymers (after Thomas and Verschoor, 1988).

polymers are soil particle size and angularity, acidity/alkalinity, heavy metal ions, presence
of oxygen, moisture content, organic content and temperature. The resistance of commonly
used polymers to some environmental factors is compared in Table 1.6. It must be empha-
sized that the involved reactions are usually slow and can be retarded even more by the use
of suitable additives. When polymers are subjected to higher temperature, they lose their
weight. What remains above 500°C is probably carbon black and ash (Fig. 1.11). Note that
the ash content of a polymeric compound is the remains of inorganic ingredients used as
fillers or cross-linking agents and ash from the base polymer.
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The formulation of a polymeric material is a complex task. No geosynthetic material is
100% of the polymer resin associated with its name, because pure polymers are not suitable
for production of geosynthetics. The primary resins are always formulated with additives,
fillers, and/or other agents as UV light absorbers, antioxidants, thermal stabilizers, etc. to
produce a plastic with the required properties. For example, PE, PET and PA have 97%
resin, 2-3% carbon black (or pigment), and 0.5-1.0% other additives.

If the long molecular chains of the polymer are cross-linked to one another, the resulting
material is called thermoset, which, once cooled, remains solid upon the subsequent appli-
cation of heat. Though a thermoset does not melt on reheating, it degrades. The thermoset
materials (such as Ethylene vinyl acetate (EVA), butyl, etc.), alone or in combination with
thermoplastic materials, are sometimes used to manufacture geomembranes.

Although most of the geosynthetics are made from synthetic polymers, a few specialist
geosynthetics, especially geotextiles, may also incorporate steel wire or natural biodegrad-
able fibres such as jute, coir, paper, cotton, wool, silk, etc. Biodegradable geotextiles are
usually limited to erosion control applications where natural vegetation will replace the
geotextile’s role as it degrades. Jute nets are marketed under various trade names, including
geojute, soil saver, and anti-wash. They are usually in the form of a woven net with a typi-
cal mesh open size of about 10 by 15 mm, a typical thickness of about 5 mm and an open
area of about 65%. Vegetation can easily grow through openings and use the fabric matrix
as support. The jute, which is about 80% natural cellulose, should completely degrade
in about two years. An additional advantage of these biodegradable products is that the
decomposed jute improves the quality of the soil for vegetation growth. Some non-
polymeric materials like sodium or calcium bentonite are also used to make a few geosynthetic
products.

It is sometimes important to know the polymer compound present in the geosynthetic
being used. A quantitative assessment requires the use of a range of identification test
techniques, as listed in Table 1.7 along with a brief description. More detailed descriptions
can be found in the works of Halse et al. (1991), Landreth (1990) and Rigo and
Cuzzuffi (1991).

Table 1.7 Chemical identification tests (based on Halse et al., 1991)

Method Information obtained

Thermogravimetric analysis (TGA) Polymer, additives, and ash contents; carbon black
content; decomposition temperatures

Differential scanning calorimetry (DSC) Melting point, degree of crystallinity, oxidation time,
glass transition

Thermomechanical analysis (TMA) Coefficient of linear thermal expansion, softening point,
glass transition

Infrared spectroscopy (IR) Additives, fillers, plasticizers, and rate of oxidation
reaction

Chromatography: gas chromatography Additives and plasticizers

(GC) and high pressure liquid

chromatography (HPLC)
Density determination (p) Density and degree of crystallinity
Melt index (MI) Melt index and flow rate ratio
Gel permeation chromatography (GPC) Molecular weight distribution
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1.5 Manufacturing processes

Geotextiles are manufactured in many different ways, partly using traditional textile
procedures and partly using procedures not commonly recognized as textile procedures. The
manufacturing process of a geotextile basically includes two steps (Giroud and Carroll,
1983): the first step consists in making linear elements such as fibres or yarns from the
polymer pellets, under the agency of heat and pressure and the second step consists in
combining these linear elements to make a planar structure usually called a fabric.

The basic elements of a geotextile are its fibres. A fibre is a unit of matter characterized
by flexibility, fineness, and high ratio of length to thickness. There are four main types of
synthetic fibres: the filaments (produced by extruding melted polymer through dies or
spinnerets and subsequently drawing it longitudinally), staple fibres (obtained by cutting
filaments to a short length, typically 2—10 cm), s/iz films (flat tape-like fibres, typically 1-3 mm
wide, produced by slitting with blades an extruded plastic film and subsequently drawing it)
and strands (a bundle of tape-like fibres that can be partially attached to each other). During
the drawing process, the molecules become oriented in the same direction resulting in
increase of modulus of the fibres. A yarn consists of a number of fibres from the particular
polymeric compound selected. Several types of yarn are used to construct woven geotex-
tiles: monofilament yarn (made from a single filament), multifilament yarn (made from fine
filaments aligned together), spun yarn (made from staple fibres interlaced or twisted
together), slit film yarn (made from a single slit film fibre) and fibrillated yarn (made from
strands). It should be noted that synthetic fibres are very efficient load carrying elements,
with tensile strengths equivalent to prestressing steel in some cases (e.g. in case of poly-
aramid fibres). Fibre technology in itself is a well-advanced science with an enormous
database. It is in the fibre where control over physical and mechanical properties first takes
place in a well-prescribed and fully automated manner.

As the name implies, woven geotextiles are obtained by conventional weaving processes.
Although modern weaving looms are extremely versatile and sophisticated items, they oper-
ate on the basic principles embodied in a mechanical loom illustrated in Figure 1.12. The
weaving process gives these geotextiles their characteristic appearance of two sets of parallel
yarns interlaced at right angles to each other as shown in Figure 1.13. The terms ‘warp and
weft’ are used to distinguish between the two different directions of yarn. The longitudinal
yarn, running along the length of the weaving machine or loom and hence running lengthwise
in a woven geotextile roll, is called the warp. The transverse yarn, running across the width of
the loom and hence running widthwise in a woven geotextile roll, is called the weft. Since the
warp direction coincides with the direction in which the geotextile is manufactured on the
mechanical loom, this is also called the machine direction (MD) (a.k.a. production direction
or roll length direction), whereas at right angles to the machine direction in the plane of the
geotextile is the cross machine direction (CMD), which is basically the weft direction.

In Figure 1.13, the type of weave described is a plain weave, of which there are many
variations such as twill, satin and serge; however, plain weave is the one most commonly
used in geotextiles.

Nonwoven geotextiles are obtained by processes other than weaving. The processing
involves continuous laying of the fibres on to a moving conveyor belt to form a loose web
slightly wider than the finished product. This passes along the conveyor to be bonded by
mechanical bonding (obtained by punching thousands of small barbed needles through
the loose web), thermal bonding (obtained by partial melting of the fibres) or chemical
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Figure 1.12 Main components of a weaving loom (after Rankilor, 1981).

Weft yarns
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Figure 1.13 A typical woven geotextile having a plain weave.
bonding (obtained by fixing the fibres with a cementing medium such as glue, latex,
cellulose derivative, or synthetic resin) resulting in the following three different types:

1  mechanically bonded nonwoven geotextile (or needle-punched nonwoven geotextiles)
2 thermally bonded nonwoven geotextile
3 chemically bonded nonwoven geotextile, respectively.
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Figure 1.14 shows the diagrammatic representation of the production of needle-punched
geotextiles. These geotextiles are usually relatively thick, with a typical thickness in the
region of 0.5-5 mm.

Knitted geotextiles are manufactured using a knitting process, which involves interlocking
a series of loops of one or more yarns together to form a planar structure. There is a wide
range of different types of knits used, one of which is illustrated in Figure 1.15. These
geotextiles are very extensible and therefore used in very limited quantities.

Stitch-bonded geotextiles are produced from multi-filaments by a stitching process. Even
strong, heavyweight geotextiles can be produced rapidly. Geotextiles are sometimes
manufactured in a tubular or cylindrical fashion without longitudinal seam. Such geotextiles
are called rubular geotextiles.

A geotextile can be saturated with bitumen, resulting in a bitumen impregnated geotextile.
Impregnation aims at modifying the geotextile, to protect it against external forces and, in
some cases, to make it fluid impermeable.

All the geogrids share a common geometry comprising two sets of orthogonal load
carrying elements which enclose substantially rectangular or square patterns. Due to the

Table

77777 7777

—-=— Geotextile sheet

To windup

Figure I.14 Manufacturing process of the needle-punched nonwoven geotextile.

Figure .15 A typical knitted geotextile.
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requirement of high tensile properties and acceptable creep properties, all geogrids are
produced from molecularly oriented plastic. The main difference between different grid
structures lies in how the longitudinal and transverse elements are joined together.

Extruded geogrids are manufactured from polymer sheets in two or three stages of
processing: the first stage involves feeding a sheet of polymer, several millimetres thick, into
a punching machine, which punches out holes on a regular grid pattern. Following this, the
punched sheet is heated and stretched, or drawn, in the machine direction. This distends the
holes to form an elongated grid opening known as aperture. In addition to changing the initial
geometry of the holes, the drawing process orients the randomly oriented long-chain
polymer molecules in the direction of drawing. The degree of orientation will vary along the
length of the grid; however, the overall effect is an enhancement of tensile strength and
tensile stiffness. The process may be halted at this stage, in which case the end product is
a uniaxially oriented geogrid. Alternatively, the uniaxially oriented grid may proceed to a
third stage of processing to be warm drawn in the transverse direction, in which case a
biaxially oriented geogrid is obtained (Fig. 1.16). Although the temperatures used in the
drawing process are above ambient, this is effectively a cold drawing process, as the
temperatures are significantly below the melting point of the polymer. It should be noted
that the ribs of geogrids are often quite stiff compared to the fibres of geotextiles.

Woven geogrids are manufactured by weaving or knitting processes from polyester
multi-filaments. Where the warp and weft filaments cross they are interlaced at multiple levels
to form a competent junction. The skeletal structure is generally coated with acrylic or PVC

Uniaxial grid p

Punched sheet

Polymer
sheet

Figure 1.16 ‘Tensar’ manufacturing process (courtesy of Netlon Limited, UK).
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or bitumen to provide added protection against environmental attack and construction-induced
damages.

Bonded geogrids are manufactured by bonding the mutually perpendicular PP or PET
strips together at their crossover points using either laser or ultrasonic welding. There are
several bonded geogrids, which are extremely versatile, because they can be used in isolated
strip form and as multiple strips for ground reinforcement.

Geonets are manufactured typically by an extrusion process in which a minimum of two
sets of strands (bundles of tape-like fibres that can be attached to each other) are overlaid to
yield a three-dimensional structure. A counterrotating die, with a simplified section as
shown in Figure 1.17, is fed with hot plastic by a screw extruder. The die consists of an inner
mandrel mounted concentrically inside a heavy tubular sleeve. When both the inner and
outer sections of the die are rotated then the two sets of spirals are produced simultaneously;
however, at the instant that inner and outer slots align with one another there is only one,
double thickness, set of strands extruded. It is at this instant that the crossover points of the
two spirals are formed as extruded junctions. Consequently the extrudate takes the form of
a tubular geonet. This continuously extruded tube is fed coaxially over a tapering mandrel
which stretches the tube to the required diameter. This stretching process results in inducing
a degree of molecular orientation and it also controls the final size and geometry of the
finished geonet. To convert the tubular geonet to flat sheet, the tube is cut and laid flat. If
the tube is slit along its longitudinal axis, the resulting geonet appears to have a diamond
shaped aperture. Alternatively, the tube may be cut on the bias, for example parallel to one
of the strand arrays, in which case the apertures appear to be almost square.

Unlike geogrids, the intersecting ribs of geonets are generally not perpendicular to one
another. In fact they intersect at typically 60°—80° to form a diamond shaped aperture. It can
be seen that one parallel array of elements sits on top of the underlying array so creating a
structure with some depth. The geonets are typically 5-10 mm in thickness.

Most of the geomembranes are made in a plant using one of the following manufacturing
processes: (i) extrusion, (ii) spread coating or (iii) calendering. The extrusion process is a
method whereby a molten polymer is extruded into a non-reinforced sheet using an extruder.
Immediately after extrusion, when the sheet is still warm, it can be laminated with a geotex-
tile; the geomembrane thus produced is reinforced. The spread coating process usually consists
in coating a geotextile (woven, nonwoven, knitted) by spreading a polymer or asphalt com-
pound on it. The geomembranes thus produced are therefore also reinforced. Non-reinforced
geomembranes can be made by spreading a polymer on a sheet of paper, which is removed
and discarded at the end of the manufacturing process. Calendering is the most frequently

Figure 1.17 Rotating die.
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Figure 1.18 Calendering process of manufacturing gecomembranes (after Ingold, 1994).

used manufacturing process in which a heated polymeric compound is passed through a series
of heated rollers of the calender, rotating under mechanical or hydraulic pressure (Fig. 1.18).

By utilizing auxiliary extruders, both HDPE and linear low density polyehylene (LLDPE)
geomembranes are sometimes coextruded, using flat dies or blown film methods.
Coextruded sheet is manufactured such that a HDPE-LLDPE-HDPE geomembrane results.
The HDPE on the upper and lower surfaces is approximately 10-20% of the total sheet
thickness. The objective is to retain the excellent chemical resistance of HDPE on the sur-
faces of geomembranes, with the flexibility of LLDPE in the core. Typical thickness of
geomembranes ranges from 0.25 to 7.5 mm (10-300 mils, 1 mil = 0.001 in. = 0.025 mm).

Textured surfaces (surfaces with projections or indentations) can be made on one or both
sides of a geomembrane by blown film coextrusion or impingement by hot PE particles or
any other suitable method. A geomembrane with textured surfaces on one or both surfaces
is called fextured geomembrane. The textured surface greatly improves stability, particularly
on sloping grounds, by increasing interface friction between the geomembrane and the soils
or the geosynthetics. Textured surfaces are generally produced with about 6-in (150-mm)
nontextured border on both sides of the sheet. The smooth border provides a better surface
for welding than a textured surface. The smooth edges also permit quick verification of the
thickness and strength before installation.

Geocomposites can be manufactured from two or more of the geosynthetic types
described in Sec. 1.2. A geocomposite can therefore combine the properties of the con-
stituent members in order to meet the needs of a specific application. Some examples of
geocomposites are band/strip/wick drains and geosynthetic clay liners (GCLs).

Band drains, also called fin drains, usually consist of a plastic fluted or nubbed water
conducting core (drainage core) wrapped in geotextie sleeve (Fig. 1.19). They are designed
for easy installation in either a slot or trench dug in the soil along the edge of the highway
pavement or railway track or any other civil engineering structures that require drainage
measures.

Geotextiles can be attached to geomembranes to form geocomposites. Geotextiles are
commonly used in conjunction with geomembranes for puncture protection, drainage and
improved tensile strength.
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Figure 1.19 Strip drain: (a) components; (b) various shapes of drainage cores.
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Figure 1.20 Types of geosynthetic clay liners (after Koerner and Daniel, 1997).

Bentonite Eentonitze U[gpetrl
Lower opper geotextile
geotextile N N

Needle punching
or stiching

(™ |

——— To windup

Figure 1.2] Major steps of the manufacturing process for needle-punched and stitch-bonded
geosynthetic clay liners.

A geosynthetic clay liner is a manufactured hydraulic barrier used as alternative material
to substitute a conventional compacted soil layer for the low-permeability soil component of
various environmental and hydraulic projects including landfill and remediation projects. It
consists of a thin layer of sodium or calcium bentonite (mass per unit area = 5 kg/m?), which
is either sandwiched between two sheets of woven or nonwoven geotextiles (Fig. 1.20)
or mixed with an adhesive and attached to a geomembrane. The sodium bentonite has a
lower hydraulic conductivity. Figure 1.21 shows the major steps of the manufacturing
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process for a needle-punched or stitch bonded GCL. It should be noted that the GCLs
are also known by several other names such as clay blankets, bentonite blankets and
bentonite mats.

The combination of the geotextile (filtering action), geomembranes (waterproofing
properties) and geonets (drainage and load distribution) offers a complete system of
filter-drainage-protection, which is very compact and easy to install.

The geosynthetics manufactured in the factory environment have specific properties
whose uniformity is far superior to soils, which are notoriously poor in homogeneity, as well
as in isotropy. Based on many years experience of manufacturing and the development of
quality assurance procedures, geosynthetics are made in such a way that good durability
properties are obtained.

Most geosynthetics are supplied in rolls. Although there is no standard width for geosyn-
thetics, most geotextiles are provided in widths of around 5 m while geogrids are generally
narrower and geomembranes may be wider. Geotextiles are supplied typically with an area
of 500 m? per roll for a product of average mass per unit area. In fact, depending on the mass
per unit area, thickness, and flexibility of the product, roll lengths vary between a few tens
of metres up to several hundreds of metres with the majority of roll lengths falling in the
range 100-200 m. The product of mass per unit area, roll width and length gives the mass
of the roll. Rolls with a mass not exceeding 100 kg can usually be handled manually. If
allowed to become wet, the weight of a roll, particularly of geotextiles, can increase dra-
matically. Geonets are commercially available in rolls up to 4.5 m wide. The HDPE and very
low density polyethylene (VLDPE) geomembranes are supplied in roll form with widths of
approximately 4.6-10.5 m and lengths of 200-300 m. Geosynthetic clay liners are manu-
factured in panels that measure 4-5 m in width and 30—-60 m in length and are placed on
rolls for shipment to the jobsite.

ILLUSTRATIVE EXAMPLE 1.1

Consider a roll of geotextile with the following parameters:
Mass, M = 100 kg
Width, B=5m
Mass per unit area, m = 200 g/m>.

Determine the length of the roll.

SOLUTION
Mass per unit area of the geotextile can be expressed as

M
m=r5%p (1.1)

where L is the roll length.
From Equation (1.1),

100k
L=_M _ - = 100m Answer
mX B (0.2kg/m?) X (5m)
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1.6 Geosynthetic engineering

Geosynthetics technology is a composite science involving the skills of polymer technologists,
chemists, production engineers and application engineers. Applications of geosynthetics
fall mainly within the discipline of civil engineering and the design of these applications,
due to the use of geosynthetics mostly with soils and rocks, is closely associated with
geotechnical engineering. For a given application, knowledge of the geotechnical engineering
only serves to define and enumerate the functions and properties of a geosynthetic
(Ingold, 1994).

The engineering involved with geosynthetics and their applications may be called
geosynthetic engineering. In the present-day civil engineering practice, this engineering has
become so vast that its study is required as a separate subject in civil engineering. This new
and emerging subject can be defined as follows:

Geosynthetic engineering deals with the engineering applications of scientific principles
and methods to the acquisition, interpretation, and use of knowledge of geosynthetic
products for the solutions of geotechnical, transportation, environmental, hydraulic and
other civil engineering problems.

Self-evaluation questions

(Select the most appropriate answers to the multiple-choice type questions from 1 to 16)

1. A planar, polymeric product consisting of a mesh or net-like regular open network of
intersecting tensile-resistant elements, integrally connected at the junctions, is called

(a) Geotextile.
(b) Geogrid.
(c) Geonet.
(d) Geocell.

2. Which one of the following basic characteristics is not found in geosynthetics?

(a) Non-corrosiveness.

(b) Lightness.

(c) Long-term durability under soil cover.
(d) High rigidity.

3. The materials used in the manufacture of geosynthetics are primarily synthetic poly-
mers generally derived from

(a) Rubber.

(b) Fiberglass.

(c) Crude petroleum oils.
(d) Jute.

4. Molecular weight of a polymer can affect

(a) Only physical property of geosynthetics.

(b) Only mechanical property of geosynthetics.

(c) Heat resistance and durability of geosynthetics.
(d) All of the above.
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10.

11.

12.

The most widely used polymers for manufacturing geosynthetics are

(a) Polypropylene and polyamide.
(b) Polyester and polyethylene.

(c) Polypropylene and polyester.

(d) Polypropylene and polyethylene.

The resistance to creep is high for

(a) Polypropylene (PP).
(b) Polyester (PET).
(c) Polyethylene (PE).
(d) Polyamide (PA).

Carbon black content in geosynthetics can be determined by

(a) Thermogravimetric analysis (TGA).

(b) Differential scanning calorimetry (DSC).
(c) Thermomechanical analysis (TMA).

(d) None of the above.

The synthetic fibres produced by extruding melted polymer through dies or spinnerets
and subsequently drawn longitudinally are called

(a) Filaments.
(b) Staple fibres.
(c) Slit films.
(d) Strands.

The term ‘weft’ refers to

(a) The longitudinal yarn of the geotextile.
(b) The transverse yarn of the geotextile.
(c) Both (a) and (b).

(d) None of the above.

Most of the geotextiles are commercially available in rolls of width of around
(a) Im.

(b) S5m.

(c) 10m.

(d) None of the above.

Geotextiles are commonly used in conjunction with geomembranes for

(a) Puncture protection.

(b) Drainage.

(c) Improved tensile strength.
(d) All of the above.

Which one of the following geosynthetics is a geocomposite?

(a) Geogrid.
(b) Geonet.
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13.

14.

15.

16.

18.
19.
20.
21.

22.

23.

(c) Geosynthetic clay liner.
(d) None of the above.

Geotextiles were incorporated as first-time reinforcement in retaining walls, steep
slopes, etc. during

(a) 1950s.
(b) 1960s.
(c) 1970s.
(d) 1980s.

The International Geosynthetics Society was established in

(a) 1980.
(b) 1982.
(c) 1983.
(d) 1986.

Which one of the following product names/designations refers to a biaxial geogrid?

(a) Netlon CE131.

(b) Tensar SS40.

(c) Terram PW4.

(d) Secutex 301 GRKS.

Geosynthetics International is the title name of

(a) A textbook on geosynthetics.

(b) A research journal on geosynthetics.
(c) A magazine on geosynthetics.

(d) None of the above.

What do you mean by geosynthetics and geonaturals? Explain these two terms making
a point-wise comparison.

Explain the process of polymerization and its role in improving the characteristics of
polymer fibres.

What are the additives that are used to avoid UV light degradation of polymers?

What is the effect of temperature on geosynthetic polymers?

What is the difference between thermoplastic and thermoset polymers? Why are
thermoset polymers rarely used?

Describe the major steps of the manufacturing process for the following types of
geosynthetics:

(a) woven geotextiles.
(b) nonwoven geotextile.
(c) extruded geogrids.
(d) geonets.

(e) geomembranes.

Describe the major steps of the manufacturing process for needle-punched and
stitch-bonded geosynthetic clay liners with the help of a neat sketch.
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General description

24.

25.

26.

217.
28.

How is the mass per unit area of a geosynthetic related to its roll length, width and
mass? Show the application of the relationship, if any, by considering some numerical
values of the parameters.

What are the advantages of a textured geomembrane? Where should a textured
geomembrane be used in field applications?

What would be the benefits of having a geotextile bonded directly to the geomembrane
on its lower side?

‘What are the components of a strip drain? Draw a neat sketch in support of your answer.
What are the abbreviations and graphical symbols recommended by the International
Geosynthetics Society for the following geosynthetics?

(a) geotextiles.
(b) geogrids.

(c) geonets.

(d) geomembranes.
(e) geocells.



Chapter 2

Functions and selection

2.1 Introduction

For any given application of a geosynthetic, there can be one or more functions that the
geosynthetic will be expected to serve during its performance life. The selection of a
geosynthetic for any field application is highly governed by the function(s) to be performed
by the geosynthetic in that specific application. This chapter describes all such functions that
can be performed by commercially available geosynthetics and several aspects related to
selection of geosynthetics.

2.2 Functions

Geosynthetics have numerous application areas in civil engineering. They always perform
one or more of the following basic functions when used in contact with soil, rock and/or any
other civil engineering-related material:

Reinforcement
Separation
Filtration
Drainage
Fluid barrier
Protection.

Reinforcement A geosynthetic performs the reinforcement function by improving the
mechanical properties of a soil mass as a result of its inclusion. When soil and geosynthetic
reinforcement are combined, a composite material, ‘reinforced soil’, possessing high
compressive and tensile strength (and similar, in principle, to the reinforced concrete) is pro-
duced. In fact, any geosynthetic applied as reinforcement has the main task of resisting applied
stresses or preventing inadmissible deformations in geotechnical structures. In this process, the
geosynthetic acts as a tensioned member coupled to the soil/fill material by friction, adhesion,
interlocking or confinement and thus maintains the stability of the soil mass (Fig. 2.1).
Different concepts have been advanced to define the basic mechanism of reinforced soils.
The effect of inclusion of relatively inextensible reinforcements (such as metals, fibre-reinforced
plastics, etc. having a high modulus of deformation) in the soil can be explained using either
an induced stresses concept (Schlosser and Vidal, 1969) or an induced deformations concept
(Basset and Last, 1978). According to the induced stresses concept, the tensile strength of the
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Potential failure surface

Soil slope : .
— Geosynthetic layer

/. (under tension)

Firm stratum
Figure 2.1 Basic mechanism involved in the reinforcement function.

reinforcements and friction at soil-reinforcement interfaces give an apparent cohesion to the
reinforced soil system. The induced deformations concept considers that the tensile rein-
forcements involve anisotropic restraint of the soil deformations. The behaviour of the soil
reinforced with extensible reinforcements, such as geosynthetics, does not fall within these
concepts. The difference, between the influences of inextensible and extensible reinforce-
ments, is significant in terms of the load-settlement behaviour of the reinforced soil system
(Fig. 2.2). The soil reinforced with extensible reinforcement (termed ply-soil by McGown
and Andrawes (1977)) has greater extensibility and smaller losses of post peak strength
compared to soil alone or soil reinforced with inextensible reinforcement (termed reinforced
earth by Vidal (1969)). However, some similarity between ply-soil and reinforced earth
exists in that they inhibit the development of internal tensile strains in the soil and develop
tensile stresses.
Fluet (1988) subdivided the reinforcement function into the following two categories:

1 A tensile member, which supports a planar load, as shown in Figure 2.3(a).
2 A tensioned member, which supports not only a planar load but also a normal load, as
shown in Figure 2.3(b).

Jewell (1996) and Koerner (2005) consider not two but three mechanisms for soil
reinforcement, because when the geosynthetic works as a tensile member it might be due to
two different mechanisms: shear and anchorage. Therefore, the three reinforcing mecha-
nisms, concerned simply with the types of load that are supported by the geosynthetic, are

1 Shear, also called sliding: The geosynthetic supports a planar load due to slide of the
soil over it.

2 Anchorage, also called pullout: The geosynthetic supports a planar load due to its pullout
from the soil.

3 Membrane: The geosynthetic supports both a planar and a normal load when placed on
a deformable soil.

Shukla (2002b, 2004) describes reinforcing mechanisms that take into account the
reinforcement action of the geosynthetic, that is, how the geosynthetic reinforcement takes
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the stresses from the soil and which type of stresses are taken. This concept can be observed
broadly in terms of the following roles of geosynthetics:

1

A geosynthetic layer reduces the outward horizontal stresses (shear stresses) transmitted
from the overlying soil/fill to the top of the underlying foundation soil. This action of
geosynthetics is known as shear stress reduction effect. This effect results in a general-
shear, rather than a local-shear failure (Fig. 2.4(a)), thereby causing an increase in the
load-bearing capacity of the foundation soil (Bourdeau et al., 1982; Guido et al., 1985;
Love et al., 1987; Espinoza, 1994; Espinoza and Bray, 1995; Adams and Collin, 1997).
Through the shear interaction mechanism the geosynthetic can therefore improve the
performance of the system with very little or no rutting. In fact, the reduction in shear
stress and the change in the failure mode is the primary benefit of the geosynthetic layer
at small deformations.

A geosynthetic layer redistributes the applied surface load by providing restraint of the
granular fill if embedded in it, or by providing restraint of the granular fill and the soft
foundation soil, if placed at their interface, resulting in reduction of applied normal stress
on the underlying foundation soil (Fig. 2.4(b)). This is referred to as slab effect or con-
finement effect of geosynthetics (Bourdeau, ef al., 1982; Giroud et al., 1984; Madhav and
Poorooshasb, 1989; Hausmann, 1990; Sellmeijer, 1990). The friction mobilized between
the soil and the geosynthetic layer plays an important role in confining the soil.

The deformed geosynthetic, sustaining normal and shear stresses, has a membrane
force with a vertical component that resists applied loads, that is, the deformed geosyn-
thetic provides a vertical support to the overlying soil mass subjected to loading. This
action of geosynthetics is popularly known as its membrane effect (Fig. 2.4(c)) (Giroud
and Noiray, 1981; Bourdeau et al., 1982; Sellmeijer et al., 1982; Love et al., 1987;
Madhav and Poorooshasb, 1988; Bourdeau, 1989; Sellmeijer, 1990; Shukla and
Chandra, 1994a, 1995). Depending upon the type of stresses — normal stress and shear
stress — sustained by the geosynthetic during their action, the membrane support may
be classified as ‘normal stress membrane support’ and ‘interfacial shear stress mem-
brane support’ respectively (Espinoza and Bray, 1995). Edges of the geosynthetic layer
are required to be anchored in order to develop the membrane support contribution
resulting from normal stresses, whereas the membrane support contribution resulting
from mobilized interfacial membrane shear stresses does not require any anchorage.
The membrane effect of geosynthetics causes an increase in the load-bearing capacity
of the foundation soil below the loaded area with a downward loading on its surface to
either side of the loaded area, thus reducing its heave potential. It is to be noted that both
the geotextile and the geogrid can be effective in membrane action in case of
high-deformation systems.

The use of geogrids has another benefit owing to the interlocking of the soil through the
apertures (openings between the longitudinal and transverse ribs, generally greater than
6.35 mm (1/4 inch)) of the grid known as interlocking effect (Guido et al., 1986)
(Fig. 2.4(d)). The transfer of stress from the soil to the geogrid reinforcement is made
through bearing (passive resistance) at the soil to the grid cross-bar interface. It is impor-
tant to underline that owing to the small surface area and large apertures of geogrids, the
interaction is due mainly to interlocking rather than to friction. However, an exception
occurs when the soil particles are small. In this situation the interlocking effect is
negligible because no passive strength is developed against the geogrid (Pinto, 2004).
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Separation If the geosynthetic has to prevent intermixing of adjacent dissimilar soils
and/or fill materials during construction and over a projected service lifetime of the appli-
cation under consideration, it is said to perform a separation function. Figure 2.5 shows that
the geosynthetic layer prevents the intermixing of soft soil and granular fill, thereby keep-
ing the structural integrity and functioning of both materials intact. This function can be
observed if a geotextile layer is provided at the soil subgrade level in pavements or railway
tracks to prevent pumping of soil fines into the granular subbase/base course and/or to
prevent intrusion of granular particles into soil subgrade.

In many geosynthetic applications, especially in roads, rail tracks, shallow foundations,
and embankments, a geosynthetic layer is placed at the interface of soft foundation soil and
the overlying granular layer (Fig. 2.6). In such a situation, it becomes a difficult task to iden-
tify the major function of reinforcement and separation. Nishida and Nishigata (1994) have
suggested that the separation can be a dominant function over the reinforcement function

(a) (b)

Granular fill Granular fill

:éeosy;t%/t/ic7
Soft soil% // Soft soil

Figure 2.5 Basic mechanism involved in the separation function: (a) granular fill-soft soil system
without the geosynthetic separator; (b) granular fill-soft soil system with the geosynthetic
separator.
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Figure 2.6 A loaded geosynthetic-reinforced granular fill-soft soil system.
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Figure 2.7 Relationship between the separation and the reinforcement functions (after Nishida and
Nishigata, 1994).

when the ratio of the applied stress (o) on the subgrade soil to the shear strength (c,) of the
subgrade soil has a low value (less than 8), and it is basically independent of the settlement
of the reinforced soil system (Fig. 2.7).

It is important to note that separation depends on the grain size of the soils involved. Most
low-strength foundation soils are composed of small particles, whereas the placed layers (for
roads, railways, foundations and embankments) are of coarser materials. In these situations sep-
aration is always needed, quite independent of the ratio of the applied stress to the strength of the
subgrade soil, as Figure 2.7 clearly shows. In general, reinforcement will increase in importance
as that ratio increases. Fortunately, separation and reinforcement are compatible functions.
Furthermore, they work together, interacting: reinforcement reduces deformation and therefore
reduces mixing of the particles (performing indirectly and to some extent the separation func-
tion); on the other hand, separation prevents mixing and consequently prevents progressive loss
of the strength of the subsequent layers. The ideal material to be used for roads, railways, foun-
dations and embankments (i.e. when a coarse-grained soil is placed on top of a fine-grained soil
with low strength) would be a continuous material such as a high-strength geotextile or a com-
posite of a stiffer geogrid combined with a geotextile. In this way, the necessary separation and
reinforcement functions can be performed simultaneously.

The selection of primary function from reinforcement and separation can also be done on
the basis of available empirical knowledge, if the California Bearing Ratio (CBR) of the
subgrade soil is known. If the subgrade soil is soft, that is, the CBR of the subgrade soil is
low, say its unsoaked value is less than 3 (or soaked value is less than 1), then the rein-
forcement can generally be taken as the primary function because of adequate tensile
strength mobilization in the geosynthetic through large deformation, that is, deep ruts (say,
greater than 75 mm) in the subgrade soil. Geosynthetics, used with subgrade soils with an
unsoaked CBR higher than 8 (or soaked CBR higher than 3), will have generally negligible
amount of reinforcement role, and in such cases the primary function will uniquely be
separation. For soils with intermediate unsoaked CBR values between 3 and 8 (or soaked
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Figure 2.8 Basic mechanism involved in the filtration function.

CBR values between 1 and 3), the selection of the primary function is totally based on the
site-specific situations.

Filtration A geosynthetic may function as a filter that allows for adequate fluid flow
with limited migration of soil particles across its plane over a projected service lifetime of
the application under consideration. Figure 2.8 shows that a geosynthetic allows passage of
water from a soil mass while preventing the uncontrolled migration of soil particles.

When a geosynthetic filter is placed adjacent to a base soil (the soil to be filtered), a
discontinuity arises between the original soil structure and the structure of the geosynthetic.
This discontinuity allows some soil particles, particularly particles closest to the geosyn-
thetic filter and having diameters smaller than the filter opening size (see Chapter 3 for more
explanation), to migrate through the geosynthetic under the influence of seepage flows. For
a geosynthetic to act as a filter, it is essential that a condition of equilibrium is established
at the soil/geosynthetic interface as soon as possible after installation to prevent soil parti-
cles from being piped indefinitely through the geosynthetic. At equilibrium, three zones may
generally be identified: the undisturbed soil, a ‘soil filter’ layer which consists of progres-
sively smaller particles as the distance from the geosynthetic increases and a bridging layer
which is a porous, open structure (Fig. 2.9). Once the stratification process is complete, it is
actually the soil filter layer, which actively filters the soil.

It is important to understand that the filtration function also provides separation benefits.
However, a distinction may be drawn between filtration function and separation function
with respect to the quantity of fluid involved and to the degree to which it influences the
geosynthetic selection. In fact, if the water seepage across the geosynthetic is not a critical
situation, then the separation becomes the major function. It is also a practice to use the sep-
aration function in conjunction with reinforcement or filtration; accordingly separation is
not specified alone in several applications.

Drainage 1f a geosynthetic allows for adequate fluid flow with limited migration of soil
particles within its plane from surrounding soil mass to various outlets over a projected
service lifetime of the application under consideration, it is said to perform the drainage
(a.k.a. fluid transmission) function.
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Figure 2.9 An idealized interface conditions at equilibrium between the soil and the geosynthetic filter.
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Figure 2.10 Basic mechanism involved in the drainage function.

Figure 2.10 shows that the geosynthetic layer adjacent to the retaining wall collects water
from the backfill and transports it to the weep holes constructed in the retaining wall.

It should be noted that while performing the filtration and drainage functions, a geosynthetic
dissipates the excess pore water pressure by allowing flow of water in plane and across its plane.

Fluid barrier A geosynthetic performs the fluid barrier function, if it acts like an almost
impermeable membrane to prevent the migration of liquids or gases over a projected service
lifetime of the application under consideration.

Figure 2.11 shows that a geosynthetic layer, installed at the base of a pond, prevents the
infiltration of liquid waste into the natural soil.

Protection A geosynthetic, placed between two materials, performs the protection function
when it alleviates or distributes stresses and strains transmitted to the material to be protected
against any damage (Fig. 2.12). In some applications, a geosynthetic layer is needed as a
localized stress reduction layer to prevent or reduce local damage to a geotechnical system.

It should be noted that the basic functions of geosynthetics described above can be
quantitatively described by standard tests or design techniques or both. Geosynthetics can also
perform some other functions that are, in fact, qualitative descriptions, mostly dependent on
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Figure 2.1 Basic mechanism involved in the fluid barrier function.
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Figure 2.12 Basic mechanism involved in the protection function.

basic functions, and are not yet supported by standard tests or generally accepted design
techniques. Such functions of geosynthetics, basically describing their performance
characteristics, are the following:

e Absorption A geosynthetic provides absorption if it is used to assimilate or incorporate
a fluid. This may be considered for two specific environmental aspects: water absorp-
tion in erosion control applications and the recovery of floating oil from surface waters
following ecological disasters.

e Containment A geosynthetic provides containment when it is used to encapsulate or
contain a civil engineering related material such as soil, rock or fresh concrete to a
specific geometry and prevent its loss.

e Cushioning A geosynthetic provides cushioning when it is used to control and eventually
to damp dynamic mechanical actions. This function has to be emphasized particularly for
the geosynthetic applications in canal revetments, shore protections, pavement overlay
protection from reflective cracking and seismic base isolation of earth structures.

e [nsulation A geosynthetic provides insulation when it is used to reduce the passage of
electricity, heat or sound.

e Screening A geosynthetic provides screening when it is placed across the path of a
flowing fluid carrying fine particles in suspension to retain some or all particles while
allowing the fluid to pass through. After some period of time, particles accumulate against
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Table 2.1 Functions of geosynthetics and
their symbols

Functions Symbols
Reinforcement R
Separation S
Filtration F
Drainage D (or FT)
(a.k.a. fluid transmission)
Fluid barrier FB
Protection P
Absorption A
Containment C
Cushioning Cus
Insulation |
Screening Scr
Surface stabilization SS
Vegetative reinforcement VR
(@) (b)
— — — — — — — — — L} L} N NN S - L} L} L |

Figure 2.13 Symbolic representations: (a) a filtration geotextile; (b) a reinforcement geotextile.

the geosynthetic, and hence it is required that the geosynthetic be able to withstand
pressures generated by the accumulated particles and the increasing fluid pressure.

e Surface stabilization (surficial erosion control) A geosynthetic provides surface
stabilization when it is placed on a soil surface to restrict movement and prevent
dispersion of surface soil particles subjected to erosion actions of rain and wind, often
while allowing or promoting growth of vegetation.

e Jegetative reinforcement A geosynthetic provides vegetative reinforcement when it
extends the erosion control limits and performance of vegetation.

The relative importance of each function is governed by the site conditions, especially soil
type and groundwater drainage, and the construction application. In many cases, two or
more basic functions of the geosynthetic are required in a particular application.

All the functions of geosynthetics described in this section are listed along with their
symbols/abbreviations in Table 2.1. The suggested symbols may help in making the drawing
or diagram of a geosynthetic application with clarity. For example, if a geotextile is required
to be represented for reinforcement function or filtration function, then this can be done as
shown in Figure 2.13.

2.3 Selection

Geosynthetics are available with a variety of geometric and polymer compositions to meet a
wide range of functions and applications. Depending on the type of application, geosynthetics
may have specific requirements.
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Table 2.2 Selection of geosynthetics based on their functions

Functions to be performed by the Geosynthetics that can be used
geosynthetics
Separation Primary GTX, GCP, GFM
Secondary GTX, GGR, GNT, GMB, GCP, GFM
Reinforcement Primary GTX, GGR, GCP
Secondary GTX, GCP
Filtration Primary GTX, GCP
Secondary GTX, GCP
Drainage Primary GTX, GNT, GCP, GPP
Secondary GTX, GCP, GFM
Fluid barrier Primary GMB, GCP
Secondary GCP
Protection Primary GTX, GCP
Secondary GTX, GCP
Notes

GTX = Geotextile, GGR = Geogrid, GNT = Geonet, GMB = Geomembrane,
Geofoam = GFM, Geopipe = GPP, GCP = Geocomposite

When installed, a geosynthetic may perform more than one of the listed functions (see
Table 2.1) simultaneously, but generally one of them will result in the lower factor of safety;
thus it becomes a primary function. The use of a geosynthetic in a specific application needs
classification of its functions as primary or secondary. Table 2.2 shows such a classification,
which is useful while selecting the appropriate type of geosynthetic for solving the problem
at hand. Each function uses one or more properties of the geosynthetic (see Chapter 3), such
as tensile strength or water permeability, referred to as functional properties. The function
concept is generally used in the design with the formulation of a factor of safety, FS, in the
traditional manner as:

_ Allowable (or test) functional property
"~ Required (or design) functional property

@.1)

The allowable functional property is available property, measured by the performance test
or the index test (explained in Chapter 3), possibly factored down to account for uncertain-
ties in its determination or in other site-specific conditions during the design life of the
soil-geosynthetic system; whereas the required value of functional property is established
by the designer or specifier using accepted methods of analysis and design or empirical
guidelines for the actual field conditions. The entire process, generally called ‘design-
by-function’ is widespread in its use. The actual magnitude of the factor of safety depends
upon the implication of failure, which is always site-specific. If the factor of safety is suffi-
ciently larger than one, the geosynthetic is acceptable for utilization because it ensures the
stability and serviceability of the structure. However, as might be anticipated with new
technology, universally accepted values of a minimum factor of safety have not yet been
established, and conservation in this regard is still warranted.

It is observed that only geotextiles and geocomposites perform most of the functions, and
hence they are used in many applications. Geotextiles are porous across their manufactured
planes and also within their planes. Thick, nonwoven needle-punched geotextiles have
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considerable void volume in their structure, and thus they can transmit fluid within the
structure to a very high degree. The degree of porosity, which may vary widely, is used to
determine the selection of specific geotextiles. Geotextiles can also be used as a fluid barrier
on impregnation with materials like bitumen. The geotextiles vary with the type of polymer
used, the type of fibre and the fabric style.

Geogrids are used to primarily function as reinforcement, and separation may be an
occasional function, especially when soils having very large particle sizes are involved. The
performance of the geogrid as reinforcement relies on its rigidity or high tensile modulus and
on its open geometry, which accounts for its high capacity for interlocking with soil particles.

It has been observed that for geotextiles to function properly as reinforcement, friction
must develop between the soil and the reinforcement to prevent sliding, whereas for
geogrids, it is the interlocking of the soil through the apertures of the geogrid that achieves
an efficient interlocking effect. In this respect, geotextiles are frictional resistance dependent
reinforcement, whereas geogrids are passive resistance dependent reinforcement. The
laboratory studies have shown that geogrids are a superior form of reinforcement owing to
the interlocking of the soil with the grid membrane.

Geonets, unlike geotextiles, are relatively stiff, net-like materials with large open spaces
between structural ribs. They are used exclusively as fluid conducting cores in prefabricated
drainage geocomposites. Geonets currently play a major role in landfill leachate collection
and leak detection systems in association with geomembranes or geotextiles. For a fair
drainage function, geonets should not be laid in contact with soils or waste materials but
used as drainage cores with geotextile, geomembrane or other material on their upper and
lower surfaces, thus avoiding the soil particles from obstructing the drainage net channels.
Geonets as a drainage material generally fall intermediate in their flow capability between
thick needle-punched nonwoven geotextiles and numerous drainage geocomposites.

Geomembranes are mostly used as a fluid barrier or liner. Sometimes, a geomembrane is
also known as a flexible membrane liner (FML), especially in landfill applications. The
permeability of typical geomembranes range from 0.5 X 107!2 to 0.5 X 10~' m/s. Thus,
the geomembranes are from 10° to 10° times lower in permeability than compacted clay. In
this context, we speak of geomembranes as being essentially impermeable. The recom-
mended minimum thickness for all geomembranes is 30 mil (0.75 mm), with the exception
of HDPE, (High-density polyethylene) which should be at least 60 mil (1.5 mm) to allow for
extrusion seaming (Qian et al., 2002). The most widely used geomembrane in the waste
management industry is HDPE, because this offers excellent performance for landfill liners
and covers, lagoon liners, wastewater treatment facilities, canal linings, floating covers, tank
linings and so on. If greater flexibility than HDPE is required, then linear low density poly-
ethylene (LLDPE) is used because it has lower molecular weight resin that allows LLDPE
to conform to non-uniform surfaces, making it suitable for landfill caps, pond liners, lagoon
liners, potable water containment, tunnels and tank linings.

Geofoams are available in slab or block form. Since these geosynthetic products are very
light-weight material with unit weight ranging from 0.11 to 0.48 kN/m?, they can be selected
as highway fill over compressible subgrade soils and frost-sensitive soils and as backfill
material for retaining walls to reduce lateral earth pressure, thereby functioning basically as
a separator. They can also function as thermal insulator beneath buildings and as drainage
channels beneath building slabs.

Geopipes are available in a wide range of diameters and wall dimensions for carrying
liquid and gas. For applications like subdrainage systems and leachate collection systems,
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the geopipes should have perforations through the wall section to allow for the inflow of
water and gas. Standard dimension ratio, defined as the ratio of outside pipe diameter to min-
imum pipe wall thickness, varies from a minimum of about 10 to a maximum of 40. This ratio
can be related to external strength and internal pressure capability. Compared to steel pipes,
they are cheap, light and easy to install and join together along with better durability.

It may happen that the geotextile, geogrid, geonet, geomembrane, geofoam or geopipe
chosen to meet the requirements of a particular function does not match any other function,
which has to be served simultaneously in an application. In such a situation, geocomposites
can be used. In fact, geocomposites can be manufactured to perform a combination of the
functions described above. For example, a geomembrane—geonet—geomembrane composite
can be made where the interior net acts as a drain to the leak detection system. Similarly a
geotextile—geonet composite improves the separation, filtration and drainage. A geocom-
posite consisting of a geotextile cover and drainage core (called band drain or wick drain or
vertical strip drain or prefabricated vertical drain (PVD)) provides drainage for accelerating
consolidation of soil when installed vertically into the consolidating soil.

Geocomposites are generally, but certainly not always, completely polymeric. Other
options include using fiberglass or steel for tensile reinforcement, sand in compression or as
a filler, dried clay for subsequent expansion as a liner or bitumen as a waterproofing agent.
Geomembrane—clay composites are used as the liners, where the geomembrane decreases the
leakage rate while the clay layer increases the breakthrough time. In addition, the clay layer
reduces the leakage rate from any holes that might develop in the geomembrane, while the
geomembrane will prevent cracks in clay layer due to changes in moisture content.

The selection of a geosynthetic for a particular application is governed by several other
factors such as specification, durability, availability, cost and construction. The durability
and other properties including the cost of geosynthetics are dependent on the type of poly-
mers used as raw materials for their manufacture. To be able to accurately specify a geosyn-
thetic, which will provide the required properties, it is essential to have at least a basic
understanding of how polymers and production processes affect the properties of the fin-
ished geosynthetic products, as described in Chapter 1. Table 1.5 (see Chapter 1) lists major
types of geosynthetics and the most commonly used polymers for their manufacture.
Table 2.3 provides the basic properties of some of these polymers, helping in the selection
of geosynthetics.

For example, geotextiles can perform several basic functions — separation, reinforcement,
filtration, drainage and protection (see Table 2.1). They are manufactured using polypropy-
lene, polyester, polyethylene or polyamide (see Table 1.5, Chapter 1). Geotextiles as a
reinforcement requires a strong, relatively stiff and a preferably water-permeable material.

Table 2.3 Typical properties of polymers used for the manufacture of geosynthetics

Polymer Specific Melting Tensile Modulus of Strain at
gravity temperature (°C) strength at 20°C elasticity break (%)
(MNIm?) (MNIm?)
PP 0.90-0.91 165 400-600 2000-5000 1040
PET 1.22-1.38 260 8001200 12,000-18,000  8-15
PE 0.91-0.96 130 80-600 200-6000 10-80
PVC 1.3-1.5 160 20-50 10-100 50-150

PA 1.05—-1.15 220-250 700-9500 30004000 15-30
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Table 2.3 indicates that the polyester has a very high tensile strength at relatively low strain.
Thus a woven geotextile of polyester is a logical choice for reinforcement applications.
For separation/filtration applications, the geotextile has to be flexible, water-permeable and
soil-tight. A nonwoven geotextile or a lightweight woven geotextile of polyethylene can be
a logical choice for separation and filtration applications. It may be noted that the environ-
mental factors and the site conditions also greatly govern the selection of geosynthetics for
a particular application (Shukla, 2003b).

Sometimes, during the selection process, one finds that several geosynthetics satisfy
minimum requirements for the particular application. In such a situation, the geosynthetic
should be selected on the basis of cost-benefit ratio, including the value of field experience
and product documentation.

The properties of geosynthetics can change unfavourably in several ways such as ageing,
mechanical damage (particularly by installation stresses), creep, hydrolysis (reaction with
water), chemical and biological attack, ultraviolet light exposure, etc., which will be discussed
in Chapter 3. These factors have to be taken into account when geosynthetics are selected.
In permanent installations, there must be proper care for maintaining the long-term
satisfactory performance of geosynthetics, i.e. durability.

Considerating the risks and consequences of failure, especially for critical projects, great
care is required in the selection of the appropriate geosynthetic. One should not try to
economage by eliminating soil-geosynthetic performance testing when such testing is
required for the selection.

For some applications, geosynthetics are selected on the basis of empirical guidelines. In
these cases proper care should be taken to clearly define the required properties of the
geosynthetic, in physical as well as in statistical terms.

Self-evaluation questions

(Select the most appropriate answers to the multiple-choice questions from 1 to 15)

1. If a geosynthetic allows for adequate fluid flow with limited migration of soil particles
across its plane over a projected service lifetime of the application under consideration,
this function of geosynthetic is called

(a) Separation.
(b) Filtration.
(c) Drainage.
(d) Protection.

2. A geosynthetic as a reinforcement

(a) Resists applied stresses.

(b) Prevents inadmissible deformations in the geotechnical structures.
(c) Maintains the stability of the soil mass.

(d) All of the above.

3. The deformed geosynthetic provides a vertical support to the overlying soil mass
subjected to a loading. This action of the geosynthetic is known as

(a) Shear stress reduction effect.
(b) Membrane effect.
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10.

(c) Interlocking effect.
(d) None of the above.

For a geotextile, separation can be a dominant function over the reinforcement function
when the ratio of the applied stress (o) on the subgrade soil to the shear strength (¢,) of
the subgrade soil has generally a value

(a) Less than 8.

(b) Equal to 8.

(¢) More than 8.

(d) None of the above.

Filtration function also provides

(a) Reinforcement benefits.
(b) Separation benefits.

(c) Fluid barrier benefits.
(d) None of the above.

Which one of the following is a basic function of geosynthetics?

(a) Absorption.
(b) Insulation.
(c) Screening.
(d) Protection.

In geosynthetic engineering, most of the functions are served by

(a) Geotextiles and geogrids.

(b) Geogrids and geonets.

(c) Geotextiles and geocomposites.
(d) None of the above.

Which one of the following geosynthetics can serve the protection function?

(a) Geotextiles.
(b) Geogrids.

(¢) Geomembrane.
(d) Geonets.

Which geosynthetic can serve the fluid barrier as a primary function?

(a) Geotextile and geocomposite.
(b) Geotextile and geogrid.

(c) Geotextile and geonet.

(d) None of the above.

The following geosynthetics are used as a drainage medium:
(A) Thick needle-punched nonwoven geotextiles.

(B) Geonets.

(C) Drainage geocomposites.

The correct decreasing order of flow capability is generally
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I1.

14.

15.

16.
17.

19.

(@ (A), (B), (O).
(b) (B), (A), (O).
(©) (O, (A), (B).
(d) (©), B), (A).

Which one of the following geocomposites is used as a drain to leak detection system
of a landfill?

(a) Geotextile—geonet.

(b) Geomembrane—geotextile.

(¢) Geomembrane—geonet—geomembrane.
(d) None of the above.

The specific gravity is less than 1 for

(a) Polypropylene and polyester.

(b) Polypropylene and polyethylene.
(c) Polyethylene and polyester.

(d) Polyethylene and polyamide.

. The melting temperature for polyester is

(a) 130°C.
(b) 160°C.
(c) 165°C.
(d) 260°C.

Which one of the following polymers has the highest modulus of elasticity?

(a) Polypropylene.
(b) Polyethylene.

(c) Polyester.

(d) Polyvinyl chloride.

Which one of the following statements is wrong?

(a) For some applications, geosynthetics are selected on the basis of empirical guidelines.

(b) The environmental factors and the site conditions greatly govern the selection of
geosynthetics for a particular application.

(c) Polymers and production processes are required to be taken into consideration
while making the selection of geosynthetics for a particular field application.

(d) None of the above.

List the basic functions that the geosynthetics perform.
Explain the basic mechanisms involved in the separation and filtration functions with
the help of neat sketches.

. Explain the mechanism involved in drainage function compared with the mechanism

involved in filtration function?
What are the performance characteristics of geosynthetics, other than their basic
functions? How do they differ from the basic functions?
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20.

21.
22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.
36.

What are the characteristics of a soil reinforced with an extensible reinforcement? Are
the characteristics similar for the soil reinforced with an inextensible reinforcement?
Can you list the differences, if any?

What are the different mechanisms for soil reinforcement? Explain briefly.

Describe the various roles of geosynthetic reinforcement.

Is there any difference between tensile member and tensioned member? Justify your
answer.

How will you decide the primary function of reinforcement and separation in any field
application?

Describe an idealized interface condition at equilibrium between the soil and geosynthetic
filter.

What is the difference between protection and cushioning functions of geosynthetics?
What do you mean by functional properties? Explain with some examples.

Define the factor of safety required for the acceptance of a geosynthetic for a specific
application.

Which manufactured style of a geotextile is best suited for its application as a drainage
medium?

Describe the basic similarities and differences between geotextiles and geogrids.

How does a geonet differ from a geogrid in terms of functions?

If a geotextile is placed adjacent to a geonet, what function(s) does the geotextile
provide? How does the combination of geotextile and geonet accommodate flow?
What are the advantages of geomembrane—clay composite liner?

List the major factors to be considered in the selection of a geosynthetic for field
applications.

What is the role of cost—benefit ratio in the selection of geosynthetics?

Give the symbolic representation for a reinforcement geotextile.



Chapter 3

Properties and their evaluation

3.1 Introduction

Geosynthetics cover a wide range of materials, applications and environments. The evaluation
of the properties of a geosynthetic is important in ensuring that it will adequately perform
the intended function when used in the man-made project, structure or system as an integral
part. All the properties of a geosynthetic may not be important for every application.
The required properties and characteristics of geosynthetics depend on their purpose and
the desired function in a given application.

This chapter deals with the properties of geosynthetics and highlights the basic concepts
of their determination along with their importance in the design process and the perfor-
mance in field applications. The detailed description of standard procedures and standardized
test equipments can be obtained from the national or international standards, available at the
place of work. Geosynthetics, being polymer-based products, are viscoelastic, and under
working conditions, their performance is dependent on several factors such as the ambient
temperature, the level of stress, the duration of the applied stress and the rate at which the
stress is applied. For evaluating the properties by testing, geosynthetics are generally
permitted to come to hygroscopic and thermal equilibrium with the surrounding atmosphere
or with the standard atmosphere; this process is called conditioning. The properties of
geosynthetics should therefore be determined keeping these factors in view.

3.2 Physical properties

The physical properties of geosynthetics that are of prime interest are specific gravity, unit
mass (weight), thickness and stiffness. They are all considered to be index properties of
geosynthetics. There are some more physical properties which are important in the case of
only geogrids and geonets and they are type of structure, junction type, aperture size and
shape, rib dimensions, planar angles made by intersecting ribs and vertical angles made at
the junction point. The physical properties are more dependent on temperature and humidity
than those of soils and rocks. In order to achieve consistent results in the laboratory, a good
environmental control during the testing is therefore important.

Specific gravity The specific gravity of a polymer, from which the geosynthetic is
manufactured, is expressed as a ratio of its unit volume weight (without any voids) to that of
pure water at 4°C. It can be determined by the displacement method. In case of geomembranes,
a known mass is weighed in air and then in water. The specific gravity of the geomembrane
specimen is the ratio of its weight in air to the difference between its weight in air and in water.
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The specific gravity of a base polymer is an important property since it can assist in
identifying the base polymer of the geosynthetics. Specific gravity is widely used in
geomembrane identification and quality control. In case of polyethylene (PE), specific
gravity, or more correctly density, is an important property, since it forms the basis upon
which PE is classified as very low, low, medium or high density. Typical values of specific
gravity of commonly used polymeric materials are given in Table 2.3 (see Chapter 2). When
there are additives the specific gravity of the resulting polymer may be higher or lower than
that of the base polymer depending on the specific gravity and proportion of additive used.
It is to be noted that the specific gravity of some of the polymers (polypropylene (PP) and
(PE)) is less than 1.0, which is a drawback when working with geosynthetics in underwater
applications; that is, some of them may float.

Unit mass The unit mass (or weight) of a geosynthetic is measured in terms of mass
(or weight) per unit area as opposed to mass (or weight) per unit volume due to variations
in thickness under applied compressive stresses. It is usually given in units of gram per
square metre (g/m?). It is determined by weighing square or circular test specimens of
known dimensions (generally area not less than 100 cm?), cut from the locations distributed
over the full width and length of the laboratory sample. Linear dimensions should be mea-
sured without any tension in the specimen. The calculated values are then averaged to obtain
the mean mass per unit area of the laboratory sample.

Mass (weight) per unit area, with knowledge of the structure of the geosynthetic, can be
a good indicator of cost and several other properties such as tensile strength, tear strength,
puncture strength, etc., which are defined in Sec. 3.3. It can be used for the quality control
of delivered geosynthetics to determine specimen conformance. For commonly used
geosynthetics, it varies in order of magnitude from typically 100 to 1000 g/m?. For ‘Tensar’
SR2 and SS2 grids, the mass per unit area is estimated to be 930 and 345 g/m?, respectively.
In comparison to geotextiles, geomembranes may have substantially larger values of mass
per unit area, even up to several thousands of grams per square metre.

Thickness The thickness of a geosynthetic is the distance between its upper and
lower surfaces, measured normal to the surfaces at a specified normal compressive stress
(generally 2.0 kPa for geotextiles and 20 kPa for geogrids and geomembranes, for 5s).
It should be measured by using a thickness-testing instrument to an accuracy of at least 1
mil (= 0.001 in. = 0.025 mm). The thickness-testing instrument is basically a thickness
gauge that consists of a base (or anvil) and a free-moving pressure foot-plate with parallel
planar faces having an area of more than 2000 mm?. Normally the thickness of geotextiles
should be determined by measuring one layer only. In cases where two or more layers are
used in contact with each other in an application, a test may be made with a specific num-
ber of layers instead of one, keeping in view the relevance of such findings. Thickness is not
normally quoted for geotextiles, except for thicker nonwovens, but thickness is invariably
quoted for geomembranes. The thickness of commonly used geosynthetics ranges from
10 to 300 mils. Most geomembranes used today are 20 mils thick or greater.

Thickness is one of the basic physical properties used to control the quality of many
geosynthetics. Thickness values are required in the calculation of some geosynthetic
parameters such as the permittivity and transmissivity (defined in Sec. 3.4). Since many
geosynthetics, particularly geotextiles and some drainage geocomposites, are highly com-
pressible, the thickness measure will greatly depend upon the applied normal compressive
stress. For this reason, it may be desirable to measure thickness at various normal compressive
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Figure 3.1 Variation of thickness of geotextiles with applied normal pressure (after Shamsher, 1992).

stresses and to study the general relationship between thickness and stress. The thickness of
geosynthetics decreases when applied normal compressive stress is increased (Fig. 3.1.).
This decrease in thickness may result in the partial closing or opening of the voids of
geotextile, depending on its initial structure and the boundary conditions. Care should be
exercised to minimize the effects of cutting and handling, during preparation in causing
variation in the thickness of geosynthetics.

ILLUSTRATIVE EXAMPLE 3.1
Consider,
Thickness of geomembrane, Ax = 3 mm
Its mass per unit area, m = 2826 g/m>.
Determine the specific gravity of the polymeric material of the geomembrane.

SOLUTION
Mass per unit area can be expressed as

M _MXAx (M)
A4 AXAx (V)Ax pAY, G.1)

where M is the mass, 4 is the surface area, V is the total volume, Ax is the thickness and p is
the density of the geomembrane specimen.

If it is assumed that the density of the geomembrane (p) is equal to the density of the solid
polymer (p;), then the above expression reduces to

m = pAx = p,GAx, (3-2)

where G is the specific gravity of the solid polymer, and p,, is the density of water.
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Using Equation (3.2), the specific gravity of the polymeric material can be calculated as
follows:

2826 g/m?
G=-1"_= & ;n = 0.942 Answer
pwlx (1000 X 1000 g/m”) X (0.003m)

Stiffness  The stiffness or flexural rigidity of a geosynthetic is its ability to resist flexure
(bending) under its own weight. It can be measured by its capacity to form a cantilever beam
without exceeding a certain amount of downward bending under its own weight. In the
commonly used test, known as the single cantilever test, the geosynthetic specimen is placed
on a horizontal platform with a weight placed on it. Holding the weight, the specimen along
with the weight is slid slowly and steadily in a direction parallel to its long dimension until
the leading edge projects beyond the edge of the platform. The length of overhang is
measured when the tip of the test specimen is depressed under its own weight to the point
where the line joining the tip to the edge of the platform makes an angle of 41.5° with the
horizontal. One half of this length is the bending length. The cube of this quantity multiplied
by the weight per unit area of the geosynthetic is the flexural rigidity.

The stiffness of a geosynthetic indicates the feasibility of providing a suitable working
surface for installation. The survivability (workability/constructability) of a geosynthetic,
defined as its ability to support work-personnel in an uncovered state and construction
equipments during initial stages of cover fill placement, depends on geosynthetic stiffness
as well as on some other factors such as water absorption and buoyancy. When placing a
geotextile or geogrid on extremely soft soils, a high stiffness is desirable. The stiffness of
geosynthetics can also have some effects on their performance when they are used in the
mitigation of soil erosion of hill slopes. If the geosynthetic (geotextile or geomat) does not
have a low stiffness to conform to the contours of the ground, then a gap may be left between
ground and the geosynthetic through which water can flow and thereby erode.

Properties like aperture size and shape, rib dimensions, etc. can be measured directly and
are relatively easily determined.

3.3 Mechanical properties

Mechanical properties are important in those applications where a geosynthetic is required
to perform a structural role under applied loads or where it is required to survive installation
damage and localized stresses. There are several mechanical properties, but only some of
them are important in the case of particular geosynthetics.

Compressibility The compressibility of a geosynthetic is measured by the decrease in its
thickness at increasing applied normal pressures. This mechanical property is very impor-
tant for nonwoven geotextiles, because they are often used to convey liquid within the plane
of their structure. Figure 3.1 shows changes in thickness under pressure for typical woven and
needle-punched nonwoven geotextiles. For most geotextiles, except needle-punched
nonwoven geotextiles, the compressibility is relatively very low.

The compression behaviour of geosynthetics, particularly geocomposites, can be studied
by applying compressive loads at a constant rate of deformation to specimens mounted
between parallel plates in a loading frame. The deformations are recorded as a function
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Figure 3.2 Compression behaviour of geosynthetics: (a) typical load—deformation curve; (b) typical
stress—strain curve.

of load and plotted as shown in Figure 3.2(a). Being an artifact caused by the alignment or
seating of the specimen, the toe region OA may not represent a compressive property of the
material. The yield point and strain should be calculated considering the zero deformation
point as shown in Figure 3.2 (a). Many geosynthetics exhibit compressive deformation, but
all may not exhibit a well-defined compressive yield point; however, the significant change
in the slope of the stress—strain curve can be used to determine yield point for comparative
purposes (Fig. 3.2(b)). Variable inclined plates or set angled blocks, as described by ASTM
D 6364-99, may be used to evaluate the deformation of the geosynthetic(s) under loading at
various angles. The compressive loading test is generally used for quality control to evaluate
uniformity and consistency within a /ot (a unit of production) or between lots where sample
geometry factors such as thickness or materials may change.

Tensile properties The determination of tensile properties, mainly tensile strength and
tensile modulus, of geosynthetics is important when they need to resist tensile stresses trans-
ferred from the soil in reinforcement type applications, for example design of reinforced
embankments over soft subgrades, reinforced soil retaining walls and reinforcement of
slopes. The tensile strength is the maximum resistance to deformation developed for a
geosynthetic when it is subjected to tension by an external force. Due to specific geometry
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and irregular cross-sectional area that cannot be easily defined, the tensile strength of
geosynthetics cannot be expressed conveniently in terms of stress. It is, therefore, defined
as the peak (or maximum) load that can be applied per unit length along the edge of the
geosynthetic in its plane. Tensile properties of a geosynthetic are studied using a tensile
strength test in which the geosynthetic specimen is loaded and the corresponding
force—elongation curve is obtained.

Tensile strength is usually determined by the wide-width strip tensile test on a 200-mm
wide geosynthetic strip with a gauge length of 100 mm (Fig. 3.3). The entire width of a
200-mm wide geosynthetic specimen is gripped in the jaws of a tensile strength testing
machine and it is stretched in one direction at a prescribed constant rate of extension until
the specimen ruptures (breaks). During the extension process, both load and deformations
are measured. The width of the specimen is kept greater than its length, as some geosyn-
thetics have a tendency to contract (‘neck down’) under load in the gauge length area. The
greater width reduces the contraction effect of such geosynthetics, and by approximating
plane strain conditions, it more closely simulates the deformation experienced by a geosyn-
thetic when embedded in soil under field conditions. The test provides parameters such as
peak strength, elongation and tensile modulus. The tensile properties depend on the geosyn-
thetic polymer and manufacturing process leading to the structure of the finished product.
The measured strength and the rupture strain are a function of many test variables, including
sample geometry, gripping method, strain rate, temperature, initial preload, conditioning and
the amount of any normal confinement applied to the geosynthetic.

Figure 3.4 shows the influence of the geotextile specimen width on the tensile strength.
To minimize the effects, the test specimen should have a width-to-gauge length ratio
(ak.a. aspect ratio) of at least two, and the test should be carried out at a standard tempera-
ture. The actual temperature has a great influence on the strength properties of many poly-
mers (Fig. 3.5). The tensile strength of geosynthetics is closely related to mass per unit area
(Fig. 3.6). A heavyweight geotextile, with a higher mass per unit area, will usually be
stronger than a lightweight geotextile. For a given geosynthetic, the tensile strength is also
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Figure 3.6 Variation of tensile strength with mass per unit area for PP geotextiles (after Ingold and
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a function of the rate of strain at which the specimen is tested. At a low strain rate, the measured
strength tends to be lower and occurs at a higher failure strain. Conversely, at a high strain
rate, the measured strength tends to be higher and occurs at a lower failure strain.

Other forms of tensile strength tests such as grab test, biaxial test, plain strain test and
multi-axial test are shown schematically in Figure 3.7. The grab tensile test is used to
determine the strength of the geosynthetic in a specific width, together with the additional
strength contributed by adjacent geosynthetic or other material. This test is basically a
uniaxial tensile test in which only the central portion of the geosynthetic specimen is
gripped in the jaws (Fig. 3.7(a)). The test normally uses 25.4-mm (1 in.) wide jaws to grip
a 101.6-mm (4 in.) wide geosynthetic specimen. A continually increasing load is applied
longitudinally to the specimen and the test is carried to rupture. It is not clear how the force
is distributed across the width of the specimen. This test simulates the field situation as
shown in Figure 3.8. It is difficult to relate grab tensile strength to wide-width strip tensile
strength in a simple manner without direct correlation tests. Therefore, the grab tensile test
is useful as a quality control or acceptance test for geotextiles. Typical range of grab tensile
strength of geotextiles is 300-3000 N.

The plain strain tensile test is a uniaxial tensile test in which the entire width of the
specimen is gripped in the jaws with the specimen being restrained from necking during
the tensile load application (Fig. 3.7(c)). This test can be carried out to assess the strength
of the geotextile when buried under excessive soil.
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Installed geosynthetics are subjected to forces from more than one direction including
forces perpendicular to the surfaces of the geosynthetic causing out-of-plane deformation.
The multi-axial tensile test can be carried out to measure the out-of-plane response of
geosynthetics to a force that is applied perpendicular to the initial plane of the geosynthetic
specimen. In this test, the geosynthetic specimen is clamped to the edges of a large diameter,
generally 0.6 m, pressure vessel (Fig. 3.7(d)). Pressure is applied to the specimen to cause
out-of-plane deformation and failure. This deformation with pressure information is then
analysed to evaluate the geosynthetic. When the geosynthetic deforms to a simplified
geometric shape (arc of a sphere or ellipsoid), the data obtained from the test can be
converted to biaxial tensile stress—strain values. In geosynthetic applications where local
subsidence is expected, the multi-axial tensile test can be considered a performance test.

During manufacturing process, the variability in geosynthetic properties may occur as
happens with other civil engineering construction materials. Based on quality control tests,
a manufacturer of geosynthetics can represent properties statistically in normal distribution
curve as shown in Figure 3.9. Project specifications tend to include several qualifiers such
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as Minimum, Average (Mean/Typical), Maximum and Minimum Average Roll Value
(MARV). If X, X,, X;,...., Xy are individual property values in a sample of size N, then
these qualifiers as well as standard deviation can be determined using the following expres-
sions (Narejo et al., 2001):

X1+X2+X3+ """ +XN

Average, X = N (3.3a)
X, — X+ (X — X+ e + Xy — X7

Standard deviation, S = \/ ¢~ % X ;/Y) — Ky = ) (3.3b)

MARV =X -2 XS (3.3¢)

Minimum =X — 3 X S (3.3d)

Maximum = X + 3 X § (3.3e)

Range = Maximum — Minimum (3.39)

The significance of standard deviation lies in the variation in material properties and
testing values of the particular property under investigation. The current trend is to report
the strength value as a MARV in the weakest direction. For normally distributed data, the
MARYV is calculated statistically as the average/mean/typical value minus two times the
standard deviation (see Eq. (3.3¢)). A specification based on the MARV means that 97.5%
of the geosynthetic samples from each tested roll are required to meet or exceed the
designer’s specified value for the geosynthetic product to be acceptable. MARV has now
become a manufacturing quality control tool used to allow manufacturers to establish pub-
lished values such that the user/purchaser will have a 97.5% confidence that the property in
question will meet or exceed the published values. MARYV is applicable to a geosynthetic’s
intrinsic physical properties such as weight, thickness and strength, but it may not be
appropriate for some hydraulic, degradation or endurance properties. It has been observed
that for design engineers, the use of MARV results in better communication with manufac-
turers, lower number of change requests and simpler and economical designs, thus resulting
in cost savings for everyone involved in the process.

As already mentioned, the tensile strength of most geosynthetics including woven
geotextiles is generally not the same in all directions in their plane; that is, they behave as
anisotopic materials. Particularly for woven geotextiles, the tensile strength is governed by
the weaving structure. The strength in the warp direction (or machine direction, MD), called
warp strength, may not be equal to the strength in the weft direction (or cross machine
direction, CMD), called weft strength. A uniaxial strength of 100 kN/m measured in the
machine direction would be written as 100 kN/m MD. Similarly, a uniaxial strength of
40 kN/m measured in the cross machine direction would be written as 40 kN/m CMD.
Where the warp and weft strengths are usually found to be different, the strengths may be
written as 100/40 kN/m in which case the first figure is taken as the warp strength and the
second as the weft strength. For woven geotextiles, the warp strength is generally greater
than the weft strength. It has been found that the strength of a woven geotextile is higher at
45° to the warp and weft directions, but is lower parallel to the warp/weft direction. However,
compared with the tensile strength of woven geotextiles, the nonwoven geotextiles tend to
have a lower but generally more uniform strength in all directions. One should obtain the
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minimum strength of the geosynthetic products and ensure that this stress is never exceeded
in practical applications.

The tensile modulus has to be considered in designs, as the geosynthetic needs to resist
tensile stresses under deformations compatible with those allowable for the soil. It is
the slope of the geosynthetic stress—strain or load—strain curve, as determined from the
wide-width strip tensile test procedures. It is basically a ratio of the change in tensile force
per unit width of the geosynthetic to a corresponding change in strain. This is equivalent to
Young’s modulus for other construction materials such as concrete, steel, timber, structural
plastic, etc. It depicts the deformation required to develop a given stress (load) in the
material.

Figure 3.10 shows typical load—strain curves for geotextiles and interpretation methods of
tensile modulus. It should be noted that the typical S-shaped load—strain curve (Fig. 3.10(a))
generally results from a change in the orientation of ‘tie’ molecules, which run from one
crystallite to another, linking them together. The tensile strengths corresponding to the
breaking point and the highest peak point on the load—strain curve are called breaking
tensile strength and ultimate tensile strength, respectively. At the commencement of the
tensile test, the load will be zero unless a preload is used. As the test is begun, the geotextile
strains without loading until it reaches the daylight point (a point where the load extension
curve parts from the strain). The slope of the load per unit width—strain curve at any strain
is the tangent modulus. The offset modulus (a.k.a working modulus) is the maximum value
of the tangent modulus and is obtained from the slope of the linear portion of the load per
unit width—strain curve. An offset strain is then defined by extending the linear portion of
the data back to the zero load line. It is important to understand that the (unknown) strain
from the indicated start of test to the daylight point is eliminated by preloading and that the
amount of offset strain is influenced by the amount of preloading. For geotextiles that do not
have a linear range, the modulus is typically defined as the secant modulus at a specified
strain, usually 5% or 10% strain (Fig. 3.10(b)). The designer and specifier must have a clear
understanding of the interpretation of these moduli.

It should be noted that the property of a geosynthetic by virtue of which it can absorb
energy is called roughness. It is expressed as the actual work-to-break per unit surface area
and is proportional to the area under the load per unit width—strain curve from the origin to
the rupture point.

Figure 3.11 shows typical strength properties of some geosynthetics. It is noticed that
woven geotextiles display generally the lowest extensibility and the highest strengths of all
geotextiles. Geogrids have relatively high dimensional stability, high tensile strength and
high tensile modulus at low strain levels. They develop reinforcing strength even at strain
equal to 2%. The high tensile modulus results from prestressing during manufacture, which
also creates integrally formed structures without weak points either in ribs or at junctions.
In the case of geonets, there is a preferential direction in strength between the MD and
CMD. Geonets have the greatest strength in the MD.

The viscoelastic behaviour of geosynthetics can produce misleading results for both
short-term and rapid rate tensile tests. Tests conducted to provide design data should also
consider long-term conditions and account for the effect of the surrounding soil. The
geosynthetic confinement within soil in the field and the resultant interlocking of soil parti-
cles with the geosynthetic structure are found to have a significant effect on the stress—strain
properties. It is generally found that the modulus of a geosynthetic confined in soil is likely
to be higher than when tested in isolation. The mechanism of this enhancement is simply the
frictional force development. The deformation of a geosynthetic structure is, therefore,
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Figure 3.10 Load-strain curves for geotextiles exhibiting (a) linear behaviour; (b) nonlinear behaviour
(after Myles and Carswell, 1986).

likely to be overestimated if the in-isolation modulus is used in the calculations. This fact
tends to support the use of a working modulus as an appropriate interpretation method.
The confined tensile test methods have been presented by McGown ef al. (1982) and
El-Fermaoui and Nowatzki (1982). Due to the high costs involved, confined tensile testing
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Figure 3.1 Typical strength properties of some geosynthetics (after John, 1987).

Note
Overlapping zones have not been shown for clarity; some non-typical geosynthetics may lie outside the zones
indicated, and some geosynthetics are more sensitive to the test method.

is not carried out on a routine basis. Keeping these facts in view, it should be noted that the
wide-width strip tensile test is essentially an index test.

At this stage, it is worthwhile mentioning index and performance tests. The index test
(a.k.a in-isolation test or identification test) is a test procedure which may contain a known
bias but which may be used to establish an order for a set of geosynthetic specimens with
respect to the property of interest. Index tests do not take into account the interaction which
may occur between the geosynthetic and the soil. In fact, index tests are carried out to compare
the basic properties (e.g. wide-width tensile strength, creep under load, friction properties,
etc.) of geosynthetic products. They are generally used routinely for quality control and quality
assurance (For definitions of these terms, see Chapter 7) of the manufactured geosynthetics.
They are also used to monitor changes that may occur after a geosynthetic has had some sort
of exposure. Index tests generally do not reflect design features of applications. Geosynthetics,
when correctly processed and stabilized, are resistant to chemical and microbiological attack
encountered in normal soil environments. In such situations, and with well-understood
properties of geosynthetics, only a minimum number of index tests are necessary. Index tests
are generally simple tests which can be carried out quickly and cheaply.

Performance test, on the other hand, is carried out by placing the geosynthetic in
contact with a soil/fill under standardized conditions in the laboratory to provide as
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Figure 3.12 Field situations showing puncturing and bursting of the geosynthetic (after Giroud, 1984).

closely as practicable simulation of selected field conditions which can be used in
the design. Performance testing, if possible, should also be carried out full scale at site.
Since, geosynthetics vary randomly in thickness and weight in a given sample roll due
to normal manufacturing techniques, tests must be conducted on representative samples
collected as per the guidelines of available standards, which ensure that all areas of
the sample roll and a full variation of the product are represented within each sample
group. For applications in more severe environments such as soil treated with lime
or cement, landfills or industrial waste, or highly acidic volcanic soils, for applications
with indeterminate design lives, for applications of high temperature, or for unusual
site-specific conditions, performance tests with site-specific parameters may be
required.

Survivability properties There are some mechanical properties of geosynthetics, which
are related to geosynthetic survivability (constructability) and separation function. Tests to
determine such properties are generally treated as integrity/index tests. These properties are
as follows:

e Tearing strength: The ability of a geosynthetic to withstand stresses causing to
continue or propagate a tear in it, often generated during their installation.

e Static puncture strength: The ability of a geosynthetic to withstand localized stresses
generated by penetrating or puncturing objects such as aggregates or roots, under quasi-
static conditions (Fig. 3.12).

e Impact strength (dynamic puncture strength): The ability of a geosynthetic to withstand
stresses generated by the sudden impact and penetration of falling objects such as
coarse aggregates, tools, and other construction items during installation process.

e Bursting strength: The ability of a geosynthetic to withstand a pressure applied normal
to its plane while constrained in all directions in that plane (Fig. 3.12).

e [Fatigue strength: The ability of a geosynthetic to withstand repetitive loading before
undergoing failure.

The tearing strength test aims to measure the propensity of a geosynthetic to tearing force
once a tear has been initiated. The tearing strength of geotextiles under in-plane loading is
determined by trapezoid tearing strength test. In this test, a trapezoidal outline is marked
centrally on a rectangular test specimen (Fig. 3.13). Note that an initial 15-mm cut is made
to start the tearing process. The specimen is gripped along the two non-parallel sides of the
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Figure 3.13 Trapezoidal template for trapezoid tearing strength test (Reprinted, with permission, from
ASTM D4533-91 (1996), Standard Test Method for Trapezoid Tearing Strength of Geotextiles,
copyright ASTM International, 100 Barr Harbor Drive,West Conshohocken, PA 19428).
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Figure 3.14 Typical tearing force—extension curves for individual test specimens: (a) geotextile exhibiting
single maximum; (b) geotextile exhibiting several maxima (Reprinted, with permission, from
AS 3706.3 (2000), Determination of Tearing strength of Geotextiles — Trapezoidal Method,
copyright Standards Australia International Ltd, Sydney, NSW 2001).

trapezoid in the jaws of a tensile testing machine. A continuously increasing force is applied
in such a way that the tear propagates across the width of the specimen. The load actually
stresses the individual fibres gripped in the clamps rather than stressing the geosynthetic
structure. The value of tearing strength of the specimen is obtained from the force—extension
curve and is taken as the maximum force thus recorded (Fig. 3.14). The failure pattern in
tear is different in nonwoven geotextiles from that in woven geotextiles. A failure of woven
geotextiles occurs essentially through the sequential rupture of yarns in tension, whereas the
failure of a nonwoven geotextile is significantly affected by the inter-fibre friction forces.
A typical range of trapezoid tearing strength of geotextiles is 90-1300 N.
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Figure 3.15 A typical test arrangement for static puncture test (CBR plunger test).

In the static puncture strength test, a circular geosynthetic specimen is gripped without
tension around its entire circumference between two steel clamping rings in a loading frame.
A flat-ended cylindrical steel plunger attached to the load indicator is forced through the
centre of the test specimen and perpendicular to it at a constant rate of displacement
(generally 50 mm/min.) until rupture of the specimen occurs (Fig. 3.15). The diameter of the
plunger is generally 50 mm and the internal diameter of the ring is 150 mm. The relatively
large size of the plunger provides a multidirectional force on the geosynthetic. The clamping
system should prevent pretensioning of the specimen before and slippage during the test.
Since this test utilizes the California Bearing Ratio (CBR) principle of the method to
determine the puncture resistance and an approximate indication of the resulting strain, it
is known as CBR plunger test. The force applied by the plunger and the corresponding
displacement are measured.

Figure 3.16 shows a typical graph of plunger force versus plunger displacement. The
maximum force as shown on the curve, where available, or the highest recorded force is
the value of the puncture strength of the specimen. A typical range of puncture strength of
geotextiles is 45-450 N. Note that CBR plunger test is generally not recommended
for geosynthetics having apertures greater than 10 mm. It is generally applicable to isotropic
geotextiles and may also be used for geomembranes. Because of clamping and equipment
limitations, this test may not be suited for some woven geotextiles with high
tensile strengths exceeding approximately 90 kN/m. This test has been shown to be
practically independent of speed in the range of 5-100 mm/min for relatively low-strength
geotextiles (AS 3706.4-2001).

The impact strength (dynamic puncture strength or dynamic perforation strength) of the
geosynthetics can be evaluated by cone drop test method. This test involves the determina-
tion of the diameter of the punctured hole made by dropping a standard brass or stainless
steel cone weighing 1 kg from a specified height onto the surface of a circular geosynthetic
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Figure 3.17 Impact strength (dynamic puncture strength) test: (a) typical test arrangement;
(b) penetration measuring cone.

specimen gripped between clamping rings (Fig. 3.17(a)). The geosynthetic may be supported
by water or soil to simulate the field conditions. The diameter of the punctured hole, meas-
ured using a penetration measuring cone (Fig. 3.17(b)), in combination with the drop height,
gives a measure of impact resistance (strength). The smaller the diameter of the hole, the
greater the impact resistance of the geosynthetic to damage during installation. The impact
resistance (strength) can be expressed as either the diameter of the hole at a standard drop
height of 500 mm or drop height that will produce a hole of diameter 50 mm. The
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relationship between the drop height and the diameter of the hole from testing a wide range
of geotextiles without providing any support during the test, is found to be (AS 3706.5-2000)

B, \0-68
dy = d1<h—?> (3.4a)
or,
d 147
hy = h1<d—?> (3.4b)

where, A, is the drop height (first value), in mm; 4, is the drop height (second value), in mm;
d, is the diameter of hole corresponding to a drop height /;, in mm; and d, is the diameter
of hole corresponding to a drop height /,, in mm. Note that the above expressions are valid
only where the diameter of the hole produced experimentally exceeds 15 mm.

Bursting strength is measured by the bursting test (multi-axial tensile test) using the
apparatus shown in Figure 3.7(d). This test is performed by applying a normal pressure,
usually by air pressure against a geosynthetic specimen clamped in a ring, as mentioned
earlier. The normal stress against the geosynthetic at failure gives the value of the bursting
strength. A typical range of bursting strength of geotextiles is 350-5200 kPa.

The fatigue strength of a geosynthetic can be assessed by measuring the change of its
physical or mechanical properties under the repeated application of a cyclic force, usually
leading to failure. It may be influenced by the following three factors: (a) range of force,
(b) mean force and (c) number of cycles of force applied.

Soil-geosynthetic interface characteristics When a geosynthetic is used in reinforcing
a soil mass, it is important that the bond developed between the soil and the geosynthetic is
sufficient to stop the soil from sliding over the geosynthetic or the geosynthetic from pulling
out of the soil when the tensile load is mobilized in the geosynthetic. The bond between the
geosynthetic and the soil depends on the interaction of their contact surfaces. The soil—
geosynthetic interaction (interface friction and/or interlocking characteristics) is thus the
key element in the performance of the geosynthetic-reinforced soil structures such as retaining
walls, slopes and embankments and other applications where resistance of a geosynthetic to
sliding or pullout under simulated field conditions is important. It is mainly responsible for
the transference of stresses from the soil to the geosynthetic. In many applications, it is used
to determine the bond length of the geosynthetic needed beyond the critical zone. Two test
procedures, currently used to evaluate soil-geosynthetic interaction, are the direct shear
test, using a shear box, and the pullout (anchorage) test. The basic principle of these tests is
that to move a solid object, of weight W, along a horizontal plane, requires the application
of a horizontal force of wl, where w is the coefficient of friction between the material of
the object and the material of the plane.

In direct shear test, the shear resistance between a geosynthetic and a soil is deter-
mined by placing the geosynthetic and soil within a direct shear box, about 300 mm
square in plan, divided into upper and lower halves (Fig. 3.18). The geosynthetic
specimen is anchored along the edge of the box where the shear force is applied.
A constant normal force representative of design stresses is applied to the box, and
keeping the lower half of the box fixed, the upper half is subjected to a shear force, under
a constant rate of deformation. The shear force is recorded as a function of the horizontal
displacement of the upper half of the shear box. The test is performed at a minimum of
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Figure 3.19 Typical results from direct shear test [Reprinted, with permission, from BS 6906: Part 8
(1991), Determination of sand—geotextile frictional behaviour by direct shear, copyright British
Standards Institution, London W4 4AL].

three different normal compressive stresses, selected to model appropriate field condi-
tions. The limiting values of shear stresses, typically of the peak and residual shear
stresses, are plotted against their corresponding values of the applied normal stress.
The test data are generally plotted by a best-fit straight line whose slope is the peak/
residual coefficient of interface friction between the soil and the geosynthetic
(Fig. 3.19). Any intercept of the best-fit straight line with the shear stress axis defines
an apparent adhesion. The shear stress and the normal stress axes must be drawn to the
same scale. The test value may be a function of the applied normal stress, geosynthetic
material characteristics, soil gradation, soil plasticity, density, moisture content, size of
specimen, drainage conditions, displacement rate, magnitude of displacement and other
parameters.
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Figure 3.2] Details of pullout test.

It should be noted that the direct shear test is not suited for the development of exact
stress—strain relationships for the test specimen due to the non-uniform distribution of
shearing forces and displacement. Total resistance may be a combination of sliding, rolling,
interlocking of soil particles and geosynthetic surfaces, and shear strain within the geosynthetic
specimen. Shearing resistance may be different on the two faces of a geosynthetic and may
vary with direction of shearing relative to orientation of the geosynthetic. The direct shear
test data can be used in the design of geosynthetic applications in which sliding may occur
between the soil and the geosynthetic (Fig. 3.20). Note that the direct shear test can also be
conducted to study the geosynthetic—geosynthetic interface frictional behaviour by placing
the lower geosynthetic specimen flat over a rigid medium in the lower half of the direct shear
box and the upper geosynthetic specimen over the previously placed lower specimen.

In the pullout test, a geosynthetic specimen, embedded between two layers of soil in a
rigid box, is subjected to a horizontal force, keeping the normal stress applied to the upper
layer of soil constant and uniform. Figure 3.21 depicts the general test arrangement of the
pullout test. The force required to pull the geosynthetic out of the soil is recorded. Pullout
resistance is calculated by dividing the maximum load by the test specimen width.

The ultimate pullout resistance, P, of the geosynthetic reinforcement is given by

P=2XLXWXaog,XCXF (3.5)

where, L. is the embedment length of the test specimen; /¥ is the width of the test specimen;
o, is the effective normal stress at the soil-test specimen interfaces; C; is the coefficient of
interaction (a scale effect correction factor) depending on the geosynthetic type, soil type
and normal load applied; and F is the pullout resistance (or friction bearing interaction)
factor. For preliminary design or in the absence of specific geosynthetic test data, 7 may be
conservatively taken as F' = (2/3) tan¢ for geotextiles and F' = 0.8 tan¢ for geogrids.
Equation (3.5) is known as pullout capacity formula.
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Figure 3.22 Influence of the specimen embedment length on the pullout behaviour of a geogrid (after
Lopes and Ladeira, 1996).
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Figure 3.23 Typical pullout resistance versus normal stress plot.

The pullout resistance versus normal stress plot is a function of soil gradation, plasticity,
as-placed dry unit weight, moisture content, embedment length and surface characteristics
of the geosynthetic, displacement rate, normal stress and other test parameters. Therefore,
the results should be expressed in terms of the actual test conditions. Figure 3.22 shows the
effect of specimen embedment length on the pullout behaviour of a geogrid. A typical plot
of maximum pullout resistance versus normal stress is shown in Figure 3.23. The pullout test
data can be used in the design of geosynthetic applications in which pullout may occur
between the soil and the geosynthetic as shown in Figure 3.24.

A designer of geosynthetic-reinforced soil structures must consider the potential failure
mode, and then the appropriate test procedure should be used to evaluate the soil-geosynthetic
interaction properties. In the case of an unpaved road with a geosynthetic layer at the
subgrade level, the recommended test should be a combination of direct shear and pullout
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tests conducted simultaneously (Giroud, 1980). It is common to assume a soil-geotextile
friction angle between 2/3 and 1 of the angle of shearing resistance of soil.

3.4 Hydraulic properties

The hydraulic properties of geosynthetics influence their ability to function as filters and drains.
Hydraulic testing of geosynthetics is completely based on new and original concepts, methods,
devices, interpretation and databases, unlike the physical and mechanical testing, as discussed
in previous sections of this chapter. The reason behind this is that the traditional textile tests
rarely have hydraulic applications. Porosity, permittivity and transmissivity are the most impor-
tant hydraulic properties of geosynthetics, mainly of geotextiles, geonets and many drainage
geocomposites, which are commonly used in filtration and drainage applications.

Geosynthetic pore (or opening) characteristics The voids (or holes) in a geosynthetic are
called pores or openings. The measurement of sizes of pores and the study of their distribu-
tion is known as porometry.

Geosynthetic porosity is related to the ability of the geosynthetic to allow fluid to flow
through it and is defined as the ratio of the void volume (volume of void spaces) to the total
volume of the geosynthetic, usually expressed as a percentage. It may be indirectly calculated
for geotextiles using the relationship derived below:

v P v mA
= 7\/ = — L = —_— 75 = —_— pS = —_— m
=y 2R T peAx (3:6)

where: 7 is the porosity; V, is the void volume; V; is the volume of solid polymer;
V (=V,+ V) is the total volume; 4 is the surface area of geotextile; m is the mass per
unit area; p; is the density of solid polymer; and Ax is the thickness of geotextile.

ILLUSTRATIVE EXAMPLE 3.2

Calculate the porosity of the geotextile with the following properties:
Thickness, Ax = 2.7 mm
Mass per unit area, m = 300 g/m?
Density of polymer solid, p, = 900 kg/m®.
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SOLUTION
Using Equation (3.6), the porosity, 7, of the geotextile is calculated as follows:

m 300 g/m?
n=1- =1- : = 0.876 or 87.6% Answer
psAx (900X 1000 g/m>)X(0.0027 m)

Percent open area (POA) of a geosynthetic is the ratio of the total area of its openings to
the total area, expressed as a percentage. This characteristic is considered to be a design
parameter only for woven geotextiles, which have area of openings as the void spaces
between adjacent filaments and yarns. It is to be noted that a higher POA generally indicates
a greater number of openings per unit area in the geotextile. For filter applications of a
geotextiles, its POA should be higher to avoid any clogging phenomenon (see Sec. 4.7 for
explanation) to occur throughout the design life of the particular application.

The pores in a geotextile are not of one size but are of a range of sizes. The pore size
distribution can be represented in much the same way as the particle size distribution for a
soil. In fact, a geotextile is similar to a soil in that it has voids (pores) and particles (filaments
and fibres). However, because of the shape and arrangement of filaments and the com-
pressibility of the structure with geotextiles, the geometric relationships between filaments
and voids are more complex than in soils. Therefore, in geotextiles the pore size is measured
directly, rather than using particle size as an estimate of pore size, as is done with soils. In
the determination of the particle size distribution of soil, the soil, which initially has particles
of unknown sizes, is passed through a series of sieves of different known sizes to determine
the percentages of soil particles of the various sizes present. In determining the pore size
distribution of a geotextile the process is reversed. The geotextile is used as a sieve, of
unknown sizes, and the particles of different known sizes are passed through the geotextile
as a sieve. From the measured weights of particles of various known sizes which either
pass through the geotextile or are retained on the geotextile, the pore size distribution of the
geotextile can be obtained. Due to the importance of pore size distribution in the design of
geotextiles for use as filters and separators, various test methods have been developed for
measuring the size of openings in the geotextiles. Bhatia ef al. (1994) made a comparison
of six methods as presented in Table 3.1.

Table 3.1 Comparison of methods for determining pore size distribution of geotextiles

Test method Test mechanism Test material Sample Time for
size (cm?) | test

Dry sieving Sieving—dry Glass beads fraction 434 2h

Hydrodynamic sieving  Alternating water flow Glass beads mixture 257 24 h

Wet sieving Sieving—wet Glass beads mixture 434 2h

Bubble point Comparison of air flow, Pore wick 22.9 20 min
dry vs. saturated

Mercury intrusion Intrusion of a liquid Mercury 1.77 35 min
in a pore

Image analysis Direct measurement of None 1.5 2-3 days

pore spaces in cross-
section of the geotextile
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Figure 3.25 Diagram showing details of dry sieving method (courtesy of Terram Ltd, UK).

In the dry sieving test method, known-sized spherical solid glass beads (or calibrated
quartz sand particles) are sieved in dry condition through a screen made of the geotextile
specimen, being tested, in a sieve frame (see Fig. 3.25) for a constant period of time, gener-
ally 10 min. Sieving is done by allowing beads of successively coarser size until they are 5%
or less in weight, to pass through the geotextile. A mechanical sieve shaker, which imparts
lateral and vertical motion to the sieve, causing the particles thereon to bounce and turn so
as to present different orientations to the sieving surface, should be used for carrying out the
sieving operations. It may be noted that for the measurement of fine pores, difficulties are
encountered in the dry sieving of sand particles through geotextiles, particularly through
thick nonwovens, due to the particles being trapped in the geotextile. On the other hand with
the use of glass beads, electrostatic forces can affect the sieving, but no practical alternative
dry methods of determining pore sizes for these types of geotextiles are available at the
present time.

The hydrodynamic test method is based on hydrodynamic filtration, where a glass bead
mixture is sieved with a basket with geotextile bottom by alternating water flow that occurs
as a result of the immersion and emersion of the basket several times in water. In the wet
sieving method, a glass bead mixture is sieved through a screen made of geotextile while a
continuous water spray is applied. The bubble point method is based on a process in which
(i) a dry porous material passes air through all of its pores when any amount of air pressure is
applied to one side of the material; and (ii) a saturated porous material will only allow a fluid
to pass when the pressure applied exceeds the capillary attraction of the fluid in the largest
pore. The mercury intrusion method is based on the relationship between the pressure
required to force a non-wetting fluid (mercury) into the pores of a geotextile and the radius
of the pores intruded. /mage analysis is a technique used for the direct measurement of pore
spaces within a cross-sectional plane of the geotextile with the help of a microscope. The
pore openings, which are obtained experimentally, are dependent on the technique used for
their determination. It is believed that, despite some limitations, both wet and hydrodynamic
sieving methods are better techniques than dry sieving. Note that the pore sizes measured
by all these methods are not actual dimensions of the openings through the geotextile.

In the case of most of the geogrids, the open areas of the grids are greater than 50% of
the total area. In this respect, a geogrid may be looked upon as a highly permeable polymeric
structure.

Figure 3.26 shows pore size distribution curves for typical woven and nonwoven geotextiles.
The pore size (or opening size), at which 95% of the pores in the geotextile are finer, is
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Figure 3.26 Pore size distributions of typical geotextiles (after Ingold and Miller, 1988).

originally termed the equivalent opening size (EOS') designated as Oys. In the USA, this pore
size is determined by dry sieving method and is termed apparent opening size (AOS),
whereas in Europe and Canada this is determined by wet and hydrodynamic sieving methods
and is termed filtration opening size (FOS). If a geotextile has an Oy value of 300 pwm, then
95% of geotextile pores are 300 wm or smaller. In other words, 95% of particles with a
diameter of 300 wm are retained on the geotextile during sieving. This notation is similar to
that used for soil particle size distributions where, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>