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Roald Aabee, Steven Floyd Bartlett, Milan Duskov,
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Abdullah Tolga Ozer, Hideki Tsukamoto and Jan Vaslestad

Abstract In Norway the use of Geofoam blocks in road construction applications
started in 1972. Excessive settlements of a road embankment adjoining a bridge
abutment founded on piles to firm ground was then successfully halted by replacing
a 1 m layer of road aggregate with blocks of Expanded Polystyrene (EPS). Boards
of EPS had previously been successfully tested in road structures over several years
in a major research project related to Frost Action in Soils. The use of Geofoam
blocks for lightweight fill purposes, reduced earth pressure and several other
applications for a variety of Civil Engineering purposes, has since been adopted and
further developed in many countries worldwide. In this article the state of the art
regarding various applications of Geofoam blocks are shown based on available
information supplied by the authors.
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1 Introduction

Geofoam blocks are made of Expanded Polystyrene (EPS) initially produced for
packaging and insulation purposes. The material is extremely light and can be
produced in many shapes and densities, typical density p = 20 kg/m’. Geofoam
blocks for civil engineering applications have typically dimensions
0.5 x 1.0 x 2.5-3.0 m weighing some 25-30 kg. Material strength properties
varies relatively linearly with density and a 20 kg/m® material may typically have a
compressive strength of ¢ = 100 kPa at 10% strain. Geofoam blocks are produced
in wide ranges of densities and strength characteristics. The term Geofoam is also
used in connection with Extruded Polystyrene (XPS), but this production process
limits the products to board formats.

When Geofoam blocks were first used as a lightweight fill material for road
construction purposes in Norway in 1972 [1] it had already been demonstrated by a
research project on Frost Action in Soils that boards of EPS could sustain the
repetitive loads in a road pavement and that material properties did not deteriorate
with time. When excessive settlements (~20 cm/year) occurred in a road
embankment adjacent to a bridge founded on piles to firm ground, it was decided to
replace 1 m of ordinary embankment materials with EPS blocks placed in two
layers each with a thickness of 0.5 m. The embankment rested on 3 m of peat
overlaying 10 m of soft clay deposits and due to repetitive adjustments of the road
level, the embankment load on the subsoil increased resulting in accelerated set-
tlements and risk of embankment failure. By replacing 1 m of embankment
aggregate with Geofoam blocks, being nearly 100 times lighter than the replaced
embankment material, the settlements were successfully halted.

The use of Geofoam blocks in civil engineering applications has since been
adopted as a general practice in many countries and for a multitude of purposes.
International conferences have been instrumental in the dissemination of informa-
tion related to the properties and use of Geofoam blocks. The first conference was
held in Oslo, Norway in 1985 attended by 150 participants from 11 countries [2].
With a strong Japanese engagement in using and further developing the method the
second conference was held in Tokyo, Japan in 1996 where 300 participants from
15 countries attended [3]. Similarly, with an increased focus on the use of the
method in the U.S. the third conference was held in Salt Lake City, Utah in 2001
[4]. The fourth conference was held in Lillestram, Norway in 2011 [5]. The present
conference is in this respect a further landmark in disseminating information on the
use of Geofoam blocks in civil engineering applications.

In addition to international conferences seminars and local arrangements on a
national level have also further promoted the use of Geofoam blocks in addition to
bilateral agreements between government agencies and private organizations in
various countries and by direct contacts on a personal level.

Today projects using Geofoam blocks are known to have been completed in
many European countries: Czech Republic, Denmark, Finland, France, Germany,
Greece, Ireland, Netherlands, Norway, Poland, Russia, Serbia, Sweden and the UK,
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but other European countries may also have adopted the method. In Asia the major
user is Japan (Figs. 1 and 2), but China, Malaysia, Thailand, The Philippines, South
Korea and Taiwan are also known to have used Geofoam blocks. India has recently
shown an interest and several other Asian countries are likely potential users. The
first road embankment with Geofoam blocks was recently completed in Turkey [6,
7]. In America the method is adopted in the US and Canada as well as in Argentina,
and Columbia. Civil engineering projects involving Geofoam blocks have been
reported from Victoria, New South Wales and Queensland in Australia. No African
projects are known so far but situations where the use of Geofoam blocks may have
an advantageous potential, are likely to exist there too.

Use of Geofoam blocks in Japan m3

80,00,000 - 6,00,000
70,00,000
- 5,00,000
60,00,000
- 4,00,000
50,00,000
40,00,000 - 3,00,000
30,00,000
L 2,00,000
20,00,000
- 1,00,000
10,00,000
0 -0
1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015
@ Anual volume m3 Accumulated volume m3
Fig. 1 Use of geofoam blocks for civil engineering purposes in Japan (EDO)
Fig. 2 Use of geofoam Use of Geofoam blocks in Japan
blocks in Japan by purpose
(EDO)
= Road 75.5 % = Airport 9.9 %
= Sidewalk 3.1 % = Temporary road 2.3 %

= Structure protection 2.2 % = Park - Development 1.6 %
= Architecture 1.5 % = Other 3.7 %
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2 Applications
2.1 Lightweight Fill

The major use of Geofoam blocks has so far been as a lightweight fill material,
mainly for road construction purposes [8—17] but also for railroads [18, 19], air-
fields and other construction projects. The blocks may be applied to reduce the
construction load on soft subsoils for both stability and settlement reasons.
A typical road cross section with inclined and/or vertical side slopes may be as
shown in Fig. 3. Normally the pavement structure above the Geofoam blocks will
consist of a sparsely reinforced concrete slab of 10—15 cm thickness with a mini-
mum bearing course (some 35 cm) above topped with an asphalt wearing course. In
cases where the load on the Geofoam blocks is not critical, a normal pavement
structure may be applied but a membrane is then usually added above the Geofoam
blocks.

As indicated the Geofoam fill may also be terminated with a vertical face on one
or both sides. In such cases some form of protective casing should be added to the
vertical face. Materials used for such purposes have been aluminum and steel
sheets, concrete panels, wooden planks and sprayed concrete. In a landslide area on
the Yamagata Expressway in Japan a 16 m high road structure was constructed with
vertical walls on both sides, the same design was used to widen the road as shown
in Fig. 4 [20, 21].

Here 10 cm thick sparsely reinforced concrete slabs were cast for every 3 m
height of EPS block fill in order to bind the structure together and even out possible
minor level differences when placing the blocks. Also, a form of sliding connec-
tions were introduced to allow for possible differential vertical movements.

When widening existing normal roads, it may also be advantageous to use
Geofoam in the widened road structure in order to improve stability conditions and
avoid differential settlements [22] between the old and the new road structure
(Fig. 5).

Pavement structure ~_
.

Concreteslab — [\ SRS J\
or membrane (opt.) = 4

Soil cover —____

=

Ll L l l .\

rrr F r77 777 FZ R

e

Levelling course = Soft ground Protective facing —

Fig. 3 Cross section of road embankment with geofoam blocks
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Fig. 4 Yamagata Expressway, Japan with vertical side walls (EDO)

Pavement structure -

Concrete slab
or membrane (opt.)

Levelling course

Fig. 5 Road widening application using geofoam blocks

When widening or constructing roads on steep side slopes, Geofoam blocks with
vertical side termination may be a favourable solution (Fig. 6). On slopes, partic-
ularly where high fills are involved, the need for proper anchorage should then be
analyzed separately. The anchorage should provide support for horizontal forces
from soil pressure on the structure and vehicles hitting guard rails or side barriers.

On the Otari Road in Nagano Prefecture, Japan a 1.2 km road section was
constructed (Fig. 7) [21]. The maximum height of the road structure was 17 m and
volume of Geofoam blocks used 30,000 m> (Fig. 5).

With a properly designed ballast layer and load distribution slab (if required)
above Geofoam blocks of sufficient strength, the method may also be used for
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Concrete slab
+ ) ; Y22
ey M ‘.‘._.,_.,._ - \
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s
min. 2m

Fig. 6 Cross section of high embankment on slope (NPRA)

oI oo 1o <132 676
: o732 000

EL719.000

F32:FTh=-1 540

Fig. 7 Design cross section of Otari Road in Nagano Prefecture, Japan (EDO)

railroads and several such projects have been completed in Norway, the UK, Japan,
U.S. and possibly in other countries.

The Utah Transit Authority (UTA) in Salt Lake City has constructed EPS bridge
approach fills for its light-rail and commuter rail systems. The dynamic deflection
performance of these systems under train loadings has been monitored [19].
Dynamic accelerations were obtained via accelerometer arrays placed on the rail
sleepers for these systems. Dynamic deflections estimated from these measurements
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based on a double integration of the acceleration data suggest that the dynamic
deflections are acceptable and comparable to those measured on earthen
embankment.

The same applies for airfields whether on taxiways or runways as it is only a
question of making an adequate design in order for the structure to sustain the
wheel loads from landing or taxying aircrafts. The New Orleans Airport East/West
runway rehabilitation project included the removal of existing damaged pavement
and the construction of new taxiways. EPS geofoam was used under the new
pavements to control settlement on the highly compressible and saturated subsoils
and to prevent differential settlements at the intersection of new and existing
pavements.

Geofoam blocks may also be used for stability improvement purposes in terrain
with potential slide hazards and for slope failure mitigation in areas where slides
have occurred (Fig. 8). In order to reduce the driving forces, here a volume of high
density natural soil is replaced with Geofoam blocks. Proper drainage is also
provided in order to prevent hydrostatic pressure building up within the soil/
Geofoam structure. Recent studies were conducted to understand the behavior of
slopes under seepage forces and corresponding remedial block configurations tested
in a laboratory bench scale models [23-26].

Geofoam blocks may also be used as a compensating foundation for buildings in
order to reduce the load on underlying compressible soils and minimize building
settlement along with solving potential bearing capacity problems. At the building
site existing soil is excavated and replaced by Geofoam blocks in order to reduce
the net applied load to the soil by the new structure. If the amount of soil excavated
equals the total load applied by the new structure, a fully compensated foundation is
obtained, i.e. no increased load is applied to the subsoil by the structure.

Similarly, Geofoam blocks may also be used as a lightweight fill material for
landscaping purposes. This may be particularly useful when creating undulating
terrain features close to existing buildings where normal soil aggregate used for the

EPS geofoam blocks

Lanitscapiniglioi Geomembrane/separation layer (if required]

Drainpipe

Sand-leveling course

Fig. 8 Schematic drawing of geofoam block placement in a slide area [27]
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Sand-levelling course

Landscaping soil Geomembrane separation layer (if requiered)

EPS geofoam blocks

Fig. 9 Schematic drawing of vegetative roof on building [27]

same purpose could create settlement problems for the building foundations. Some
examples of this application include creating roof gardens for urban buildings
(Fig. 9). For the same reasons Geofoam blocks may also be used to construct sound
barriers to protect roadside residents from noise pollution (Fig. 10).

When excessive settlements occur in levees and repair must be initiated to cope
with expected flood levels, the use of Geofoam blocks may provide a favourable
solution. If ordinary fill material is used to raise the embankment height, this will
result in further subsidence. By replacing part of the embankment soil with
Geofoam blocks, further subsidence may be halted. With the extremely low density
of Geofoam, caution must, however, be observed to prevent the Geofoam blocks
from becoming buoyant. The buoyancy potential must be considered based on
expected flood levels and the volume of Geofoam blocks used and their position
relative to the flood level. The uplift tendency may also be countered to some extent
by providing anchorage (Fig. 11).

It is of course possible to utilise the buoyancy effect of Geofoam blocks directly
for floating piers and similar harbour and marina arrangements. This effect has been
taken advantage of for a long time, and in Vancouver, British Columbia, Canada
Geofoam blocks are used to support a floating helicopter pad (Fig. 12).

A similar use of the buoyancy effect has been introduced in the Netherlands
where a floating garden built on Geofoam blocks are seen on one of the canals in
Amsterdam (Fig. 13).

Some special forms of Geofoam blocks have also been designed to accommo-
date rising water levels without introducing the full buoyancy forces that a solid
Geofoam block would cause [28]. This is obtained by making hollow blocks with
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Geomembrane/separation layer [if required)

Landscaping/soil EPS geofoam blocks

Sand-leveling course

Fig. 10 Geofoam blocks used in noise barrier [27]

EPS geofoam blocks Sand-leveling course
Geogrid
uplift protection
Landscaping/soil (if needed)

anchors

ry)

Fig. 11 Cross section showing levee repair using geofoam blocks [27]
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Fig. 12 Floating helipad supported by geofoam blocks in Vancouver, Canada (wWww.
mansonvilleplastics.com)

Fig. 13 Floating garden on one of the canals in Amsterdam, The Netherlands (T. Ozer)

slits on the sides allowing water to enter without introducing the full buoyancy
force of a solid block (Fig. 14).

Geofoam blocks may also be used to form tiered seating in locations such as
auditoriums, movie theaters, gymnasiums and churches. The high compressive
resistance and light weight of Geofoam make it well suited to both new construction
and renovation projects. Stacked Geofoam blocks before a protective concrete layer
is added and seats, bleachers and other attachments and finishes are installed to
complete the project (Fig. 15).
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| Iilillm

-Iﬂ"""'"'

Fig. 15 Stacked Geofoam blocks for seating arrangements (http://blog.achfoam.com/?p=2455)

2.2 Load Reduction

Particularly when encountering soft ground conditions with inferior bearing
capacity but also in general when subsoil bearing capacity may be a problem due to
heavy loads, Geofoam blocks may be used to improve both bearing capacity and
settlement conditions. Since the material density of Geofaom blocks is much less
than ordinary mineral soils, the load on the subsoil may be substantially reduced by
replacing some amount of ordinary soil with EPS. This was the case for the first
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application of Geofaom blocks in a roadfill in Norway in 1972. By balancing the
loads removed by soil excavation with the loads applied to the subsoil by the
completed structure, both satisfactory bearing capacity and settlement conditions
may be achieved.

Depending on the structure loads and foundation area the compressive strength
of the Geofoam blocks must be adjusted accordingly, but the difference in material
density of various EPS strength qualities are small compared to the density of the
mineral soil to be replaced.

In several projects, particularly in Europa and the US, this principle has also
been applied in connection with the design of bridges where bridge abutments have
been supported directly on Geofoam blocks. Such an example is shown where the
foundations for a temporary Acrow type steel bridge is founded directly on some
5 m high Geofoam fills resting on soft and quick clay in Norway (Fig. 16) [29].
Similar solutions have also been applied for permanent concrete bridges (Fig. 17).

Lekkeberg bridge - foundations on EPS
36,8 m

- -

A
Shotcrete
EPS = g | e EPS

Fig. 16 Bridge abutment founded directly on geofoam blocks (NPRA)

Hjelmungen bru

20 ¢m concrete apron

/ 10 cm conrete slab

Fig. 17 Abutment for multispan concrete bridge founded directly on geofoam blocks with
varying compressive strength (NPRA)
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Fig. 18 Backfill of geofoam
blocks against bridge
abutment (NPRA)

Furthermore, since fills with geofoam blocks may be terminated with vertical
walls, no or only minimal horizontal forces will be transmitted to any structure
adjacent to or connecting to the fill. This effect will significantly simplify the design
of bridge abutments and retaining walls related to accommodating horizontal forces
(Fig. 18).

Another type of load reduction application associated with bridges is a simplified
design (Fig. 19). The sheet piles may be driven from the river shores without
polluting the water or interfering with fish activities. Scaffolding for casting the
bridge deck is connected to the sheet piles or precast bridge deck slabs may be used.

Geofoam has been used to provide an alternative foundation system for
replacing a single span steel girder bridge in Upstate New York [30]. The site is in a
wide valley of deep soft sediments. The replaced bridge was supported on a shallow
foundation and had settled excessively. The span and width of the replacement
bridge was increased to provide more flow capacity and sidewalk. The precast
concrete box girder replacement bridge and stub abutment system is heavier than
the replaced bridge. Conventional deep pile foundations would have required end
bearing at depths greater than 30 m. The alternative foundation system used for the
replacement bridge consists of a sheet pile cell that surrounds each abutment foot
print. Soil within the sheet pile cell enclosure was excavated and the water level was
lowered by sump pumping. The volume of the excavated soil was replaced by EPS
geofoam blocks to compensate for the weight of the bridge and foundation system
(Fig. 20). The steel reinforcement for a 0.5 m load distribution cap and stub
abutment over the geofoam backfill is welded to the top of the sheet pile enclosure.
The precast concrete box girders rest on neoprene bearing pads over the stub
abutments. While in service, the EPS geofoam blocks become fully submerged
during high flood periods. The sheet pile wall friction resistance functions to



16 R. Aabge et al.

Fig. 19 Simplified bridge design (NPRA)

Fig. 20 Geofoam placement within the sheet pile cell (30)
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Fig. 21 Schematic section of the geofoam supported bridge (30)

provide additional capacity to both downward loading and uplift due to buoyancy at
low and high flood stages. The completed geofoam supported bridge (Fig. 21) is
regularly inspected and continues to receive top rating.

The magnitude and distribution of earth pressure on buried culverts depend on
the overburden thickness and the relative stiffness of culvert and soil with varying
load distribution along the culvert perimeter. Normally the vertical pressure will be
higher than the horizontal pressure. By introducing a compressible layer above the
culvert, a more evenly distributed pressure system may be obtained around the
culvert. This is a well-known method (often called the induced trench or imperfect
ditch method) and various types of compressible materials have been applied for
such purposes. EPS is a material well suited for this type of application as the
stiffness of the EPS material and layer thickness may be selected to suit a particular
project. As the embankment is constructed above the culvert, the EPS layer will
deform creating arching effects in the soil above that will redistribute more vertical
load to the side of the culvert and hence increase the horizontal pressure. Such
effects have been monitored on many culvert projects proving theoretical effects
(Fig. 22) [31].

For EPS fills where the blocks are subjected to lateral forces from behind the fill
or from traffic and seismic loads, a similar effect by placing deformable EPS blocks
against bridge abutments and non-yielding retaining walls, may be utilized to
reduce lateral pressure against the wall or abutment [32-35].

For EPS fills with sufficient internal stability terminated in a vertical wall there is
no need for a retaining wall as mentioned in Sect. 2.1, only some mechanical
protection of the outer blocks. For bridge abutments it has also been demonstrated
that leaving a small gap between a stable EPS fill and an abutment wall will prevent
transmission of lateral forces on to the abutment from the EPS fill. Monitoring the
abutment some 7 years after its completion showed that the EPS fill remained stable
and that no measurable movement of EPS blocks had occurred [36].
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Fig. 22 Example of 7 = 77 E T A — /7
monitoring pressure
distribution on a culvert with Rock fill LEGEND:
a deforming EPS layer above ~— Earth pressure cell
(NPRA)
o Settlement tube
~ Hw=140m = Cell4 T
1000 mm
2000 mm +
P s 500 mm
Cell 2 — — Cell 3 500 mm
1950 mm
Sandy gravel (0-16) mm
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2.3 Energy Absorption

For protecting road users from avalanche hazards in mountainous areas avalanche
sheds are sometimes constructed on road sections with frequent avalanche activi-
ties. Such sheds will normally have a cover of soil material on the shed roof to
absorb some of the impact forces from falling rocks. In order to further reduce the
impact loads, Geofoam blocks may be placed on the shed roof with a concrete slab
and soil cover on top. When large boulders or rocks hit the structure, the EPS
material will deform and absorb a major part of the dynamic energy thus sub-
stantially reducing the dynamic loads transferred to the shed (Fig. 23). This idea
was first introduced and tested in Japan [37], The method may also be applied for
protecting other types of structures from dynamic impacts.

2.4 Seismic Effects on EPS Fills

From the start some concerns have been raised regarding the behavior and stability
of EPS embankments subjected to seismic loads. This problem has been thoroughly
addressed particularly in Japan [38] and the USA [39] both from a theoretical
approach as well as in small- and full-scale experiments. This includes both the
stability of normal EPS embankments, embankments on slopes and free-standing
EPS structures terminated with vertical walls as well as fills adjacent to bridge
abutments and retaining walls. Figure 24 shows a test setup of reduced scale
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Fig. 23 Geofoam blocks applied for energy absorption on rock fall protection tunnel in Turkey
(Curtesy of EPSDER, Turkey)

shaking table and Fig. 25 shows a test setup of a Geofoam structure on a large
shaking table in Japan. The general picture is that the EPS material has a positive
effect on the type of structures analysed during seismic loading and in Japan no
special seismic design considerations are required for fills with heights less than
6 m and a height to breadth ratio <0.8. For higher fills such considerations are
recommended. Secondary seismic effects after an earthquake like tsunamis, land-
slides etc. may, however, damage EPS fills, but no serious damage was reported for
EPS structures during the earthquake or the following tsunami effects from the 2011
Tohoku earthquake in Japan. During the 2016 Kumamoto earthquake large ground
deformations occurred and an EPS embankment under construction deformed
somewhat. The fill was, however, completed without adjustments and the finished
road is in normal service.
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Fig. 24 Setup for shaking table test on geofoam block structure [32]
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Fig. 25 Full scale seismic loading experiment on shaking table (EDO, Japan)
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2.5 Speed and Ease of Construction

For various reasons some construction projects have to be completed within a
minimum time span. With the light weight and relatively large volume per block
Geofoam blocks may come in handy when construction speed is essential. This has
proved the case in several projects [14].

When a high-speed rail service was to be established on the Manchester—
Liverpool railway line this involved replacing an old steel bridge from 1899 with a
new rail structure [40]. At the same time it was essential to keep the trains running
with only a short brake allowed in the railway services for replacing the bridge. The
bridge ran across a filled in river channel where various materials had been
deposited over a long period of time. The construction method adapted was first to
preload the subsoil with a 4.5 m high fill for a period of 9 months starting in 1997.
The preload was then removed, and a Geofoam fill constructed up to a level just
below the steel bridge with the bridge pillars still intact. Then the bridge was
demolished, the height of the EPS fill increased to a level somewhat below the new
track level and covered with a levelling layer of granular material. A precast
concrete trough was then lifted on to the EPS fill. A HDPE liner, ballast material
and rails were added on top of the concrete trough and the whole job was completed
within 100 h from the bridge was removed until trains were running again
(Fig. 26). The total volume of EPS blocks used with various densities, was
13,000 m’.

Gas blanket and geogrid "Berms” within
reinforced granular mattress EPS core

Fig. 26 Main components of EPS fill design for railway bridge replacement [40]
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2.6 New Applications

2.6.1 Lightweight Culvert Structure

In Dutch road engineering practice, the arching principle is used to design a
settlement-free tunnel construction integrated in an EPS embankment without a pile
foundation (Figs. 27 and 28). The modular system of corrugated steel sheet ele-
ments fulfilled the specific project requirements such as a free space for cyclists and
pedestrians, the available cover on the tunnel structure and the construction of the
cover layers and pavement structure for the traffic load over the tunnel. In terms of
both building costs and construction time reduction, the system offered advantages.
The oval tunnel system is based on the load distribution by normal force along the
“pressure points” in the steel shell construction. As an alternative to the standard

FArrerrrebbbnn —

Fig. 28 Finished structure (InfraDelft)
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design with compacted sand around the culvert, adequate side support is ensured by
a light-weight foamed concrete enclosure combined with stronger EPS blocks. Such
a tunnel construction is already in service under the new roundabout of the
provincial road N222 near The Hague. There are no technical restrictions regarding
either the profile or the traffic load over the considered tunnel system.

2.6.2 Seepage Mitigation

Geofoam blocks are used for slope stabilization in Japan and USA [41-44]. The
design guideline for using geofoam blocks for slope stabilization and repair projects
is based on the recommendation that geofoam slope system incorporate a drainage
system for preventing water accumulation above the bottom of the geofoam block
configuration [45]. However, the groundwater table may rise due to drainage
malfunction. The behavior of geofoam blocks has been studied in Turkey using
scaled physical slope experiments [23, 46]. Under the lights of this first study a
geofoam block assemblage called this embankment type configuration where the
backslope applies overburden along the geofoam block assemblage inside the slope
(Fig. 29) was proposed [24]. It has been shown that this embankment type con-
figuration could prevented both deep-seated failures of marginally stable sandy
slopes subjected to seepage and hydrostatic sliding along the base of the geofoam
block assemblage [24]. Further studies using geofoam blocks with internal drainage
system showed that this would further improve the performance of slopes under
seepage [25, 26]. However, the results of these laboratory studies can only be used
for providing information about the basis to understand the prototype behavior of
geofoam blocks in sandy slopes under seepage. It is recommended that the labo-
ratory small scale 1-g model test results must be verified by an instrumented pro-
totype model prior to implementing the recommended block assemblage in projects
[22-26].
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Fig. 29 Embankment type geofoam block configuration [24]
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2.6.3 Interface Shear Strength

Internal stability analysis of geofoam highway embankments consists of hydrostatic
sliding, transition due to wind and seismic stability [10]. The available shear
resistance in between the geofoam blocks needs to be evaluated for seismic sta-
bility. If this resistance insufficient, additional resistance can be provided by shear
key concept where continuous horizontal geofoam block planes are interrupted by
installing half blocks periodically in the geofoam block assemblage [39]. In addi-
tion, adhesives can also be used to increase interface shear strength [47, 48].
Alternatively, a concept with interlocked geofoam blocks has been proposed [49]
where the geofoam blocks have ledges and notches along their tops and bottoms,
respectively. Therefore, when they are placed on top of each other, horizontal shear
planes in between geofoam blocks are interrupted with interlocked configurations
[49]. The interlocking mechanism will increase the interface shear strength of
traditional geofoam block to geofoam block surface, and as the number of ledges
and notches are increased, the interface shear strength of interlocked blocks
approached to the internal shear strength of geofoam blocks [49]. Therefore, this
interlocking mechanism can be a viable alternative for the geofoam embankments
to be constructed in high seismic activity areas. However, due to the scale effect of
the laboratory specimens, conducting large scale shear tests were recommended
prior to using the interlocked concept in the field [49].

3 Material Specifications

When the first road project with EPS blocks was considered, the Norwegian Public
Roads Administration (NPRA) decided to define the compressive strength of the
EPS material at 5% strain when testing 50 x 50 x 50 mm cubes in an unconfined
compression test apparatus. With the use of EPS blocks for lightweight fill purposes
adopted in many countries and the manufacturers showing a higher interest in such
uses, more test methods have been introduced and a number of research projects
have been carried out on this topic including dynamic loading. Different block
shapes have also been tasted (cubes and cylinders) with dimension varying from
50 mm to 100 mm and even full-size blocks. The tensile strength behavior of EPS
geofoam has also been investigated [50] and found to depend on density. When
strong fill materials with high strengths are required Indian investigations [51] show
that expanded polystyrene-based geomaterial with fly ash can be used as a sub-
stitute for eps geofoam blocks.

This has resulted in both national and international standards being developed.
Within the European Union (EU) a standard EN 14933 “Thermal insulation and
light weight fill products for civil engineering applications—Factory made products
of expanded polystyrene (EPS)—Specification” came into force in 2009 [52]. Here
the strength of EPS material is defined at 10% strain tested on 50 x 50 x 50 mm
cubes, but requirements at 2 and 5% strain are added. Unit density is not set as a
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requirement in this connection. Discussions are, however, ongoing regarding the
size of specimens to be tested with the argument that larger samples will resemble
the behavior of full size blocks more closely. In this connection and in order to
harmonise requirements in EN 14933 with other CEN standards and Eurocodes the
European Manufacturers of Expanded Polystyrene (EUMEPS) has set up a special
task force to look into this matter.

The need for international standards is to harmonise material requirements to
facilitate free trade and fair competition. The efforts within EU is a start in this
direction, but at present most countries outside Europe adhere to local national
standards but some also follow the European standard. Although national standards
in general have similar requirements, a common international standard is not
expected to materialize sometime soon.

4 Design Considerations

With the known properties of EPS material used for load carrying purposes, normal
deign procedures may be used for selecting a suitable quality of EPS material for the
project in question. For road embankments a compressive strength of ¢ = 100 kPa
corresponding to density of some p = 20 kg/m3 will normally be sufficient, but
depending on the load situation other material qualities may be required.

For road fills involving Geofoam blocks, reduced loads are in most cases a key
issue and in such projects a 10-20 cm sparsely reinforced (to prevent curing and
temperature cracking) concrete slab is cast directly on top of the upper layer of
Geofoam blocks for load distribution purposes. A minimum road base is then
placed on top of the concrete slab before an asphalt topping or concrete pavement is
added. In countries with below zero winter temperatures the base layer should have
a minimum thickness (recommended 35 c¢cm in Norway) in order to prevent black
ice formation on the road surface during winter onset.

Since EPS material is soluble in petrol and other oil derivatives, some protective
cover should be provided above the Geofoam blocks in case of a major oilspill. The
load distributing concrete slab will act as a protective layer but in addition a
protective geomembrane sheet (HDPE or similar) is commonly placed to cover the
whole Geofoam structure. The membrane should have a thickness of at least
1.0 mm and be inert to petrol and other solving agents. So far no accidents
involving damaged Geofoam blocks due to oilspill have been reported on a road in
service and the risk for such incidents occurring is extremely low, but it is a
scenario to be prepared for. Even if such an incident should occur, repair actions
may easily be taken by replacing the damaged blocks.

In cases where maximum load reduction is not called for, a normal road base
may be placed on top of the Geofoam blocks, but again as a precaution a protective
geomembrane should be placed on the Geofoam surfaces. Other types of pavement
structures may also be applied depending on the loads involved and the strength of
the EPS blocks used.



26 R. Aabge et al.

For EPS fills with inclined side slopes, the Geofoam blocks should be covered
by a soil layer on the side slopes above the geomembrane. A minimum cover
thickness of 25 cm is recommended (Figs. 3 and 5).

For high Geofoam fills a lightly reinforced 10-20 cm thick concrete slab is
usually added for every 3.5-4 m embankment height. This will bind the structure
together and provide improved stability as well as evening out any minor height
differences between blocks.

In order to avoid long term creep effects in the EPS structure, it is common
practice only to utilise part of the short-term load capacity of the material in design
procedures. For normal projects a long-term/short-term load ratio in the range of 0.3
is commonly applied. This procedure is expected to limit creep deformations to 2%
over a period of 50 years. For transient loads a higher ratio may be applied. Also
with improved manufacturing processes this may allow for higher ratios in the order
of 0.40-0.45 to be used for permanent loads.

Although Geofoam blocks have a low unit density of p =20 kg/m’
(Y4 = 0.2 kKN/m®) when leaving the moulding form at the factory, some allowance
should be made in design calculations for possible later changes when placed in the
ground. For the first road fill in 1972 the NPRA adopted a design unit density of
p = 100 kg/m® (y4 = 1 kN/m?). Based on later experience this design rule has later
been changed to p = 50 kg/m® (yq = 0.5 kN/m®) for Geofoam blocks placed in a
dry position above the groundwater table while the design load for temporarily or
permanently submerged blocks have been maintained at p = 100 kg/m’
(va = 1 kKN/m?). Similar design rules apply in other countries.

Submerged EPS blocks may become buoyant depending on the water level and
the weight of the pavement structure on top of the blocks. The factor of safety
against uplift must therefore be considered. Normally, EPS blocks are placed in a
drained condition above the groundwater level. For buoyancy calculations a
nominal density of p = 20 kg/m® (y4 = 0.2 kN/m?) should be applied if this is the
material density of the EPS blocks used and the corresponding factor of safety
against uplift should be y,,, > 1.3 based on the highest probable water level with a
return period of 200 years. The factor of safety is calculated as the total weight of
the fill divided by the occurring uplift force.

Since the EPS blocks may be considered as closed bodies where only minute
amounts of water will enter when the blocks are suddenly submerged, the resulting
buoyancy force per unit volume may be calculated as the difference between the
unit density of EPS and the unit density of water, i.e.:

Fop = Ygps — Yy = 0.2-9.8 = —9.6 kN/m’ (1)

For the special blocks designed for reducing buoyancy forces as mentioned in
Sect. 2, the buoyancy force calculation will be different.

The fill must have sufficient safety against uplift both during the construction
stage and later.

In order to provide sufficient internal stability in fills on slopes, a minimum
width of 2.0 m is generally required at the foot (Fig. 6). Also sufficient drainage
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must be provided in order to prevent ponding of water and resulting horizontal
forces, particularly on slopes. For high embankments, wind forces must also be
considered, both during the construction stage and for the completed structure.

On slopes, particularly where high fills are involved, the need for proper
anchorage should be analyzed separately. The anchorage should provide support for
horizontal forces from vehicles hitting guard rails or side barriers and soil pressure
on the structure.

When EPS is used as fill adjacent to and in contact with bridge abutments,
retaining walls etc. the ratio between horizontal and vertical stress on the structure
may be considered as op/c, = 0.1. This implies that the ordinary fill material
adjacent to the EPS fill is terminated with a stable slope so that no soil pressure is
exerted on the EPS fill.

5 Construction Procedures

When the use of Geofoam blocks started, there was some concern regarding
interface friction between blocks and possible block movements both during con-
struction and later due to traffic forces. To eliminate such risks timber binders was
used to bind the blocks together. The friction coefficient between adjacent blocks is,
however, relatively high (u = 0.7) and it has been shown that when the fill is
completed, the internal friction is sufficient to maintain a stable structure. In areas
with seismic activities timber binders will, however, assist in preventing sliding of
individual blocks. During construction high speed winds may create suction forces
that can lift and shift individual blocks. In such cases timber binders or similar
arrangement may be recommended. Gluing the blocks together is also a procedure
that is known to have been applied.

EPS is a combustible material and in order to prevent fire accidents, a flame
retarding agent [hexa-bromo-cyclo-dodecane (HBCDD), a brominated flame-
retardant (BFR)] was for some period added to the EPS material in the produc-
tion process. This practice has since been abandoned in Europe for environmental
reasons as the HBCDD material is shown to accumulate in the ground, particularly
near the production plants. When non-flame-retardant Geofoam blocks are used, the
construction process and storage pile should be under constant surveillance on the
construction site until the whole fill is covered, pavement placed on top and soil on
side slopes (if relevant). When the structure is completely covered, fire hazards are
eliminated.

5.1 Evenness and Tolerances

Before placing the first layer of blocks the ground surface should be prepared to
form an even and level surface. A normal requirement may be that deviations in the
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subsoil stratum from an even surface should be 10 mm or less measured with a 3 m
straightedge. Blocks should not be placed on frozen subsoil.

When placing the EPS blocks, a continuous check should be kept to ensure that
the evenness of the blocks is satisfactory in each layer. The importance of this factor
increases with the height of the fill.

When more than one layer is applied, the EPS blocks in different layers should
be placed with the longitudinal direction at right angles to each other and adjacent
blocks in the same layer should be shifted about half a block length in relation to
adjacent blocks in order to obtain an interlocked, stable structure and avoid con-
tinuous vertical joints running through the structure (Fig. 30). This is a very
important part of the construction procedure

The different layers in an EPS fill should be parallel to the bearing courses. If the
road surface is designed to have a two-way (roof type) cross fall, the EPS fill should
still be placed in parallel layers. The specified cross fall may be achieved by
adjusting the thickness of the pavement structure accordingly. End adjustments
using EPS chips or thin boards (<10 cm thickness) should not occur.

For fills with normal side slopes of 1:1.5 or 1:2, the side slope of the EPS fill is
often terminated with a side slope of 2:1. For very soft subsoils less steep side
slopes may be considered in order to reduce loads on the subsoil and prevent
excessive settlements. All types of fill material may be used on side slopes. The
minimum thickness should be at least 0.25 m. After placing the protective mem-
brane against the EPS side slopes, a geotextile cloth is often also added on top of
the membrane before placing the soil cover.

In order to obtain a solid, homogeneous structure variations in block dimensions
must be kept within certain limits. The shortest side of any block should at least be
0.5 m if not otherwise specified and the block length at least be 2.5 m. Block sides
should be plane and at right angles to each other. Tolerance levels for given
dimensions (length, width, height) is normally set to be within 1% and block
surfaces should not deviate from a plane surface with more than 5 mm measured
with a 3 m straightedge. Differences in heights between adjacent blocks in the same

Fig. 30 Interlocking
alignment of blocks in
different layers (NPRA)
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layer should not exceed 5 mm. Particular care should be taken if the blocks are
delivered from different producers.

When placed in curves, small vertical gaps between blocks may occur. In such
cases it is recommended to fill the gaps with LECA spheres (Light Expanded Clay
Aggregate) of some other granular material.

5.2 Guard Rails

For road embankments above a certain height guard rails are normally required.
For EPS fills guard rails may be anchored in the concrete slab (Fig. 31) the EPS
blocks (if the slab design solution is used).

Guard rails may also be anchored by using a special arrangement (Fig. 32). If the
concrete slab on top of the EPS is omitted, a similar arrangement may be used by
reducing the width of the upper block layer by some 0.5 m replacing the EPS with
ordinary fill materials instead.

Where EPS fills are used against bridge abutments, special concrete aprons may
be installed in the transition zone between the EPS fill and bridge abutments or
culverts to reduce settlement differences. The concrete apron may be 200 mm thick
and 3-6 m long (in the direction of the road) cast with a high strength mix design.
A joint should be provided between the apron and the concrete slab above the EPS
blocks if a slab is used.

Construction of EPS fills may be performed during winter if the ground has been
levelled and no frozen subsoil is present.

5.3 Quality Assurance

A producer of EPS blocks should at the latest, when a tender for delivery is opened,
produce documents giving details of the quality assurance system applied in the

Guard rail pole

~ Road r— Concrete slab /— Concrete or plastic pipe
* wln _\ filled with gravel
T Mo Hi=

Fig. 31 Anchoring of guard rails (NPRA)
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Fig. 32 Arrangement of guard rails for EPS fill with a vertical termination (NPRA)

production process. Quality certificates should be submitted for blocks delivered on
site and detailed requirements for such documentation may be specified (i.e. like in
EN 14933). Sampling should be performed by the authorities in charge of con-
struction and the samples tested according to the specified quality control before the
blocks are placed in the fill.

Selection of blocks for quality control should be made at random, but evenly
distributed among any set of blocks. The frequency, when testing for material
strength, may be as shown in Table 1. Sampling of test specimens may be per-
formed as shown in Fig. 33. Block dimensions and evenness may be checked on
one in every 25 blocks. Requirements regarding evenness and level of subsoil
surface below the EPS may be checked in a cross-section profile for every 10 m of
road.

For a specified EPS strength quality of c = 100 kPa the average value for tested
blocks should not be less than 100 kPa. The average value for individual blocks
(minimum 6 samples) should not be less than 90 kPa and no single test result
should be less than 80 kPa. This is a type of acceptance values that may be used.

Table 1 Frequency _Of Size of fill (m?) Number of blocks to be checked
control for compressive 500 Mini 3 block
strength (NPRA) <50 inimum ocks

500-1000 Minimum 5 blocks

>1000 Minimum 5 blocks pr. 1000 m*
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Fig. 33 Possible sample pattern for testing material strength (dimensions in mm) (NPRA)

6 Monitoring Programmes

Expanded polystyrene is a very stable compound chemically and no material decay
should be expected when placed in the ground and protected according to the
present design guidelines. Still, since the first road insulation project with EPS was
performed in Norway in 1965 and the first EPS lightweight embankment was
constructed in 1972, EPS embankments have been monitored for long term per-
formance [29] along the lines followed for other lightweight fill materials used in
road constructions. The monitoring programme has over a period of some 46 years
focused on the following material properties:

e Material behaviour

— Compressive strength
— Water absorption
— Decay

e Deformation

— Total embankment deformation and deformation in EPS layers
— Creep effects

e Stress distribution
Reduced lateral pressure
Bearing capacity.

Also laboratory and full scale tests have been performed related to stress dis-
tribution and deformations in the EPS material.

Measured values show that the material strength is maintained during the
observation period and even a slight increase in strength has been indicated.

Observations of unit density furthermore show that the design unit weight of
Ya = 0.5 kN/m? is not exceeded for embankments with EPS material placed above
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the groundwater table. The corresponding water content is measured to below 1%
by volume and no change is observed with time.

In blocks, which are periodically submerged, water contents of up to 4% by
volume have been measured. In permanently submerged blocks measured water
contents have reached values close to 10% by volume with some increase over the
years. Further increases above 10% by volume are, however, not to be expected. For
submerged fills the average density is therefore of the order of p = 90-95 kg/m’
after some 20 years in the ground. The water content decreases rapidly in blocks
above the water table and show values for drained conditions only some 200 mm
above the highest water level.

As expected excavated blocks from permanent and temporary structures show
no visual sign of decay. Furthermore no indication of insect attacks have been
observed and the EPS material has no nutritional value for either insects or animals.
Rodents have, however, in one case been observed to have excavated their own
small den for housing purposes. This had, however, not impaired the function of the
EPS fill.

In EPS fills subjected to normal loads (weight of concrete slab and bearing
course layers) deformations of the order of 1% of the fill height have been observed
after the load has been applied. Even in fills supporting higher loads as shown in
Figs. 16 and 17, deformations of the same order and with minute creep effects over
time have been observed. Deformations and creep effects vary, however, somewhat
for the different block layer.

Summing up, the overall results form the monitoring programme indicate that
the EPS material behaves as expected and that the selected design parameters
provide stable and satisfactory structures for long time performance [29].

Similar monitoring and research programmes performed in other countries show
results along the same lines.

7 Failures

Of the several EPS projects now completed in many parts of the world, only a few
known failures have been reported. Two failures are associated with water fluctu-
ations and buoyancy forces. The other three are caused by fires.

On the 16th of October 1987 Northern Europe experienced exceptionally strong
storms with high wind velocities and high rainfall intensities. Norway was also
exposed to major floods, and in the Oslo area the first EPS fill built in 1972 floated
off as did an adjacent section of motorway constructed some years later. What was
wrong? Had the dangers of buoyancy forces not been considered? Yes, such cal-
culations had been performed, but the highest possible flood level predicted at the
design stage in 1972 was 0.85 m lower than the flood level that occurred in October
1987. It was therefore rainfall and flood level predictions in 1972 that were
misleading.
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Also the second failure reported from Thailand involved an unexpected high
water level causing a completed road fill to be washed away. It should therefore be
duly noted that the dangers of buoyancy forces should be carefully studied when
considering the design of an EPS fill. Often soft subsoils are located in lowland
areas subjected to flooding. In such cases accurate predictions of the highest pos-
sible water level are essential to obtain a safe and lasting road structure.

An incident is also reported from Crayford near London, England in 2016 where
16 cars were damaged in an underground carport when a 24-in. pipe burst and
flooded the carport. The EPS boards used under the parking level in this case,
became buoyant and the car roofs crashed against the ceiling of the carport. The
flooding was of course very unfortunate and unexpected.

Ordinary polystyrene is a combustible material and will burn when set on fire.
For this reason some precautions should be taken when constructing EPS fills using
normal quality material as describes in Sect. 5. Such precautions may include
fencing in any stockpiles at the construction site and provide guards round the
clock, or place the blocks directly in the fill when they arrive on site, working round
the clock if necessary. However, once the EPS is covered by the pavement material
on top, and soil on the slopes, there will not be sufficient oxygen available to sustain
a fire.

Two failures due to fires have occurred in Norway, and both were caused by
welding activities on bridge abutments adjacent to EPS fills during the construction
phase. In the first case 1500 m> of EPS were transformed into black smoke in a
matter of some 10 min. The concrete bridge abutment was also damaged due to the
heat developed with concrete spalding from the reinforcing bars (Fig. 34). Since the
fire was initiated by sparks from welding activities on the bridge, the contractor
responsible for the welding had both to repair the bridge abutment and replace the
EPS fill at his own expense. A similar incident occurred in 1995 and again the
repair costs had to be covered by the contractor responsible for the welding
activities. The fire potential should therefore not be overlooked.

8 Reuse of EPS

When the first EPS fill in Norway at Flom bridge floated up in 1987 as described in
Sect. 7, there was at the same time an incident in downtown Oslo where a sheet pile
wall, for a deep excavation next to a road off ramp, was on the verge of collapsing.
This required a rapid temporary removal of the off ramp, but since the ramp served
a busy traffic intersection, it also needed to be quickly repaired. At the time in
question block manufacturer could not supply new blocks as quickly as required.
Instead the blocks that was removed from the Flom bridge area, was reused to
quickly repair the off ramp in downtown Oslo.

In 2006 two embankments on Euroroad 6 in the southern part of Norway
(Lokkeberg Bridge Fig. 16 and Hjelmungen Bridge Fig. 17) was removed partly
due to widening but also due to changes in the alignment of E6. These blocks were
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Fig. 34 Bridge abutment damaged by EPS blocks put on fire (NPRA)

also examined and checked as part of the monitoring programme and it was decided
to reuse more than 5000 m> EPS blocks (Fig. 35) on other EPS embankments
connected to the E6 project. Some 17 years after the blocks were first placed, test
data show results well above that of a normal EPS quality (average value of
o = 104.6 kPa for p = 20 kg/m’ material).

The Carousel Shopping Mall in Syracuse NY was constructed in 1989 using
28,000 m? of EPS geofoam blocks to control perimeter settlements of al large mat
foundation. After four years of service expansion of the mall was required and
geofoam blocks along 100 m of the foundation wall were removed. All of the

- o \;;' e 5._- - -
T AP RTEN
Fig. 35 a Stockpile of EPS from Lekkeberg Bridge. b Reuse of EPS blocks from Lekkeberg
Bridge (NPRA)
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exhumed blocks, except ones damaged in the process of recovery, were in good
condition and were reused for the expansion construction. The performance of the
reused EPS blocks has been satisfactory over more than 20 years.

The major volume of EPS material worldwide is produced for packaging and
insulating purposes and this has to some extent become an environmental problem
since packaging use is only temporary with a large volume of discarded material
accumulating. To counter this effect collecting systems have been established in
many countries and the manufacturers are now adding some amount og discarded
EPS material into the production of new Geofoam blocks. With a recycling content
of some 20% at present this may cause some greater variation in material quality of
the finished product.

9 Conclusions

All knowledge gained form research activities involving both lab tests and full scale
monitoring programmes as well as experiences form construction activities, confirm
that the use of Geofoam blocks in civil engineering projects may provide satis-
factory solutions. Whether Geofoam blocks are to be considered favourable on a
certain project, will depend on many factors like local technical conditions, econ-
omy and construction time allowed. With the number of new countries adopting the
method and with the increasing number of projects being completed, it will not
come as a surprise if such use of Geofoam blocks will escalate further. New
application forms may also well be introduced increasing the use even further.

So stick to the motto:
Be bright,

think light and

do it right.
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Embankment with Vertical Sides Gesiia

Milan Duskov and Johan de Jongh

Abstract New section of the motorway A4 in the urban area between Vlaardingen
and Schiedam is constructed in a concrete tunnel realized on ground level and
covered by soil for a minimal environment impact. This new A4 route crossed the
existing tram tracks. The construction of the tunnel with belonging embankments
resulted in a 6 m high position of the tramway overpass. Despite low bearing
capacity of the local subsoil the strict settlement requirements were valid for the
> 180 m long embankments on both sides of the motorway tunnel. Additionally
complicating aspect was the realization period of only twelve weeks. Also the
inconvenience to local residents living in surrounding large apartment buildings had
to be minimized. Therefore, almost entire embankment length has been realized
using 22,000 m> EPS geofoam blocks. Applied embankment cross section design
with vertical sides without slopes made it possible to realise the cross sections in two
phases. Firstly, the northern cross section half with a pavement structure at the top
was completed. Otherwise the original tram line could not stay in service during time
of construction and the deadline of twelve weeks could not be met. These twelve
weeks were necessary to complete the embankment cross section with the southern
half. The new tram tracks are assembled at the top of it. The applied design approach
for a phased realization of the 20 m wide lightweight embankment cross section is
unique for Dutch engineering practice.
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1 Introduction

In the urban area between Vlaardingen and Schiedam (nearby Rotterdam) a new
section of the motorway A4 was built in a concrete tunnel realized on a ground
level and covered by soil. This costly approach was chosen in order to minimize
environmental impact of the motorway. Consequently, a new tramway overpass
became necessary since a level crossing was not possible any more. The con-
struction of the land tunnel with belonging embankments resulted in a 6 m high
position of the tramway overpass. Due to this altitude difference, a total of 400 m
long combined tramway and road embankments were built on either side of the land
tunnel. Those embankment lengths were necessary in order to raise the level of the
tramway to the correct grade. In the terms of bearing capacity the embankments had
to provide adequate support not only for the layers of base an surface courses that
make up the tramway but also for a pavement structure suitable for heavy freight
traffic in the event of a disaster. The pavement structure belongs to the road parallel
to the tramway path usually in serve as a cycle path.

Despite the on-site thick compressible soil layers and the lack of preloading for
proper consolidation, only negligible settlements of the new tramway track were
acceptable. The strict set-up requirements represented a drastic limitation of design
freedom. This actually required a settlement-free and maintenance-free solution
scenario. In addition, the cost aspects obviously weighed heavily, and the tram line,
excluding the 12-week out of service summer schedule, had to continue to function
normally. The commissioner also demanded to minimize the inconvenience caused
by construction activities for the inhabitants of the neighbouring apartment build-
ings. The tram line embankments cross the urban area with high buildings located
right next to the route. These complex boundary conditions dictated the application
of the ingenious design methodology and a proper realization approach for the new
tramway track embankments.

2 Situation Description Including Subsoil Profile

In order to gain a complete insight into the local soil profiles, cone penetration tests
and drillings have taken place along the A4 route including the intersection site. An
approximately 10 m thick compressible package of peat and clay layers with the
underlying Pleistocene sand was found along the tramway route. In view of a total
length of approximately 400 m of the designed lightweight embankments, for each
representative cross section the nearest CPT results are implemented in their Plaxis
models. No preloading sand fill was placed to accelerate primary consolidation on
both sides of the motorway tunnel.

The original tramway track was almost at ground level between NAP —1.3 m
and NAP +1.6 m. NAP is Dutch abbreviation for average sea level. The tramway
viaduct at the site of the land tunnel reached the level at NAP +5.4 m and that
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Fig. 1 View from above of the lightweight EPS fills under construction of the intersection of the
tramway and the A4 route

height difference had to be bridged with adequate embankments without causing
significant settlements. The slope of the tram track has an angle of 3.1% (=1: 32.5)
on both sides. As a result, the ramps are relatively long, about 175 m in the
Schiedam area and about 230 m on the western side. How the route is adjusted
along the existing tramway can be seen in Fig. 1. At that stage the old tramway is
still in service despite the parallel located EPS fills belonging to the cycle path.

The consequence of creating a space for the parallel cycle path was the width
doubling of both the embankments and the tramway viaducts. Even by means of
using the EPS-geofoam blocks it was impossible to realize 20 m wide, up to 6 high
and 400 m long embankments during only 12 weeks. The solution was found to
prolong the time in service of the old tramway by constructing first 50% of the
embankment cross section under the cycle path without slopes. Due to the proper
design which included vertical sides instead of slopes the original tram track could
stay in service and the construction of the parallel lightweight embankment could
be continued without problems.

3 Cross Sections of Lightweight Embankments

Figure 2 illustrates schematically the whole cross section of the lightweight
embankment west of the motorway A4. As shown in Fig. 2, the EPS package has
vertical sides. As mentioned above firstly the cross section part under the cycle path
was realized. The pavement structure of the cycle path is designed for heavy trucks
to be used in case of calamities. It means that the cycle path does not differ from a
normal road structure in terms of bearing capacity. A cement-bonded layer at the
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top of EPS ensures both adequate load distribution under traffic loads and vertical
support during compaction of higher unbound road base layers in the construction
phase. In addition, according to the instructions given by the client, (green) steep
walls are drawn for esthetical reasons, but those provide no horizontal support to
the EPS embankment.

Convincing the authorities involved (the Rotterdamse Elektrische Tram—RET is
the main public transport operator in Rotterdam, the municipalities of Schiedam and
Vlaardingen and Dutch Rijkswaterstaat—RWS) that relatively heavy trams with
associated axle loads can drive approximately 6 m above ground on top of the EPS
fills with an elastic modulus of < 10 MPa, required extensive model analysis. In
addition, the sides of the phased realized embankments are virtually vertical. In this
scope, inter alia, parameter analyzes were made with interface elements to inves-
tigate the friction between the EPS blocks/sublayers and to ensure adequate toler-
ances. All kinds of sometimes far-reaching scenarios have been elaborated with
regard to possible load patterns, subsoil behaviour and covering side constructions.
Also detailed solutions for rainwater drainage, cables, masts foundations and
transition structures required attention. The project license has only been granted on
the basis of detailed explanations.

The advanced Soft Soil Creep and Hardening-Soil models were applied for the
Plaxis calculations. The iterative approach involved the use of step-by-step changes
in the models per selected scenario which was influenced by interaction with the
client. All representative cross profiles were modeled were only after the iteration
process resulted in a high degree of certainty about the contours of the design
solution. The resulting settlements are illustrated in Fig. 3.

estetic
gabion

3.740 1660  3.809 EPS fill with

-2.00% 2.00% § | vertical side
— E——E - = H o\

=—ground water level = -2,75 m

Fig. 2 Characteristic cross section of the lightweight embankment including the tram track west
of the A4 land tunnel with schematically indicated EPS package



Dutch A4all Tramway EPS Embankment with Vertical Sides 45

2000 4000 6000 8000 10000 12000

E = 002

= E =i

s £ 003
@ - B
E 004
] —d— C
'E 0.05

"

'E = 0.06

2 ﬁ -0.07 ~
S oo0s \

014 -0.09
Time (days) i \‘
) Time (days)

Fig. 3 Deformed Plaxis model of a cross section of the A4-tramway embankment with a
relatively thick upper structure on top of a 20 m wide and 6.5 m thick EPS fill with vertical sides
and Plaxis results for the settlements

4 Realization

Regarding minimization of the impact of contraction works for the residents, it was
a proper choice to implement largely the lightweight EPS fills. The manual stacking
of EPS blocks is completely silent and the mechanical supply only causes usual
traffic noise. As part of reducing the total load on compressive soil layers, the top
soil layer is excavated without further influence on the local situation. The upper
ground layer has been replaced by the lightweight embankments without significant
additional load on the subsoil. Therefore the settlements in the adjacent area were
by definition excluded. In other words, despite the compressible subsoil, the chosen
design methodology excluded any significant impact on the neighboring objects.
The adjacent old tram track on the ground level could thus remain in service until
the last moment. As a result, it was possible to autonomously realize one half of the
embankment cross section for the cycle path/road road construction.
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Fig. 4 The first autonomously completed embankments cross section part for the bicycle cycle
path/road construction over the future motorway A4

Regarding the completion of the tramway embankment part, the RET deadline
period of 12 weeks has been strictly taken into account. The construction time with
the EPS geofoam blocks actually depends on the delivery logistics. As mentioned
before, this construction time was additionally shortened by first realizing the entire
cycle path embankment cross section part as illustrated in Fig. 4.

From the aesthetic point of view, decorative gabions are placed along the vertical
sides without supporting the EPS fills of other constructive contribution. That was a
choice of involved architects and made only more complicated for the designers.
“The eye also wants something” is understandable credo, but this choice did lead to
undesirable additional line load on the subsoil along the embankments. Technically,
EPS geofoam sides could be covered much cheaper and without significant addi-
tional loading. Longer than half a year there was only a membrane cover over the
sides as shown in Figs. 5 and 6.

5 Extra Benefits Due to Applied Design Methodology

In case of the EPS embankments their slopes are functionally not necessary. Thanks
to sufficient friction between EPS-blocks combined with low Poisson’s ratio of this
material enough stability of properly designed lightweight embankments with
vertical sides is guaranteed. Such a design implicated following additional advan-
tages over traditional embankments with slopes: lower construction costs (by the
use of less EPS geofoam and less ground area), less space needed, phased con-
struction and shorter construction time, no settlement directly along the EPS fills
and no additional load on the underground infrastructure directly along the route.
However, this new design solution requires specific expertise.

The cause oriented design methodology was aimed at excluding/preventing
additional loading on compressible subsoil layers after completion of the tramway
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1" phase:
Cycle path
(VWest)

Fig. 5 The two-stage realization for the cycle path/calamity road on one side and the tramway
over the A4 on the other

Fig. 6 The EPS fill (covered temporarily only with a membrane) with virtually vertical sides
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Fig. 7 Evaluation photos prove that no settlement differences have occurred after four year in
service of the lightweight embankments with the tramway tracks and the cycle path/calamity road
construction

embankments. By avoiding triggering the consolidation process, the maintenance in
the future are practically marginalized. A visual inspection of the project site
confirms that lightweight embankments built-up with EPS blocks, if properly
designed and realized, are virtually maintenance-free. No settlements differences
are noticeable at the connection points more than three year after the opening of the
tramway embankments as shown in Fig. 7.
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Abstract Norwegian Public Roads Administration is building Farris Bridge on
European road 18 in Larvik. The total length of the Farris Bridge is 570 m. EPS
Geofoam is used in the bridge abutments. Ordinary stone embankments as bridge
abutments would have created large settlements. Use of EPS Geofoam is also a very
economical alternative compared to a piled embankment inside the abutment. The
total volume of EPS in the bridge abutments is 11,000 m’, with 4000 m’ in
abutment east and 7000 m> in abutment west. The quality of EPS used is mainly
with strength 180 kPa. In some highly stressed zones of the embankments, the
strength of EPS is 300 kPa. Result of testing for quality control is included in the
article.

Keywords EPS embankment - EPS abutment - Farris bridge - EPS abutments

1 Introduction

The southern regional road department of Norwegian Public Roads Administration
(NPRA) has been constructing a bridge over a lake called Farrisvannet in Larvik.
The bridge, called Farris Bridge, extends over a span of 570 m including via ducts
at the west and east side of the bridge (Fig. 1).

2 EPS Geofoam Blocks in the Project

The abutment at the east side of the bridge was to be founded on a soft clay soil
deposit with a low bearing capacity. The project evaluated different mitigations to
alleviate the bearing capacity problem of the underlying soil. Among others,
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Fig. 1 Overview of Farris bridge

foundation on piles were considered, but the use of EPS geofoam was favored
because it was found to be the most cost effective geotechnical solution for the
project [1]. EPS geofoam blocks were therefore used to make up the filling inside
the abutment.

EPS geofoam was also used in the road embankment just behind the abutment
for the same reason of low bearing capacity of the underlying soil and to secure a
smooth transition between the road embankment and the bridge.

The abutment at the west side was also constructed with the use of EPS geofoam
to reduce settlement, to reduce lateral pressure on the wing walls and to satisfy
esthetic requirements. If crushed stone were to be used as a filling, it would have
resulted in large settlements and heavy wing walls.

The total volume of geofoam used in the east and west abutments of the Farris
Bridge is approximately 11,000 m>. The east side abutment had 3300 m® geofoam
filling and the west side had 7700 m’ (Fig. 2).

§ 

Fig. 2 Typical 3D-model of EPS geofoam filling at the west abutment. The red part is EPS blocks
with compressive strength 300 kN/m? and the grey part is EPS blocks with compressive strength
180 kN/m?
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3 Construction of the Geofoam Filling

The geofoam blocks that have been used in the project were delivered as full
size blocks. The contractor at the project had little experience with the use of
geofoam blocks and hence ordered these large blocks instead of the usual block
size (2420 x 1220 x 500 mm) as suggested on NPRA’s guidelines [4]. The
large blocks were heavy for hand lifting and two to three people were needed to
place them in place even with the use of lifts. This resulted in longer installation
time (Fig. 3).

Later, the contractor ordered the usual standard size EPS geofoam blocks for the
last few deliveries.

EPS geofoam blocks with compressive strength of 180 kN/m®> at 5%
deformation constituted large part of the filling. Blocks with higher strength were
also used at selected sections and these had a strength of 300 kN/m?* at 5%
deformation.

Fig. 3 Placing the EPS geofoam blocks at the construction site
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4 Challenges at Construction Site

4.1 Fitting the EPS Geofoam Fill

Crossfall for the bridge is 7.5% and hence presented a challenge in placing the
geofoam blocks to fulfill the crossfall requirement. The requirement was met by
leveling of the roadbed. The subgrade had to be shaped with 7.5% inclination. This
has resulted in extensive follow up during construction of the EPS geofoam filling
during fitting the blocks at the boundary with the wing walls and at the foundation
level. Fitting the EPS geofoam blocks against the wing walls took the major part of
the construction period for the EPS filling (Fig. 4).

4.2 EPS Geofoam and Surface Water

Another challenge during construction was how to handle surface water at the
construction site. The client has experienced an uplift of the EPS filling at the west
side during the construction period. In order to mitigate the problem, temporary
drainage systems were installed. The drainage system helped to get rid of the
surface water away from the EPS filling. The client decided to keep the drainage
system until the EPS filling was surcharged by the approach slab of the bridge.
Potential buoyancy was designed according to NPRA guidelines [2].

Fig. 4 Crossfall of 7.5% for the roadbed and storage of geofoam blocks at the construction site
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Fig. 5 Cutting the EPS geofoam blocks with hot wire apparatus at the construction site

4.3 Sizing of the EPS Geofoam Blocks

Under placement of the geofoam blocks, adjustment to their size was done by the
use of hot wire. The method was easy to perform at the construction site and
resulted in clean cuts of the blocks. Usage of hot wire also minimized the waste
material which would have been spread and difficult to contain at the construction
site and hence little environmental impact for the surrounding area (Fig. 5).

At the end of the EPS filling of the abutment, the filling was constructed such
that it will be easy to continue with a new EPS filling of the road embankment
behind the bridge abutment (Fig. 6).

5 Delivery Control

The client of the project, NPRA, has performed delivery control at the construction
site. The delivery control includes follow up of proper labelling and spot tests of the
EPS geofoam blocks.

EPS geofoam blocks delivered at the start of the project did not have proper
labelling and lacked labels such as block number, production date and strength and
deformation values. The contractor later ratified the lack of labelling at the request
of the client. Due to the lack of labelling of the production date of the blocks, the
contractor agreed that the delivered blocks had been stored for 10 days before
installation.
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Fig. 6 EPS filling at the end part of the abutment filling—ready to be connected to the next EPS

filling

Spot test were performed on samples collected at the construction site [3]. The
spot tests were done at the NPRA’s laboratory and the large size of the blocks
presented some challenges with respect to cutting out test samples at the laboratory.

The Figs. 7 and 8 present samples of summary of spot tests. The results were
inside the allowable range even if some of the results were close to required lowest

values.

Abutment axis 10

Compressive Average Lowest
Strength Singel block singel test

Sample No. Block No. Required > 90% Required > 80%
2130252-070 171,10 116 171 158,50
2130252-071 188,40 126 188 176,20
2130252-074 177,80 862 178 172,90
2130252-075 172,50 861 173 163,80
2130252-076 194,90 838 195 187,80
2130252-077 168,90 763 169 158,90
2130252-078 170,30 764 170 158,90
labprgvel 194,00 1 194 182,00
labprgve2 188,20 331 188 189,00
labprev 189,50 292 190 176,00
Average Strength (kN/m2) 181,56

Required Strength (kN/m?2) 180 _ 162] 144]

Fig. 7 Spot test results of EPS 180 blocks used in the abutment at the west side
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Abutment axis 10
Compressive _Average _Lowest
Strength Slngel block smgel test

Sample No. Block No. Required > 90% | Required > 80%
2130252-079 302,80 252 303 276,30
2130252-080 268,50 251 269 256,50
2130252-081 319,30 319 312,60
2130252-082 305,90 306 299,10
2130252-083 303,30 196739 303 299,30
labprove 317,50 318 312,00
labprave 322,30 322 315,00
Average Strength (kN/m2) 305,66
Required Strength (kN/m2) 300 | 270] 240|

Fig. 8 Spot test results of EPS 300 blocks used in the abutment at the west side
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EPS Geofoam Used in E16 ®
Sandvika—Weyen Sheck o

Ermias Hailu Mijena

Abstract The Norwegian Public Roads Administration is building a new four lane
motorway between Sandvika and Wayen. The construction involves development
of new intersections with a planned terrain elevation of up to 7 m, in areas with soft
clay. This is challenging with respect to ground stability and settlements. Especially
since the existing road, that was built in the 1980s, has already experienced set-
tlements of 1.5-2 m. The designed solution has therefore involved extensive use of
EPS in combination with granulated foam glass. In total 3 EPS-fill will be con-
structed during the project and one of them is placed on lime/cement reinforced
ground. The most comprehensive fill will have a volume of approx. 11,000 and
27,000 m? for the project in total. The compressive strength of the EPS is 100 kPa.

Keywords Design-construction + Embankment - EPS geofoam
Stability - Settlement

1 Introduction

EPS has been used in road filling over soft soils in Norway since 1972 [1]. It is used
to reduce lateral loading on retaining structures, as soft soils remediation, for slope
stabilization, to reduce the load on buried pipes etc.

The soil condition in the project area is predominantly a highly compressible soft
clay. Therefore, control of settlement and stability of the area is crucial. Thus,
various ground improvement methods such as lime cement columns, piling and
lightweight fills with EPS geofoam and foam glass were implemented during
construction of the embankments.

There exists three lightweight fills with EPS blocks at different locations in the
project. In this paper, it will specifically be discussed about the two largest light-
weight fills (L1 and L3). Lightweight fill L1 comprises of about 11,000 m®> EPS

E. H. Mijena (X))
Norwegian Public Roads Adminstration (NPRA), Oslo, Norway
e-mail: ermias.mijena@vegvesen.no

© Springer International Publishing AG, part of Springer Nature 2019 57
D. Arellano et al. (eds.), 5th International Conference on Geofoam Blocks
in Construction Applications, https://doi.org/10.1007/978-3-319-78981-1_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-78981-1_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-78981-1_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-78981-1_4&amp;domain=pdf

58 E. H. Mijena

blocks. Lightweight fill L3 comprises of about 27,000 m® EPS blocks and
22,000 m® of foam glass. The supplier of the blocks is Bredr. Sunde AS EPS
geofoam is available in various densities and compressive strength. The blocks,
which were used in this project, have a compressive strength of 100 kPa (at 5%
strain) and a density of 19 kg/m’. The dimension of the block is 0.5 m high, 1.2 m
wide and 2.4 m long. The dry unit weight of the block is 0.5 kN/m® and the
saturated unit weight is 1.0 kN/m>.

2 The Project Description

E16 is the main artery between Oslo and Bergen. The project is located 18 km from
Oslo central railway station. It is as part of the plan to build a new four lane
motorway from Sandvika to Skaret. The project planning and design is divided into
three phases: The first phase, Woyen—Bjerrum, construction completed and opened
for traffic in 2009. The second phase, Sandvika—Weyen, is currently under con-
struction, and the third phase, Bjerrum—Skaret, is still on the design phase.

The route E16 Sandvika—Wgayen is about 3.5 km long. The design of the project
was done by Aas-Jakobsen AS with Geovita AS as a geotechnical consultant. The
construction of the project is divided into two contracts. The first contract,
Bjernegard tunnel, is stretching from Sandvika to Barumsveien (Rud) and com-
prises construction of about 2.3 km long motorway tunnel. The second contract is
stretching from Rud to Veyenenga and includes the construction of about 1.6 km
long motorway. The project will be finalized in summer 2019 (Figs. 1 and 2).

E16 Bjgrnegardtunnelen

E16 Rud-Veyenenga -; .I'-
Sandvika Ring .
Local road system

Fig. 1 Overview of E16 Sandvika-Wgayen
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1 BridgeRemining wall construction \ L | \
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]  Piled with concrete slab

Piled embankment with pile caps

[ ] Lightweight fill with EPS and foam glass

— - — Construction site boundary

Fig. 2 Overview of E16 Rud-Veyenenga

3 Lightweight Fill L1
3.1 Soil Conditions

An extensive ground investigation have been performed in the area. Based on the
soil sample taken from two boreholes in the area and result from the CPTU, the soil
condition at the area is a top layer of dry crust over a clay with organic content.
Deeper 1-2 m thick layer of sensitive soft clay with underlying layer of normally
consolidated soft clay is found. A till layer of varying thickness overlies the bed-
rock. To the south east of the exit ramp, there exists outcropping bedrock. The rock
dips towards the west, and at the new roundabout, the rock is found at depths up to
10-16 m. The existing exit ramp lies up to 3—4 m high filling over the natural
ground surface.

Two pore pressure measurements were installed by Norwegian Geotechnical
Institute (NGI) at two different depths: 4 and 8 m. The pore pressure measurements
indicate pore pressure value the same as hydrostatic pore water pressure distribution
with the ground water table (GWT) at elevation +21.3, i.e. about 1 m below the
surface.

3.2 Design Parameters

Soil geotechnical parameters were determined from a series of in situ and laboratory
tests. The in situ tests included total sounding (TOT), rotary pressure sounding
(DRT), cone penetration tests (CPTU), vane shear test and pore pressure mea-
surement. Laboratory tests include soil classifications, oedometer and triaxial tests.
A summary of the design parameters for the clay, which were used in the design,
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Table 1 Material parameters for clay [3]

E. H. Mijena

Layer |Depth (m) | Friction angle (°) | Attraction (kPa) | Unit weight | Modulus number
(kKN/m?)

Clay 1 |2-6.5 26 15 17-17.5 11

Clay 2 |6.5-8.5 34 5 17.5 14

Clay 3 |8.5-11 26 18.0 14

Shear strength (kpa)
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Fig. 3 Undrained shear strength profile [3]

are presented in Table 1. According to the Norwegian way, attraction (a) = cohe-
sion (c).tan ¢. A modulus number (m) [2] is the slope of the straight-line part of the
graph tangent constrained modulus, M vs. vertical effective stress (o}). The
undrained shear strength profile, which was used in the design, is shown in Fig. 3.

3.3 Design Rules

The following design codes were followed during the stability analysis:

e NS-EN 1997-1:2004 + NA:2008, Eurocode 7, Geotechnical design

e NPRA Handbook V220.
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Based on the project preconditions, the fill was set to Geotechnical category 2. In
addition, since the new fill is higher than the existing fill and there exists a layer of
soft and sensitive clay, the fill was placed in a consequence class 3. Therefore, an
independent or third party control was required in addition to internal or agency
control.

The partial factor was set to 1.5 for both undrained and drained analysis.
According to Eurocode 3 Table NA.A1.2.(C) the load factor was set to 1.3.
According to NPRA handbook V220, it was used a characteristics traffic load of
10 kPa and a terrain load of 5 kPa. According to Eurocode 8.5 NA.3.1(3), in the
application of seismic load, a factor of safety FOS = 1.4 and FOS = 1.25 is
required for undrained and drained analysis respectively.

3.4 Stability Analysis

The stability analysis was done by a geotechnical consulting company, Geovita AS
at three profiles namely, profile 5, 8 and 11. Slide, a software that applies limit
equilibrium method, and Plaxis 2D, a FEM program, were used to determine the
factor of safety (FOS) against stability. The design height of the fill is up to 7.5 m
high. The addition of a normal fill to the existing ground would trigger stability

Fig. 4 Profiles considered for stability analysis
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problem and post construction settlement. Therefore, the analysis was done by
considering lightweight fill with EPS. Figure 4 shows profiles considered for
stability analysis.

3.4.1 Profile 5

At profile 5, stability analysis was done by both Slide and Plaxis 2D. Both
undrained and drained analysis were performed. In addition, drained and undrained
analysis with considering seismic load. A pseudostatic inertial force is applied and
the magnitude of the force according to EC8 is:

Fu=05-a-S-W (1)

o= ag/g (2)

ag = y;-a,R = v;-0.8-a, 40 Hz (3)
Fy = £0.33 - Fy 4)

where:

W is the weight of the sliding mass

ag is the design ground acceleration for type A ground

ag R is the reference peak ground acceleration for type A ground

g is acceleration of gravity

v1 is importance factor

S is soil factor.

The design values of the seismic inertia forces used in slope stability analysis of
the embankment are: Fy = 0.045 W and Fy = & 0.015 W. The effect of vertical
pseudostatic force on sliding mass is ignored as it has very little effect on slope
stability.

(b)

- .

Fig. 5 Undrained stability analyses using Slide a without considering seismic load
(FOS = 1.518). b With considering seismic load (FOS = 1.430)
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Based on the result from the analysis, use of only EPS blocks in the embankment
has shown inadequate factor of safety against stability. Therefore, it was decided to
use double ribs lime-cement columns with 1 m width and c/c 3 m. Some of the
results from stability analysis are shown in Fig. 5.

3.4.2 Profile 8 and 11

Since the results found from Slide in profile 5 is conservative, stability analysis at
profile 8 and 11 were done only by use of Slide software. At profile 8, the factor of
safety achieved considering EPS fill without lime cement stabilization is insuffi-
cient. However, the use of both lime cement stabilization and EPS gave a factor of
safety 1.7 and 1.5 for undrained analysis without considering seismic load and with
considering seismic load respectively. A factor of safety 2.6 has been achieved for
drained analysis.

At profile 11, using only EPS fill has shown a factor of safety about 1.9 in both
undrained and drained conditions, which is above the requirement. Therefore, there
was no need for lime cement stabilization at this location.

3.5 Buoyancy/Uplift Analysis

Lightweight fill L1 lies adjacent to the river Sandvikselva. Since EPS blocks are
super lightweight, they are highly susceptible to floatation. Therefore, it is crucial to
perform buoyance analysis. According to the NPRA handbook, the factor of safety
against buoyance/uplift is 1.3. A 200-years flood level was considered for the
analysis and adequate safety factor against uplift was achieved.

3.6 Construction and Quality Control

Existing fill material was first removed and then the soft clay was stabilized with
double ribs dia. 600 mm lime cement columns. The columns end on the rock or till
layer. Due to the presence of pre-existing water line in the area, the lime cement
columns stabilization was performed in two phases. First, the area with in the blue
line shown in Fig. 6a was stabilized and then the new water and sewer line was
constructed and after that the old water and sewer line was removed. Finally, the
rest of the area was stabilized.

After stabilization was completed, the area was excavated to the right level and
Class 3 geotextile was laid and then a sand-levelling course of 100 mm thickness
was laid. Finally, a geomembrane of thickness 1 mm was then placed over the level
base prior to placing the EPS blocks. EPS blocks should not be placed over a frozen
soil.
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Fig. 6 a Lime cement stabilization at L1, b plan drawing of L1 (EPS, red and foam glass,
yellow), ¢ profile A, B and C at L1, d overview picture at L1. Photo Maria Kristiansen, Geovita
AS

The fills should be constructed so that blocks fit together tightly and in such a
way to avoid continuous vertical discontinuities. Block layout and placement
should be in accordance with the guideline (NPRA, Handbook V221). According to
the guideline, gap between adjacent blocks, which is less than 3 cm, is tolerated.
Gaps between 3 and 5 cm should be filled with sand and if the gap exceeds 5 cm, it
is not acceptable. The existence of gaps will create stress concentration in the area
of contacts. Excessive immediate strains and large creep strains may result from
such gaps. The resulting overall settlement may result in unsatisfactory situations
such as decreasing the lifetime of a pavement structure [4]. The area between the
cut/natural slope and EPS block was also filled with sand.

The EPS fill is up to 8 m high and a total volume of about 11,000 m® was
constructed. Figure 6d shows overview of the fill. Bulldogs were used to hinder
horizontal movement of blocks during construction period. Bulldogs are mechan-
ical connectors used to provide additional interface resistance. Towards the west
and north west side of the exit ramp, a gravity retaining wall with 3 V:1H incli-
nation, was constructed. The function of the wall is to prevent the blocks from
possible future fire risk and to incorporate aesthetic value.

After the fill was in place, it was covered with a geomembrane and Class 3
geotextile. The purpose of the geomembrane is to protect the fill from possible
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accidental contact with gasoline and other petroleum products. The geotextile
protects the geomembrane from damage. It was used a crushed rock (22/120) as a
cover over the EPS fill and in this case the geomembrane have to be protected with
smaller fraction of crushed rock (0/63) before filling with larger fractions.

The blue boundary in Fig. 6b shows the limit of the concrete slab. The purpose
of the concrete slab is to distribute the traffic load to a desirable level. The slab was
casted directly over the EPS fill covered with geomembrane and geotextile. The
thickness of the slab is 150 mm and increasing locally to 200 mm. The quality of
the concrete which was used is B35 (characteristic cylinder strength of 35 MPa).

The project involved some challenges with respect to place constrains for con-
struction equipment to move freely. There was some challenge in the winter as well
regarding snow and ice accumulated on the blocks. Salt had been used to remove
the ice. The salt was removed together with the ice. The salt has no short term or
long term effect on the blocks. When it was snowing, the fill used to be covered
with some sheet so that the snow could easily be removed. Since the geomembrane
is not flexible material, it was also a challenge putting it on the steps at the slope.
Risk of fire should be eliminated during the construction activity. For instance, fire
from welding equipment.

To reduce settlement, it was recommended to excavate 1.5 m below the existing
terrain for compensated filling. In addition, to minimize the settlement in the
transition zone between the EPS fill and normal fill, it was recommended to use
foam glass (see yellow colour in Fig. 6b). The foam glass is also a lightweight fill
material with unit weight 3.5 kN/m® and that makes it helpful to use it in the
transition zone to reduce differential settlement.

The supplier have to test the EPS blocks before shipping to the project site. They
should send documentation about the product to the client. They also send the
results from testing (density, compression etc.). In addition, NPRA also test some
random samples. The evenness of the blocks have to be checked on the field as
well.

According to the Norwegian guidelines, the following quality control criterial
should be fulfilled [5].

Table 2 A test result of compressive strength and density of EPS block which was used at L3
Source NPRA laboratory

Cube Mass | Length | Width | Height | Volume | Surface Density | Compressive
number | (g) (cm) (cm) (cm) (cm3) area (sz) (Kg/m3) strength at 5%
def. (kN/m?)
1 2.65 5.00 5.00 5.00 125.0 250 |21.2 99.7
2 2.72 5.00 5.00 5.00 125.0 25.0 | 21.8 101.7
3 2.96 4.95 5.00 5.00 123.8 24.8 1239 105.6
4 291 5.00 5.00 5.00 125.0 25.0 (233 104.7
5 3.13 4.95 5.00 5.00 123.8 248 253 110.0
6 297 5.00 5.00 5.00 125.0 25.0 |23.8 110.2
Average 23.2 105.3
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The blocks should be a minimum of 3 weeks old before they are used for
stabilizing.

The average compressive strength for a single block (6 tests) should not be less
than 90 kPa and no single measurement should be less than 80 kPa (Table 2).
The blocks should meet the density requirement

Blocks should be smooth and flat on all surfaces.

The allowed deviation from design level is 50 mm. The level difference
between two adjacent blocks should be less than 5 mm. Unevenness should be
maximum 5 mm measured over 3.0 m.

To hinder horizontal movement of blocks during construction, the blocks should
be anchored by two pcs. dia. 95 mm bulldog per block.

The minimum soil cover on the side slopes is 0.25 m and the allowed deviation
from this is £0.15 m.

Lightweight Fill L3

4.1 Soil Conditions

As shown in Fig. 7 an extensive ground investigation have been performed in the
area. Based on the results obtained from field and laboratory tests, the area consists

Fig. 7 Plan drawing showing boreholes
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of 2 m thick existing fill layer over a layer of dry crust. Further a clay layer with dry
crust effect underlain by soft/middle stiff clay. The rock lies mainly 5-15 m under
the terrain and it dips steeply from the roundabout towards E16. The soil consists of
much of silt layer and some shell remains.

Two pore pressure measurements were installed at two different depths: 4 and
8 m. The result has shown hydrostatic pore water pressure distribution with the
ground water table at elevation +22, i.e. about 2 m below the surface.

4.2 Design Rules

The embankment, to be constructed, is extensive. In addition to this, there exists a
soft sensitive clay in the area. Based on this fact and Eurocode 7, the fill was set to
Geotechnical category 3 and consequence class 3, which suggests an independent
or third party control in addition to the internal or agency control. The partial factor
in this case was set to 1.6 for both undrained and drained analysis.

4.3 Design Parameters

A summary of the design parameters for the clay, which were used in the analysis,
are presented in Table 3.

4.4 Stability Analysis

The maximum lightweight fill in the area is 7.5 m. For the stability analysis,
Geovia AS used GeoSuite, a software that applies limit equilibrium method, to
determine the factor of safety (FOS) against stability. As shown in the Fig. 8a,
stability analysis were done at five profiles (A—A, B-B, C-C, D-D and E-E). The
following phases of the project were considered during the analysis.

e Pre-excavation stability of the area

e Post-excavation stability of the area

e Stability of the area after filling with lightweight fill (both drained and undrained
analysis)

e Stability of the area after filling with lightweight fill with considering seismic
load (both drained and undrained analysis).
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(@ (b)

Fig. 8 a Plan drawing of L3 showing profiles considered in stability analysis (EPS, red and
orange and Foam glass, yellow), b undrained Stability analysis result at profile D by considering
seismic load (FOS = 1.64)

Table 3 Material parameters for clay [6, 7]

Layer Friction angle (°) Attraction (kPa) Unit weight (kN/m3)
Clay with dry crust effect 30 3 18
Soft clay 26 0 18

To avoid/reduce road settlement, it was recommended to excavate 1.5 m below
the existing terrain for compensated road filling. Stability analysis at profile A-A,
B-B, C-C and D-D have shown sufficient factor of safety. However, at profile
E-E, stability analysis of post excavation has shown low factor of safety
(FOS = 1.32). Therefore, one must carefully supervise the inclination of the slope
during the excavation work for E16 after the fill for the exit road from E16 is
constructed. Figure 8b shows stability result at profile D-D.

4.5 Buoyancy/Uplift Analysis

Similar to L1, lightweight fill L3 lies adjacent to the river Sandvikselva, but rela-
tively on a lower elevation. According to the map from Norwegian Water
Resources and Energy Directorate (NVE), the 200-years flood level lies +24.8.
Buoyancy analysis has shown sufficient factor of safety against uplift (y > 1.3).

4.6 Construction

Soil excavation work had been started from the roundabout towards E16. Unlike in
L1, where the EPS fill lies on a lime cement stabilized ground, here the fill lies
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(a) (b)

Fig. 9 a Profiles towards the bridges, b aerial drone photo of L3. Photo Scan survey AS

directly on top of the soft clay. As shown in Fig. 9, the fill is an abutment to the
bridge crossing E16 at one end and also an abutment to the walkway bridge at the
other end. Thus, this will be helpful in minimizing settlement between the approach
embankments and the bridge decks. The construction procedure of the fill is the
same as L1.

The blue boundary in Fig. 8a is the limit of the concrete slab. The blocks
delivered to the construction site should be stored properly. Care should be taken in
terms of safety.

The construction challenges are mostly similar to that of L1 as well. It had been
observed that the blocks had turned to yellow colour due to exposure to ultraviolet
light during the summer season and it is perfectly fine to use the blocks in the fill.

5 Conclusions

Stability analysis at L1 using only EPS fill in the embankment has shown insuffi-
cient factor of safety. Therefore, the area was first stabilized with lime cement
columns before filling with EPS. Unlike at L1, stability analysis at L3 using only
EPS in the road filling has shown sufficient factor of safety against stability. To
minimize settlement in both Lightweight fill L1 and L3, it was recommended to
excavate 1.5 m below the existing terrain for compensated road filling. In addition,
to minimize settlement between the EPS fill and normal road fill (in the transition
zone), it was recommended to use foam glass.

A thorough inspection of the embankment during construction is crucial.
Overall, the lightweight fill in both places are safe with regard to settlement and
stability concerns.
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First Geofoam Roadway Embankment )
Application in Turkey e

Abdullah Tolga Ozer and Emre Akay

Abstract The first geofoam block roadway embankment application in Turkey
was completed in April 2017 in Acibadem, Istanbul. Geofoam technology was
selected to construct the roadway embankment on a site where two 2.2 m diameter
water mains are located 3.8-5.6 m below the foundation of the embankment.
Geofoam blocks not only prevented the relocation cost of this infrastructure in a
very complex urban setting in terms of buried utility corridors, but also prevented
possible structural damage to the mains if conventional earth fill was used to
construct the embankment. In addition, water service was not interrupted during the
construction. The project background, design considerations, and construction
sequence is presented. In order to monitor the performance of the embankment, a
field instrumentation array comprised of extensometers was installed in the foun-
dation soil, bedding sand, geofoam block assemblage, and under the load distri-
bution slab. Instrumentation details and monitoring results over a period of ten
months is discussed, and long-term performance projections were evaluated using
short-term performance data.

Keywords EPS-block geofoam - Geofoam embankment - Instrumentation
Field monitoring - Settlement plate

1 Introduction

Construction of highway embankments over soft soil sites using expanded poly-
styrene (EPS) block (geofoam block) to mitigate consolidation settlement is a
mature technology and has been implemented by various countries around the
world [1-13]. In addition, geofoam technology provides a unique solution for
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embankments constructed over buried utility corridors [14]. Utilizing geofoam
technology can help prevent possible structural damage of buried utilities when
compared to embankments constructed using conventional compacted earthen fill.

The first geofoam block roadway embankment construction in Turkey was
completed recently in April 2017 in Acibadem, Istanbul (Fig. 1). The project site is
located at the northwest corner of the Highway 01 and D100 motorway intersection,
and south of Akasya Shopping Mall (Fig. 1). The geofoam embankment was
constructed for a roadway to divert a portion of the traffic on Harem Exit of
Uzungayir Exit of Highway 01 towards the Acibadem district, to alleviate some of
the merging traffic onto the D100 motorway [15].

(a)

Akasya_
Shepping Mall

v

2\ I O iy -
— Geofoam Blok. ™
Construction

w:atei main
clilvert .

Fig. 1 Site location map a aerial view of the site location, Acibadem, Istanbul, b geofoam block
construction area
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The site is not only located in a densely populated area but it is also located next
to one of the busiest main highways in Istanbul. In addition, there are many
buried-utility corridors located in the vicinity. Two 2.2 m diameter water mains,
crossing under Highway 01’s Uzungayir Exit in a concrete box culvert, run parallel
to the D100 motorway along the north side of the Harem Exit. These water mains
are located approximately 3.8-5.6 m below the foundation level of the proposed
embankment (Fig. 2). Any structural damage to these water lines during con-
struction would cause significant utility service interruption, and inconvenience to
the residents. Relocating these water mains in this urban environment would not
only be a complex task, it would also cause significant delays in the project
completion time.

Therefore, geofoam blocks were selected as a viable solution to construct the
portion of the exit-diversion embankment over the water mains (Figs. 1 and 2).
Approximately 720 m> of geofoam blocks was used.

Construction details [15], and the details of the instrumentation program [16], of
this first geofoam-embankment application in Turkey have been published in
proceedings of local conferences. In order to monitor the performance of the
geofoam embankment, extensometers were installed. In this study, monitoring
results since the beginning of construction is discussed. Projected long-term per-
formance, including geofoam creep, is evaluated using short-term post-construction
performance data. Also, the behavior of the geofoam embankment under working
stresses was compared with well-documented I-15 embankment data [14].

2.2 m diameter
water pipes

Fig. 2 Approximate locations of water mains [16]
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2 Materials and Design

Several countries have adopted design guidelines for geofoam highway embank-
ments [4, 17, 18]. Guideline and Recommended Standard for Geofoam
Applications in Highway Embankments, published by the National Cooperative
Highway Research Program (NCHRP), was adopted for this project [4].

Both external and internal stability evaluations were performed according to the
NCHRP guideline. The total vertical stress applied on top of the geofoam block
assemblage, beneath the pavement system, composed of dead loads (gravity
stresses due to the pavement system, opy ) and traffic loads (live loads or transient
loading, o). The NCHRP guideline recommends a factor of safety (FS) of 1.2 for
load bearing analysis since oy is the main component of the total stress, not opp.
[4]. Therefore, the minimum required elastic-limit stress of geofoam blocks (stress
corresponding %1 strain, G.) under the total stress (G = Opr + Orr) needs to be
higher than the factored total vertical stress (G, > FS X Gya1) [4].

Based on this criterion, geofoam block with a nominal density of 22 kg/m’
(EPS22 according to ASTM D6817 [19]) was selected for the geofoam row directly
beneath the pavement system. Even though the applied vertical stresses dissipate
(calculated by 1 horizontal: 2 vertical method) through the depth of the embank-
ment, EPS 22 was conservatively used throughout the entire project (Fig. 3). I m
high, 1.2 m wide and 2.5 m long blocks were used to construct the 3 m high
geofoam embankment (Fig. 3). The total thickness of pavement layer is 61 cm.
Sloped sides of the embankment were protected against possible chemical attack
with geomembrane, and also covered with geocells filled with topsoil for vegetation
growth (Figs. 3 and 4). Vertical sides of the embankment were sealed with shot-
crete (Fig. 3).

A total of four 50 mm x 50 mm x 50 mm-size geofoam samples were col-
lected from four different blocks shipped to the site on different days, and

0.40 /i
Guardrail i i !
\ Asphalt (7 cm) 0.20 | Remnforced-concrete beam for
. / Road base/Sub-base (44 cm) - % | hardware installation
Shotcrete -
Slope Stabilization S ETeT I Py P e T e ey Geomembrane
with geocell N T~ 1 a10- oo S
2,50 - 250 - 2,20 —9 ,:‘./ Geocell
Earth fill above —L 0—1.20 —8—1.20 —8—1.20 —8— 1,20 —8—1.20 —#—1.20 —8— 120 —9 E
drainage envelope [ | . L
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2,50 - 250 . 2.50 125 —8—1.20 —&
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Fig. 3 Typical cross-section of geofoam roadway embankment
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Fig. 4 Geomembrane protection and geocell application at the sloped section of the geofoam
embankment

compressive strength tests were performed according to ASTM D1621 [20]. Test
results were summarized and compared with ASTM D6817 minimum required
values (Table 1). Physical and mechanical properties of blocks shipped from dif-
ferent batches showed uniformity in the molding process (Table 1).

The construction of geofoam embankments generally follows a well-established
and straightforward process. The traditional construction sequence involves placing
bedding sand over the foundation, assembling the blocks according to the block
placement plan, and constructing the load distribution slab and the pavement sys-
tem (base and sub-base material and coating) [4]. This same process was also

Table 1 Mechanical properties of the geofoam blocks used in the project [15, 16]

Property | Laboratory test values, minimum-— ASTM ASTM D6817 [19]
maximum (average, standard D6817 [19] minimum required
deviation) definition values

v 20.9-22.1 (21.6, 0.39) EPS22 21.6

(kN/m?)

loJ} 50.0-54.3 (52.1, 1.74) 50

(kPa)

Gs 113.3-118.1 (115.4, 1.94) 115

(kPa)

G1o 128.8-132.5 (130.2, 1.56) 135

(kPa)

E; 4.9-55(5.2,0.2) -

(MPa)

ASTM American Society for Testing and Materials

Y apparent density

o1, Os, G1p compressive strength at 1, 5 and 10% strain, respectively
E; initial Young’s modules
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followed in this first application in Turkey, and is discussed in detail in previous
papers [15, 16]. Even though there are no bearing-capacity or settlement concerns,
the project owner elected to apply geocell at the foundation level on this project
(Fig. 3).

Sloped sections are traditionally protected with geomembrane and covered with
topsoil [4]. In this application, instead of placing topsoil directly over the
geomembrane, geocell application was preferred by the owner (Fig. 4).

3 Instrumentation and Short-Term Monitoring

Magnet extensometers have been used successfully in monitoring the performance
of geofoam embankments [14]. Therefore, to monitor the performance of the
geofoam embankment, a field instrumentation array, which composed of exten-
someters, was installed in this first application in Turkey. The magnet-extensometer
array for the geofoam embankment consisted of a total of five plate magnets and a
datum magnet (Fig. 5). Each square magnet plate has 305 mm sides and is
12.5 mm thick with a 60 mm thick annular magnet collar with an inside opening of
33.5 mm (Fig. 5). A schedule 40 PVC access pipe, which enables the annular
opening of the magnet to slide through to the desired level, was used. The datum
magnet consists of a 60 mm thick collar with a 33.5 mm inside opening, which was
directly fixed to the riser pipe by set screws. The datum magnet was installed
approximately 50 cm below the foundation in the natural ground and served as a
reference point. Plate #1 is located on the foundation, beneeth the geocell

Asphalt (7 em)

Road base/Sub-base (44 cm)
Reinforced-concrete slab (10 cm) \\

smn —f 305mm —

Plate #5 -

Geofoam Blocks O E
1()mxl.'3mx2.5m 0.5 :

I | $33.5mm

Plate #4 .

.5 Pipe —== :

Access Pipe > e

Plate #3 Fipe

Plate #2 “\\

Magnet

60 mm
12.5 mm

Bedding Sand

Geocell

[§
%aHUII Magnet

Fig. 5 Layout of the plate-magnet array for long-term settlement monitoring of the geofoam
embankment
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application at the foundation level. Plate #2 is located within the bedding sand.
Plate #3 and Plate #4 are located at the interface of the first and second rows of
geofoam blocks and second and third rows of geofoam blocks, respectively. Plate
#5 was installed at the interface between the top row of geofoam blocks and the
reinforced-concrete load-distribution slab. Therefore, plastic sheeting was placed
over the top of Plate #5 to break the bond between the concrete and the plate, so that
the plate can freely move along the riser pipe as the blocks settle. During the
installation of the pipe and plates, ultimate care was taken so as to install the plates
parallel to the road surface plane.

A magnet probe, connected to a graduated cable (with 1 mm graduations) which
is wrapped on a reel with a built-in buzzer to detect the position of the magnets, was
lowered into the access pipe until the probe reached the bottom of the access pipe.
Then the probe was gradually raised until the buzzer sounded, and then was con-
tinued to be slowly raised until the buzzer sounded a second time, which indicated
the exact location of the magnet. The position from the top of the riser pipe is then
recorded using the graduated cable. Upon recording the position of this first magnet,
the probe was continued to be raised to the next magnet, and again the location was
recorded at the second buzzer sound. This process was repeated for all of the
magnets. The differences between each set of readings indicates the settlement.
Readings are repeatable to =3 mm [14].

Observed settlements at the magnet plate locations (Fig. 5), both during and after
construction, were recorded (Fig. 6). Since there was no settlement recorded both in
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the datum magnet and Plate #1, they are not shown in Fig. 6. Therefore, all the
deformation recordings were referenced to the base plate (Plate #1).

Settlements ranging from 1 to 3 mm per instrumented row of blocks were
observed after placement of the reinforced-concrete load-distribution slab which
casted 33 days after the beginning of construction (Fig. 6). The total settlement
after the placement of the reinforced-concrete load-distribution slab was 6 mm
(Fig. 6). Since all the deformation recordings were referenced to the base plate
(Plate #1), the recordings of Plate #5 represent the cumulative settlement of the
geofoam blocks plus the bedding sand (Fig. 6). The total settlement reached 16 mm
(Plate #5) when the pavement system components (sub-base and asphalt) were
completed (end of construction), which includes a total of 3 mm of settlement
(seating) at the bedding sand (Plate #2).

The cumulative settlement of 16 mm at the end of construction, which includes
gap closure, seating at the base, and geofoam block deformations, was about 0.55%
of the embankment height (Fig. 7). The measured end of construction strain is less
than the elastic limit strain (Fig. 7). This can be attributed to selecting all the block
densities (EPS 22) conservatively based on the factored total stresses at the base of
the pavement system. Even when considering the total strain from the beginning of
construction to the end of post-construction data collected thus far, approximately
0.85%, the measured strain is less than elastic limit strain (Fig. 7).
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Fig. 7 Cumulative geofoam-block strain
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So far, the post-construction data collected covers a period of 270 days since
opening the roadway to traffic. Since the opening of traffic, the total post con-
struction strain is about 0.3% (Fig. 7). Based on the data collected, the trend of post
construction settlements will most likely be less than the total post construction
deformation limit of 2% strain (1% allowable construction strain plus 1% allowable
long-term creep at 50 years). The post-construction monitoring program will con-
tinue to collect recordings from the settlement array (one reading per month), which
will decrease the sensitivity of the post-construction creep estimation.

This settlement performance data is based on an instrumentation array similar to
that of the well-documented I-15 embankment performance [14]. The I-15 settle-
ment criteria were established as 1% strain at the end of construction, and up to 2%
total strain over the post-construction period of 50 years [14].

The I-15 data showed that the total strain condition has been met under the
designed pavement-system loading, and the expected creep for post construction is
less than 1.0% [14]. The I-15 criteria for both the short- and long-term conditions
are shown in Fig. 7 with red dashed lines. Similar to the I-15 performance data, if
the current strain trend continues, the projected total post-construction strain will be
on the order of 1.2 and 1.5% at the end of 10 and 50 years, respectively (Fig. 7).

4 Summary and Conclusions

The very first geofoam embankment in Turkey has been constructed, opening to
traffic in April 2017. The use of geofoam blocks averted the costly relocation of
water mains, and the project was completed without any interruption of the water
services. Using collected performance data, projected long-term settlement per-
formance indicates total strains will remain within allowable limits.

Construction of this well-documented and monitored first geofoam embankment
provided a leading example, and showed the possibilities of using geofoam tech-
nology to solve challenging tasks to local transportation officials, contractors,
designers and the EPS society.
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Dutch A76 Highway Widening )
Using EPS Embankment with a T
Vertical Side

Milan Duskov, Martin den Uil and Michaél Fiitterer

Abstract This article concerns the A76 highway widening (near the Kerensheide
junction) using a lightweight fill with a vertical embankment. The A76 highway
section (widened from 2 x 2 to 2 x 4 lanes) lies 4 m above a truncated slope and
is situated between two concrete structures. The design of the fill should not
decrease the stability of the current slope (with a high retaining wall at the toe of the
slope) and had simultaneously to create sufficient space for the planned highway
widening. In addition, the fill should have no influence on a crossing high-pressure
gas pipe. The daily traffic load amounts to about 8600 trucks. These complex
conditions have led to an extension of the highway cross section realized with EPS
blocks with a vertical embankment; a first in the Dutch engineering practice.
The EPS geofoam blocks were piled up 4 m above ground level and 2 m bellow the
slope line. The performed parameter study confirmed that the friction between the
EPS-blocks in combination with a low Poison’s ratio is sufficient to provide sta-
bility. No side support is needed to secure the slope stability after the completion of
the highway A76 widening. Although the applied design method requires specific
expertise, this design offers multiple advantages such as saving both space and
costs, stability increase and a very short construction time.

Keywords Project case - Lightweight embankment - Highway widening
Vertical embankment side - Crossing gas pipe
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1 Introduction

That a complex assignment can allow for a good result, is illustrated by the highway
widening of the A76 at the junction Kerensheide, across the industrial site
Chemelot in Geleen (in the southeast of the Netherlands) that was realized in
mid-2012 by contractor Heijmans. There was actually no space available between
the successive engineered structures. In the existing situation, the embankment had
already been shortened and supported with a long retaining wall. In addition, the
highway widening could not have any impact on the existing high-pressure gas
pipeline. Because a conventional solution such as an anchored sheet pile wall would
increase the loads on the existing structures and the gas pipeline to an unacceptable
level, the solution had to be found in a construction with limited weight and
reduced footprint. A 6.5 m thick lightweight embankment with a vertical side
provides enough space for the new traffic lanes without affecting slope stability or
additional loads on the existing gas pipe.

2 Situation Description and Implementation Aspects

For the planned highway extension of the A76 that lies between an existing tunnel
for pipes (KW16) and the new viaduct above the railway line Sittard-Maastricht
(KW17), it appeared not possible to connect the new extension to the existing
retaining wall of the tunnel under a natural slope. The current situation is shown in
Fig. 1 (top view). Because of the existing retaining wall and the cable and pipes
layout, it was not possible to apply a conventional solution such as an anchored
sheet-pile wall. Demolition of the existing retaining wall could lead to considerable
hazards for the existing pipes and business processes at Chemelot. The solution had
to be sought in a construction with limited weight and that at the same time would
take little space. In addition, the relevant section of road should be built in a tight
time frame of 6 months in order to be ready for opening. In addition to the EPS
structure, several other structures were to be built before the final road construction
could be constructed.

The highway section is located in an area with a low ground water level.
Therefore buoyancy doesn’t appear to be a concern at this site. Furthermore, due to
the local climate conditions in the southeast of the Netherlands differential freezing
has not been considered as a critical design issue.

3 Design of the EPS Construction Including Stability
Shortened Slope

The design methodology for lightweight embankments is widely analyzed and
matured. In practice, one of the underexposed aspect concerns the introduction of
resulting horizontal stresses caused by friction between the EPS blocks in the
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s Structure 16- Overpass pipe tunnel

Existing retaining wall

Overpass high pressure
gas pipe

Structure 17 — Railway
Sittard-Maastricht

Fig. 1 Satellite image of the A76 near the A2 Kerensheide junction with the highway and layout
plan with the 60 m long lightweight highway section. The EPS is highlighted and the existing
retaining wall indicated with a thick line. The road section is located between two engineered
structures; at the west KW16 above the tunnel of the mining tracks; at the east KW17. The
overpass of the gas pipeline is also visible

different layers. The question for both the contractor and the client was namely to
which extent should the structure be regarded as an earth-retaining structure and
how could it be proven that the structure made up of stacked up blocks would be
sufficiently stable. In other words: how can be shown that the loosely stacked up
EPS blocks would not shift under any given load combination.
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Through a parametric study, it has been verified within which range the elasticity
modulus and the friction coefficient of EPS should lie in order to be able to bear the
usual load combinations applied on retaining structures.

Several relatively complex models of the embankment including interface ele-
ments (making thankful use of the expertise of Dr. Liu Xueyan) were calculated
using Plaxis 2D (Fig. 2). The resulting vertical and horizontal stresses are shown in
Figs. 3 and 4. The conclusion to this parameter study was that the EPS construction
was found to have sufficient stability under all load conditions.

The purpose of the additional Plaxis calculations was not to check more realistic
scenarios with respect to the already reported outcomes. On the contrary, the client
wanted to gain more insight into the robustness of the lightweight construction
under theoretical high loads and unrepresentative low values for the E-modulus/
friction coefficient. In that context, the vertical loads imposed as a result of
increased traffic amounted to 30 kN/m”. (Actually, this value is unrealistically high
for traffic load and means in practice >10 tons per linear meter on all traffic lanes).
The elasticity modulus of the concrete layer was reduced to 10,000 MPa. Finally,
the friction coefficient was reduced to unrealistically low levels.

Because the EPS blocks are placed approximately 2.5 m below the original slope
line, the road widening has not resulted in additional burden on the existing retaining
wall. Additional vertical effective stress—and thus settlement of the ground—are
avoided and therefore the construction can be described as a neutral construction.
The existing gas pipeline will therefore undergo no deformation. The design also
meets the requirements with respect to residual settlements (absolute and differential
settlements in the cross section) of the road widening, which was shortly after
construction opened to traffic.

Fig. 2 Plaxis-model of a transverse section of the A76 with visible interface elements between the
EPS-layers for the control of friction effects on the constructive behaviour; in order to meet with
the requirements of Dutch Rijkswaterstaat—RWS
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Fig. 3 Vertical stresses in a characteristic cross section caused by the own weight of the pavement
layers and the barrier plus uniform vertical load of 30 kN/m? on the road surface
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Fig. 4 Horizontal stresses in a characteristic cross section caused by the own weight of the
pavement layers and the barrier plus uniform vertical load of 30 kN/m? on the road surface

The elevation of the top of the existing asphalt of the A76 is around NAP +79.5 m
and the ground at the foot of the embankment at about NAP +66.5 m. In order to
properly map the local ground profile is a geotechnical survey conducted in the
form of CPT’s, core-drilling and laboratory tests on soil samples. The natural ground
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Fig. 5 The highway widening of the A76 with the not yet covered EPS side; The EPS bulk is
piled up 4 m above the slope line; the truncated slope is supported by an existing retaining wall.
The new concrete wall in the foreground has only a shielding function for the EPS construction in
case of calamities from the Chemelot terrain

next road embankment consists of sand and loamy sand, this from ground level
down to a greater depth (Fig. 5).

To address the stability aspects of the EPS and road construction, two controls
have been carried out: control of the possible emergence of a potential slip plane
immediately below the EPS construction; known as the shallow slip plane (just
along the top of the existing retaining wall); and control of the possible emergence
of a potential slip plane entirely under the existing retaining wall; known as the
deep slip plane. The slip plane calculations were performed with the software
MStab from Deltares Systems and then verified with Plaxis. It has been established
that the safety against sliding of the structure, including the traffic load, complies
with the requirements of the client, Rijkswaterstaat (Dutch Department of Public
Works) and the prevailing standards.

4 Savings and Additional Benefits

Because some EPS slopes proved to be constructively unnecessary (Fig. 6), this
design provides additional advantages over designs using traditional fill materials
such as: lower construction costs (by reducing the volume of EPS and less land
expropriation), smaller space requirements, shorter construction time, no top load/
settlement directly along the embankment and no additional load on the under-
ground infrastructure directly along the route. However, this new design solution
requires specific expertise.
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Fig. 6 Constructively unnecessary embankments made from EPS blocks: sections between the
lines (reference: highway N207)

5 Conclusions

It has been proved that building a highway widening with a vertical embankment
using EPS blocks is possible. As a result, the widened section can be realized
without increasing the ground stresses so that post settlements can be minimized,
and the existing structures require no adjustments. The mathematical fundament for
the design required particular attention to the necessary range of the friction
coefficient. This analysis of the coefficient of friction should also be given due
consideration in future projects.

By using EPS blocks, infrastructural embankments and extensions can now be
achieved cheaply and quickly without unnecessary embankment slopes. The proof
of this is to be found in Limburg, in the southeast of the Netherlands.
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Abstract The new section of the provincial road N201 between the Amstel
aqueduct (founded on piles) and a junction near Uithoorn characterizes a 200 m
long lightweight road embankment which is necessary because of local settlement
sensible subsoil. In total 14,000 m®> EPS is built-in in this up to 4.1 m high
embankment despite applied preloading and partial weak subsoil replacement. In
the scope of the designing process the subsoil parameters for the Plaxis models
were adjusted on the basis of the monitoring results. In this way the road
embankment design was optimized regarding both the structural and the settlement
behaviour. However, visual inspections carried out by the supervision team of the
province North Holland in combination with quality controls in laboratories during
the construction process pointed out serious shortcomings of delivered materials
and the construction work. Therefore the design had to be adjusted twice to
guarantee the design life of the lightweight road structure and to minimize the
settlements. Specialized technical assistance was necessary to ensure timely and
effective checks needed and to prescribe appropriate compensatory measures.
Obviously, contractors often underestimate the consequences of the use of EPS in
engineering practice and the differences between geofoam blocks and other
conventional embankment materials.
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1 Introduction

As part of the implementation of the Masteplan N201+, a part of the provincial road
N201 was relocated near Uithoorn, on the border between the provinces of North
Holland and Utrecht. This new road section includes an aqueduct under the Amstel
River. Due to local subsoil compressibility related problems and the necessary high
altitude of the aqueduct highest part (which serves as a defense against flooding), a
200 m long lightweight road embankment was realized adjacent the concrete
aqueduct access road on pile foundation. The maximum altitude difference was
4.12 m in relation to the ground level. This paper describes the boundary condi-
tions, quality controls and redesign aspects during construction. The adaptations f
the pavement structure design was twice necessary to guaranty the design life of the
road construction.

2 Situation, Subsoil Profile and Design Premise

The subsoil of the local polder landscape is compressible and settlement-sensitive
due to the presence of soft clay and peat layers as in Fig. 1 illustrated. Such
unfavorable subsoil conditions were problematical for the construction of a more
than 4 m high road embankment at the site. The subsoil bearing capacity was
slightly improved by applying multiple sand layers as preloading. However, the
original embankment design by means of a traditional preload could not prevent
undesirable significant influence on the nearby objects during construction activi-
ties. The necessary height of the sand preloads could therefore not be realized
without negative consequences over the entire length of 200 m of the relevant road
section. Even local subsoil improvement by digging out the upper peat layer was
not a satisfactory solution. A cause-oriented lightweight design in accordance with
the principle of minimum additional embankment own weight proved to be nec-
essary for adequate settlement reduction/minimization. The considered road
embankment has been since May 2014 in service and connects without thresholds
to both the northwest concrete overpass and the south-eastern aqueduct.

The design analysis involved both the constructive and settlement aspects of the
relevant lightweight road embankment (consisting of 14,000 m®> EPS geofoam
blocks, 25 kg/m>) and the belonging pavement structure. Thanks to the applied fill
of ultra lightweight EPS blocks, vertical load on the subsoil layers and thereby the
effect on the neighboring greenhouse complex could be minimized. The design of
the lightweight elevation optimally took into account all relevant specific aspects.
“Optimum” refers here to the required design life, allowable settlements, maximum
stress values and dimensions of the EPS fill (Fig. 2).
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Fig. 1 Local subsoil profile based on probe results along the N201 route with clear distinction
between the lower area and the upper polder near the Amstel River

Fig. 2 Lightweight embankment of the provincial road N201 nearby Uithoorn and the aqueduct
under the Amstel River under construction

3 Terms of Reference

The project terms of reference for the N201 lightweight embankment construction set
by the province of North Holland were determined mainly by (a) local altitude dif-
ferences between design road surface and the ground level, (b) the necessary pave-
ment layer thicknesses, (c) pre-loading in the past and (d) cost-effectiveness of the
design (without consequences for durability, settlement behaviour and embankment
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stability). For example, the maximum permissible residual settlement determined by
the province was 10 cm in the middle road section after 30 years to limit road users
discomfort. Nearby concrete road parts founded op piles only negligible settlements
were permitted. Also, no permanent deformation or damage of the road construction
during the design life was aloud.

The traffic intensity of medium and heavy motor vehicles amounted to
approximately 2300 vehicles a day in both directions for this part of the new N201
road section. The growth rate of the increase in traffic intensity has been set at 1.5%
per year until 2034 when the lifetime of the pavement structure ends contractually.

4 Plaxis Modelling

The preload (sand) thicknesses have not been uniform along the entire N201 road
section route. However, vertical drains have been drilled everywhere. The sand
thickness reached a local height of 3.5 m. The effects of different preloads and the
use of vertical drainages were determined by two-dimensional Plaxis models. This
finite element-based program made it possible to quantify the actual effects of such
consolidation acceleration measures for different thicknesses/lengths/widths of EPS
sublayers. Such insights resulted in a minimization of the total amount of EPS and
thus a cost reduction. Also, different types EPS and roadbase layers could be
checked regarding calculated stress values and settlements (Figs. 3 and 4).

5 Supervision During Realization

For an optimal construction supervision, the province of Noord-Holland made use
of specific experience/expertise of InfraDelft. The supervision team was thus in
position to monitor effectively delivered EPS blocks as well as pavement material
quality. The quality control focus was on delivered material specifications, real
material properties, exact volumes, compaction degrees and layer thickness control.
For the checking of real EPS and foamed concrete characteristics, on behalf of the
province North Holland the certified inspection institutes carried out mechanical
tests on selected material samples. For example, mechanical testing on drilled EPS
cores was the only way to determine its actual compressive strength and modulus of
elasticity. In addition to timely and adequate controls, the specialized technical
assistance provided the necessary compensatory measures when considered nec-
essary during realization. In this way, the province of North-Holland was able to
anticipate and adjust the design during road construction, so that the final result
guaranteed the intended sustainability and the required settlement behaviour
(Fig. 5).

The control calculations of buoyancy forces also confirmed safety factor values
higher than required minimum factor (=1.1) in all relevant cross sections of the
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Fig. 3 Measured (by means of settlements rods) versus calculated (by means of Plaxis model)
settlement progression in time due to preloading along the N201 road route
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Fig. 4 Calculated settlements for a period of 30 years by means of the Plaxis model of a
representative N201 road construction cross section
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Fig. 5 Visible EPS fill

belonging to the lightweight ||
N201 road embankment .
nearby the aqueduct

N201 road embankment. However, for absolute certainty, additional ground
monitoring wells were placed near the aqueduct. Obviously there was absolute
clarity about the local groundwater level needed because of unacceptable conse-
quences if buoyancy forces would have caused problems. During the construction
phase, the pump draining was also implemented in lower route sections.

6 Problematical Realization Aspects and Redesigning

Sometimes (functionally unnecessary) additional treatments, such as the gluing of
successive EPS sublayers, result in complications. Glued blocks made it difficult to
move those during the stacking-up process without causing damage. Another issue
was the transport of building materials over the EPS fill without any protection.
Once locally overloaded EPS (consequently damaged cell structure) has less good
mechanical behaviour than assumed for the design. Fortunately, it happened on a
limited scale below the middle of the road where no traffic load occurred. All in all,
the risk of those shortcomings for an inadequate final result was considered to be
practically negligible.

6.1 Redesign Due to Inadequate EPS

The delivered EPS blocks turned out to be an issue of importance. As mentioned
above, for control purposes, certified inspection institutes tested selected samples.
The results show that the weak blocks had up to 20% lower (average) stiffness than
the minimum required values. “Average” meant also lower minimum stiffness
values (—25%) were measured on some samples. The amount of weak EPS blocks
supplied has been significant. Furthermore, block widths varied between 1250 and
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1270 mm. As a consequence, unwanted local 4 cm wide open joints occurred
during the stacking-up of the EPS blocks. This was undesirable due to lack of
support at the bottom for the next upper layer. In view of the magnitude of the
identified shortcomings and the estimated possible impact on the final result, the
review of the design was considered necessary to anticipate the observed devia-
tions. The design in realization had to be revised mainly because a part of the EPS
blocks delivered did not meet the design requirements in terms of constructive
behaviour. The design adjustments had to guarantee both the proper design life and
the settlement behaviour of the lightweight road construction under consideration in
the current situation.

In order to compensate for the identified serious shortcomings, the pavement
structure has been redesigned based on iterative calculations. The redesign pave-
ment concerned the roadbase at the top of the EPS fill. The changes in asphalt and
granulate thickness could be avoided. In order to deal with the weaker delivered
type EPS than originally advised, the 0.3 m thick layer of foamed concrete was
adjusted. An identical thick but stronger layer of heavier SB700 (dry bulk mass
700 kg/m?) guaranteed sufficient load distribution. In this way, the stress values
caused by heavy trucks were sufficiently reduced for the actual weaker EPS type
and the delivery problem was adequately solved.

For the dimensioning of flexible pavement structure with an asphalt surface, the
linearly elastic multi-layer programs CARE of Dutch Rijkswaterstaat and BISAR of
the Delft University of Technology have been used. Flexible pavement designs are
based on the expected numbers of standard axle load repetitions. This determines
the thicknesses of asphalt and foundation layers at the top of the EPS fill based on
the prescribed fatigue curves. The horizontal strain level at the bottom of the asphalt
layer is the benchmark design criterion combined with the vertical strain values at
the top of the EPS package. The resulting strain values must ensure durability of
> 20 years of the asphalt top layers for the accumulated traffic load in accordance
with the fatigue ratio. In addition, the results had to indicate sufficient load distri-
bution above the EPS layer. The calculated vertical strain value at the top of the
EPS had to remain within the prescribed linear elastic limit also under maximum
axle loads increased with the own weight of the pavement layers.

6.2 Redesign Due to Inadequate Foamed Concrete

Unfortunately, the realization in progress had to be stopped for the second time by
the supervision team of the province of North Holland because the foamed concrete
did not comply with the material specifications in accordance with the redesign
report. The applied foamed concrete had significantly lower both compressive
strength and modulus of elasticity than prescribed. Therefore its constructive
behaviour did not comply with the material characteristics according the program of
requirements. Actually, identified variations in mechanical properties in the foamed
concrete layer were found to be very high, potentially causing local weak spots
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everywhere. The proposed design life was no longer achievable with the poured
foamed concrete without extensive recovery measures.

Confronted with findings, the province of North Holland preferred complete
removal of the inadequate foamed concrete layer and replacing it according to the
specifications. To revise the design for the second time is highly unusual and the
relevant road section could not be finished on time any more. However, the removal
of directly at the top of the EPS fill hardened foamed concrete was found to be
practically impossible without (too) high risks. In accordance with the submitted
recovery plan, the contractor wanted to use a hydraulic sledge hammer. In that case
resulting stress values would inevitably lead to significant plastic deformations in
the underlying EPS fill.

At last, based on the additional calculations the adjustment of the roadbase
turned out to offer the best pragmatic solution. The supervision team of the province
North Holland and the contractor agreed finally about this approach instead of
highly risky removal of the inadequate foamed concrete layer. The unbound
foundation layer thickness was reduced to 0.2 m and a 0.1 m thick concrete layer
was poured on top of the already hardened foamed concrete layer. In this way, the
stress values within the EPS fill were sufficiently reduced and no problems were
expected either during realization of work or in-use phase of the N201 road
embankment (Fig. 6).

greenhouse complex

Fig. 6 Aerial view of the N201 road embankment with visible EPS fill and still unfinished
foamed concrete layer
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7 Recommendation

If a relatively large volume of EPS geofoam is implemented, the quality control
based on the delivery documentation is insufficient. Actually, the supervision team
of the province North Holland had to hire a specialized technical assistance and
organize auditing tests by certified inspection institutes for control purposes. Due to
the specific nature of the construction of EPS fills, the expert assistance is rec-
ommended. Such specialized assistance is intended for design revision when
necessary.
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Abstract Since its introduction as a lightweight fill in the 1980s, EPS has been
used in a number of test highway embankments across Finland. This paper presents
the experiences in using EPS blocks as structural element in two lightweight road/
highway embankment sites in Finland. These embankments were built on soft soil
deposits and therefore, the EPS was introduced to improve the bearing capacity of
the ground and to subsequently reduce settlement. Once the use was ceased, the
EPS blocks were retrieved from the embankments and tested for their water
absorption characteristics and mechanical properties. These properties were then
compared with their original properties and other relevant local standards in order to
assess their potential reusability. The test results revealed that the retrieved EPS
blocks still fulfilled the mechanical requirements of the Finnish guidelines after
being in contact with the ground for over 14 years. One of the primary goals of this
study was to increase the competitiveness of EPS in civil engineering applications
and to encourage the reuse of EPS in other civil engineering applications in Finland.
The information presented in this paper is intended to provide an understanding of
the performance of EPS blocks in lightweight fill applications. It may also assist
engineers in design and construction methods of similar EPS applications, and the
potential reusability of such used EPS blocks in various other applications.

Keywords EPS - Lightweight fill -+ Ground improvement - Recycling
Sustainable construction - Circular economy

1 Introduction

Expanded polystyrene (EPS) is a geofoam that is commonly used in various civil
engineering applications ranging from building insulation to ground improvement-
settlement prevention in road construction. EPS road structures not only address the
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technical challenges in soft soil construction but also accelerates the construction
process, thus adding socioeconomic benefits especially in urban settings.

Norway has become the first country to introduce EPS blocks as lightweight fill in
road embankments almost 45 years ago (1972—Norwegian Public Road
Authorities) [3]. Since then, the use of EPS as lightweight fill in road construction
has widespread across the globe and is currently being used in countries like Canada,
France, Germany, UK, USA, Sweden, Japan, New Zealand, The Netherlands and
Finland.

Between 1999 and 2000, a number of EPS lightweight embankment pilot studies
were conducted in Finland. The primary objectives of these studies were to develop
and specify design procedures for EPS lightweight embankments and to increase
the competitiveness of EPS in the construction industry as a substitute lightweight
fill [4]. Construction feasibility and performance of these EPS lightweight
embankments were also assessed.

Findings from two of the EPS lightweight embankment sites located in Muurla/
Salo and Jupperi/Espoo are discussed in this article. Of these two sites, Muurla was
a highway and Jupperi was a street.

Over the years, various in situ and laboratory studies were conducted in order to
study the mechanical and water absorption characteristics, and the potential
reusability of the used EPS blocks from these sites. Assessing and understanding
the overall performance of the EPS blocks was another objective. This paper pre-
sents the overall experience in using EPS blocks as lightweight fill in test
embankment sites in Finland. Technical details from these test sites will be reported
separately in a journal article.

2 Muurla EPS Lightweight Embankment

The Muurla EPS lightweight test embankment was located near Salo. The 170 m
long test section was part of a temporary road connection of highway E18 and was in
operation from 2003 to 2008 with the design service life of 10 years. The thickness
of the EPS embankment varied between 500 and 1000 mm and the width was
approximately 18 m. A steel grid was mounted to the subbase layer over a 80 m
long-section in order to increase the stiffness of the upper part of the pavement.
The base layer was a 180 mm thick cement stabilized layer. The subsoil was a clay
deposit (normally consolidated or slightly over consolidated with undrained shear
strength of 9-20 kPa) with varying thickness of 14.5-16.5 m. The top 0.8-1.7 m
was dry crust. Preliminary calculations showed that the factor of safety (FOS) at this
location was below the required level of 1.5 with a minimum FOS of 1.3. Therefore,
a lightweight embankment was proposed which with the partial reduction of
embankment weight, increased the FOS to 1.9 [7].
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2.1 Site History

The construction of the Muurla temporary road connection was done between 2001
and 2002, and was opened for public use in 2003. After 4.5 years of use, the
temporary road access was closed during midsummer 2008, but was dismantled only
in 2016. The EPS blocks were about 6 years old when the operation was ceased in
2008. A measurement and sampling programme was conducted in order to inves-
tigate the performance of the EPS-blocks and the overall embankment when the
operation was ceased and the findings are reported in Kivikoski and Juvankoski [6].
The latest investigation was conducted when the embankment was dismantled in
2016. One of the aims of the Muurla lightweight EPS test embankment was to study
how an EPS embankment without a concrete plate performs under heavy traffic
loading. Developing better design methods and guidelines of EPS embankments was
another objective [8].

2.2 Site Location and Design of the Embankment

The Muurla EPS embankment site was on the connection road to the new highway
E18 (Fig. 1) from the existing Helsinki-Turku highway 110. The EPS section of the
embankment was installed between chainage 1180 and 1350, a total length of
170 m (Fig. 2). The steel grid section was located between chainage 1260 and
1350, over a length of 90 m [8].

Y,

Connection road

b
A
/ \\/

EPS sampling location

J

Fig. 1 Site location of Muurla EPS-test embankment and sampling location of EPS test
specimens (Source Googlemaps)
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Helsinki

Fig. 2 Sampling location (chainage) of EPS test specimen (Modified from [7])

EPS blocks with sizes 0.5 x 1.2 x 3.0 m (T x W x L)and 0.25 x 1.2 x 3.0 m
were used in different combinations in order to achieve the required thickness and
they were placed on top of a levelled sand layer (Fig. 3). The blocks were anchored
together with steel barbed connector plates. The EPS blocks were then covered with
a 0.2 mm thick plastic sheet. An overlaying geotextile (SP4) layer protected these
plastic sheets. Crushed rock with grain size of 0—16 mm was placed on top of the
EPS blocks with varied thickness between 0 and 300 mm, depending on the
requirement of the final road surface profile.

A minimum of 700 mm thick granular layer was placed on top of EPS in order
to prevent skidding on the road surface during winter months. A 150 mm thick
stabilized composite crushed rock layer was used in the upper part of the base layer

Pavemant layars

Steel grid between /- Upper surface 1 40mn '
/= Upper surface / 40mm/ Asphalt concrete 20/100
alignment # 1260 - 1350 /- Lower surface  80mm | Asphalt concrete 221150

\ /= Upper base/ 150mm / Stabilized composite of Foam Bitumen and 1%
\ / cement
\ / - Lower base / 50 mm [/ Crushed rock max, grain 31 mm
Sub base / 400 mm [ crushed \ J
rock max. grain 90 mm \ J,"'

Geotextile Specification profile 4 (SP4)

pa—
EPS block thickness / N\ Laveling sand
0.75m-1.25m / \ h=100 - 200 mm
3 / \ \

.'\\ Geotextile specification profile 3 (SP3)

Fig. 3 Sectional view of the EPS-test embankment [7]
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for stiffening the upper part of the structure [8]. Detailed information on the
construction methods and stages of construction are well documented in earlier
publications [8].

2.3  Observations and Lessons Learnt

Opverall, the Muurla EPS pavement demonstrated that a stable lightweight pavement
for a temporary road with high volume traffic can be constructed using EPS-blocks,
without a concrete plate but instead stiff layers above EPS, such as a cement
stabilized base layer in this case. For longer service life, a more stiff pavement layer
or concrete plate would be needed. This kind of EPS lightweight embankment may
be even more economically applied for low-volume pavements such as rural roads,
streets, parkings etc. The applicability of EPS as a lightweight fill in pavements has
been technically proved, as well as the design methods have been tested.

2.3.1 Dismantling and Observations

The dismantling of the Muurla EPS-test embankment was done in 2016 (Fig. 4a, b).
The retrieved EPS blocks from the Muurla embankment were installed in
noise-barrier composite structure on the sides of Ring Road I in Konala, Helsinki.
Several in situ and laboratory performance assessments were conducted on the used
EPS blocks after a ground contact of around 14 years.

The primary objective of the performance assessments was to evaluate the recy-
clability of the used EPS blocks and their long-term performance in an EPS light-
weight embankment. This intends to enhance the knowledge of EPS-embankments
and eventually leads to better design methods and construction practices.

’- 3
o ,-'-h.—._g) J

Fig. 4 Pictures from the Muurla EPS embankment: a removal of EPS blocks for reuse and,
b in situ conditions of the EPS test embankment
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Performance assessment involved a number of in situ observations, field measure-
ments and various laboratory tests.

In situ straight edge profile of the upper EPS block surface as well as the rutting
of the EPS blocks were measured during dismantling of the embankment. Moisture
content and mechanical properties (compressive strength) of the EPS blocks were
measured at the laboratory from collected EPS specimen. Test results were then
compared with previous results reported by other researchers (e.g. [6]).

2.3.2 The Lightweight Pavement

In general, the EPS lightweight pavement in Muurla performed well during the
operational period. The measured differential settlements varied between 20 mm
and 160 mm, but in general it was within the estimated settlement of 140 mm
(Fig. 5) [6, 7]. According to the Finnish Transport Agency’s guidelines, the max-
imum permissible settlement on a motorway with a speed of 120 km/h is 300 mm
during a 50-year period [2]. However, this permissible settlement value may be
reached during a short design life for a temporary structure, similar to the one in
Muurla. Thus, it can be concluded that the temporary EPS road structure in Muurla
performed relatively well against settlement.

Overall, the EPS-layers preserved their elasticity and original thickness. Thus, the
influence of plastic irreversible deformation on pavement surface was minor. As
stated in a previous investigation [6], the main damages were caused by the stabilised
layer which had reduced thickness from the designed value during construction on the
“EPS+steelmesh reinforcement” section. Further, the EPS-lightweight fill proved to
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Fig. 5 Measure settlement profile during 2008 [6]
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be comparable with adjoined reference pavement as well as the transient structure
containing LECA (Lightweight Expanded Clay Aggregate).

2.3.3 The EPS Blocks

Heavy machinery, a flat-bladed forklift that was attached to the excavator, was used
to dismantle the embankment (Fig. 4a). In general, the EPS blocks were handled
well and retrieved with minor damages; however, trained professionals and cautious
handling of removal and transport would reduce the amount of damaged EPS
blocks further. The working tools and methods for dismantling old EPS structures
should be developed in order to minimize the deterioration and damage to the EPS
blocks. The disposal of EPS-waste into landfills should be prevented, because EPS
will stay in the environment for prolong periods of time.

The tested retrieved-EPS blocks, after being used as a light-weight fill, still
satisfied the minimum compressive strength requirement. They also exhibited a
very low moisture pick up despite the fact that the groundwater fluctuated signif-
icantly in certain locations. The maximum observed volumetric water content was
around 7% (this particular EPS was partially submerged under the water table for a
certain period). This amount of water can be considered insignificant for a light-
weight fill. Further, this low moisture pickup value has no practical influence on
insulation properties of frost protection applications in roads and railway
embankments. Similar trend was also observed at the Jupperi/Espoo site.

The mechanical properties of investigated EPS blocks proved to be similar to
that of the parent product. Thus, the used EPS blocks could be reused, in principle,
in similar applications to the original product; i.e. as part of fills, frost protection etc,
if the blocks are intact and undamaged. However, the retrieved blocks that
underwent alteration in their shapes are no longer suitable for lightweight fill
applications and maybe used in secondary applications. Of those EPS blocks
retrieved from Muurla site and subsequently transported to the noise barrier site in
RingRoad I, at least 99% of EPS was reused in construction and only a small
amount of spall and otherwise cut-out pieces of EPS were disposed as construction
waste and delivered to a landfill.

3 Jupperi EPS Lightweight Embankment

The Jupperi EPS-lightweight road embankment was located at the intersection of
Pitkdjarventie and Riihiniityntie/Tammipééntie (formerly Jupperintie), near the
Espoo—Vantaa border (Fig. 6). The site was located on a peat area, thus an
EPS-lightweight road embankment was introduced to increase bearing capacity of
the ground and to reduce settlements. Full-scale EPS blocks with dimensions of
0.25 x 1.0 x 3.0 m were used on this site.
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Fig. 6 Location of the original Jupperi EPS lightweight embankment and the location of reused
EPS blocks in transition sections after the construction of a roundabout (Source Googlemaps,
taken on 15.06.2017 at 14:25 EEST)

This EPS road section stretched over a length of 48 m between chainage 1055
and 1103. The plans and design of the embankment were made in 1992 and the
construction was completed in 1996. After nearly 16 years, in 2012, a roundabout
at this location replaced the existing intersection. The old EPS-structure was dis-
mantled and the area was stabilised by mass and column stabilisation (Fig. 6).
Recovered EPS blocks were then used in the transitional section between the
aforementioned mass-column stabilised road section and the normal section
(Fig. 6).

3.1 Site History

The proposed site was located on a 0-3.5 m thick peat layer with water content of
500-1000%. Anticipating significant settlement over the years in the peat layer,
EPS-blocks were incorporated in the pavement design for settlement mitigation.
Underneath the peat, there was a clay layer with a thickness of around 0—4 m.
Moraine and silt layers were found underneath the clay layer. The groundwater table
was at 0—1.5 m below the top surface of the peat layer. EPS-blocks with density of
20 kg/m® were used as the lightweight fill at this embankment site. The density was
tested randomly, at least one piece per batch, and the value of a single block should
not exceed the required density by more than 10%. The compressive strength of the
EPS blocks was at least 90 kPa at 5% compression. A geotextile (class IV) was
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installed on top of the EPS blocks, on which a minimum of 300 mm thick crushed
aggregates (0-32 mm) and 370 mm thick crushed aggregates (0—64 mm) and a
130 mm thick bonding layer were placed. A profiled steel sheet layer laid the
platform at the bottom of the excavation on which a levelling granular layer was
placed (Fig. 7).

3.2 Observations and Lessons Learnt

Two 0.25 x 1.0 x 3.0 m EPS-blocks (one upper and one lower blocks from the
same location) were collected from the site during removal and were tested for
change in dimensions (density), volumetric water content, compressive strength and
thermal conductivity. The designed bottom level of the EPS-blocks was at +33.18.
The groundwater table at the time of the removal was at +32.90 (i.e. 280 mm below
the bottom surface of EPS) while the groundwater fluctuated between +33.27 and
+34.00 with an average groundwater level of +33.65 during 2008-2011, thus
indicating that the EPS blocks were partially submerged during the operational
period of the embankment.

In general, the examined EPS blocks after 16 years of ground contact continued
to meet the requirements and performed well as a lightweight fill. Notably, the upper
layer of EPS blocks suffered rutting and damages, thus did not fulfil the thickness
requirement for reuse in similar applications. The average thickness of the upper
EPS block was 240 mm, which was lower than the allowed tolerance of 250 +
3 mm. The average thickness of the lower EPS block was 247 mm, just fulfilling the
allowed tolerance for thickness.

The measured volumetric water content of EPS blocks ranged between 0.05 and
1.34% (avg. 0.54%), exhibiting a very low water absorption characteristic. The
average wet and dry density of the EPS blocks were 26.2 and 20.8 kg/m’,

PL 1090

1. Clay filling 5. Profiled steel sheet
2. EPS-blocks, h = 500 - 1000 mm 6. Compacted gravel
3. Levelling granular layer, h = 100 - 200 mm 7. Geotextile, class iv
4. Drainage, @ = 100 mm 8. Geotextile

Fig. 7 Cross section of the Jupperi EPS-lightweight embankment [1]
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respectively. Thus, the tested EPS blocks satisfied the required minimum dry
density of 20 kg/m® (+10%).

The average compressive strength 65 (corresponding to 5% compression) of the
tested EPS specimen was around 125 kPa, satisfying the minimum required com-
pressive strength of 90 kPa. The EPS blocks recovered from the Jupperi lightweight
embankment were reused later in the transition zone of the newly constructed road
section at the same location where a mass and column stabilised road section meets
the non-stabilized pavement section (Fig. 6).

4 Conclusions

The following conclusions can be drawn from the experience in using EPS as
lightweight fill material in both road embankment sites discussed in this paper.

— Overall, the EPS embankments performed well during their designed life. The
post use investigations of the used EPS blocks indicated that the retrieved blocks
still fulfill most of the design criteria to be used as a lightweight fill. However,
the retrieved blocks that underwent alteration in their shapes are no longer
suitable for lightweight fill applications and maybe used in secondary
applications.

— Significant data, knowledge and experience in terms of design and construction
of EPS light-weight embankments have been gathered from the test embank-
ments in Finland. Reusability aspects of the used EPS have been satisfactory and
it is recommended to increase the reuse of used EPS in secondary applications
for economic and sustainable engineering practice.

— The dimensions and straight edge profile of the surface of the upper layer blocks
have somewhat altered during the years and some EPS blocks do not fulfil all
General Quality Requirement for Infrastructure [5] requirements. It is assumed
that these deformations were not traffic induced but possibly due to the movement
of heavy construction machinery during construction and/or removal periods.

— The EPS blocks performed well against water absorption. The water content of
EPS material when in contact with soil could increase over the years especially,
if it is in direct contact with groundwater. However, the observed water contents
were very low, especially in the lower blocks, with an average of around 1% (by
vol) and a maximum of around 7% (by vol). The upper blocks were almost dry
with an average water content of 0.5%. These values are insignificant consid-
ering the length of the period of ground contact.

— The compressive strength of the tested EPS specimen remained satisfactory,
fulfilling the requirements.

— The experience of reusing EPS blocks was satisfactory and reuse in similar
applications is also recommended in other sites. Attention should be paid when
removing and handling the EPS blocks with heavy machinery as they tend to
damage the blocks close to the edges.
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Analysis of Crack and Differential M)
Settlement on Pavement in EPS ke
After Highway Opening

Yongchai Chang and Nagyoung Kim

Abstract The lateral movement of abutment has induced significant problems in
the terms of either construction and management since 1990 in South Korea. The
research related to this issue has been also paid wide attention. In order to overcome
these problems, modified lateral float, sand compaction method (SCP), and pile-slab
method have been developed. Especially, the EPS was extensively used in the soft
ground to either prevent or mitigate the lateral movement. Although th EPS is
surely effective on reducing lateral movement of abutment and load during the
construction, cracks and deterioration may be found on the pavement in the EPS
section after opening the road. In this study, structural performance test and eye
investigation of drilling cores from the site where the EPS was widely applied were
conducted and analyzed.

Keywords Sand compaction method (SCP) - Falling weight deflectometer
(FWD) test - Lateral movement of abutment

1 Introduction

This study conducted site investigation on the pavement in service where the EPS
was used. According to the eye investigation on cored sample, crack grew to 10 cm
from the surface, not reaching the bottom of base yet. Transverse and longitudinal
crack were found in both lanes at the beginning of backfilling. Fatigue crack and
patching work was also found in the traffic direction. In order to examine the causes
of crack found in the site, crack depth from the cored samples was measured and
Falling Weight Deflectometer (FWD) test was performed on both the EPS section
and non-EPS section and comparison was made.
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2 Cored Sample Analysis on EPS Section

Figure 1 shows the cracks on the pavement in service where the EPS was used. As
seen in the figure, the cracks are widely spread and core was drilled on these ares to
measure how deep the crack propagated as seen in Fig. 2. As measured, the crack
was 8-10 cm in depth, which is limited to the asphalt layer. The top-down crack
generally occurs due to the repeated traffic loading such as fatigue crack unlike to
the bottom up crack caused by the structural matter of pavement.

3 Analysis of FWD on EPS Section

FWD test was performed on both EPS section and non-EPS section and the
deflections were compared. The FWD tested on total of four pavement sections;
approach slab of EPS section, EPS section, border of EPS and non-EPS section,
non-EPS section. The results are presented in Table 1.

Fig. 1 Cracks on the
pavement above EPS

Fig. 2 Drilled cores on the
cracked pavement above EPS
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Table 1 Mechanical properties of EPS19 geofoam blocks [1]
Location Load Deflection (pm)
(kN) Distance (cm)
0 30 60 90 120 150 180
Approach slab of EPS 579 281 242 221 198 179 160 141
section 840 409 364 334 308 278 254 232
1120 531 472|435 400 [365 333 304
EPS section 561 449 | 378 315 268 |237 206 176
823 689 600 515 454 408 371 331
1097 851 730 625 547 489 438 384
Border of EPS and 578 363 305|247 206 163 126 |96
non-EPS section 836 522 (438|365 300 (237 |185 |144
1111 680 571 478 394 313 245 192
Non-EPS section 577 160 123 92 68 48 35 27
846 242 185 140 103 75 54 40
1131 323 250 189 142 104 |75 57
Deflection curve of approach slab of EPS section Deflection curve of border EPS and non-EPS section
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Fig. 3 Deflection curves from FWD tests

Length of drop load(cm)
(d) Non-EPS section

Figure 3 presents the deflection curves responded to th drop load of FWD;
(a) approach slab of EPS section; (b) EPS section; (c) border of EPS and non-EPS
section; and (d) non-EPS section. As shown, the magnitude of deflection is EPS
section, border of EPS and non-EPS section, approach slab of EPS section and
non-EPS section in high order. The deflection of EPS section at a specific location
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is three times higher than that of non-EPS section. This may be the fact that higher
vibration from traffic load be generated on the pavement above EPS section.
Additionally, the deflection of border of ESP and non EPS section is about 2-2.5
times higher than that of non-EPS section. It can be said that the presence of EPS
make a significant difference on the pavement deflection. As a result, asphalt
pavement above EPS is highly prone to undergo fatigue cracks relatively compared
to the non-EPS section.

4 Conclusion

Based on investigation of cored samples from the cracked pavement and FWD test
results, the conclusions of this study on the effect of EPS can be drawn as follows.

1. The cracks on the pavement in service above EPS occurred due to the repeated
traffic loading such as fatigue cracks based on the cored sample investigation.

2. The deflection of EPS section is three times higher than that of non-EPS section.

3. The fatigue crack may occur on asphalt pavement constructed above EPS,
because the EPS creates higher vibration load from the traffic relatively com-
pared to the non-EPS (general ground).

4. The reconstruction may be needed in EPS section using a high resistance
material to plastic deformation and fatigue crack.
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Load Reduction on Buried Rigid M)
Culverts, Instrumented Case Histories iy
and Numerical Modeling

Jan Vaslestad and Murad Sani Sayd

Abstract Three instrumented full-scale tests using geofoam (expanded polystyrene)
for load reduction on buried rigid culverts are described. The culverts were built and
instrumented during the period 1988-1992. The method involves installing a com-
pressible inclusion (EPS Geofoam) above rigid culverts in order to reduce the vertical
earth pressure. The first instrumented culvert is a concrete pipe with diameter 1.95 m
beneath a 14 m high rock-fill embankment. The second full-scale test is a concrete
pipe with diameter 1.71 m beneath a 15 m high rock-fill embankment. The third
instrumented structure is a concrete box culvert with width 2.0 m beneath 11 m of
silty clay. The long-term observations of earth pressure and deformation are pre-
sented, and compared with a simplified design method and finite element modelling
using the finite element program, Plaxis 2D for the box culvert. The instrumentation
consisted of hydraulic earth pressure cells, deformation and temperature measure-
ments. The use of geofoam effectively reduces the vertical earth pressure, and
long-term observations shows that the earth pressure is reduced to less than 30% of the
calculated overburden in case of granular fill. Whereas the earth pressure is reduced to
less than 50% of the calculated overburden in case of silty clay fill. The long term
observations of earth pressure and deformation for more than 25 years show that the
method using geofoam is stable over time. The last measurements were taken in 2015.
The results from the numerical modelling are in agreement with the field
measurements.

Keywords Load reduction - Arching - EPS-Geofoam - Instrumentation
Numerical modeling - Buried culverts
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1 Introduction

The problem of earth pressure on buried structures has a great practical importance in
constructing embankments over pipes and culverts. The earth pressure on deeply
buried culverts is significantly affected by arching. Both the magnitude and distri-
bution of earth pressure on buried culverts are known to depend on the relative
stiffness of the culvert and the soil. The vertical earth pressure on a rigid culvert is
greater than the calculated overburden pressure above the structure, which, resultin a
negative arching effect. The so-called induced trench method (also called imperfect
ditch) involves installing a compressible layer above the rigid culvert. As the
embankment is constructed, the soft zone compresses more than the surrounding fill,
and thus induces positive arching above the culvert.

Expanded Polystyrene (EPS) geofoam blocks have been used for load reduction
on buried rigid pipes under high fill since 1988 in Norway. The deformation in the
EPS geofoam provides a mobilization of shear strength in the fill and reduces the
expected vertical earth pressure. The properties of soil-structure interaction in the
buried culverts highly depend on the mechanical properties of the backfill material
and the stiffness of the compressible material, the expanded polystyrene
(EPS) geofoam in this case. A better understanding of the arching effect of EPS on
buried culvers has been obtained from a field-based study using full-scale test
measurements and recently by means of finite element modelling. Terzaghi [5]
stated that the amount of arching can only be obtained by direct measurement under
field conditions. The instrumented field installations presented in this paper were
built in Norway in the period between 1988 and 1992 [7, 8]. Three long-term
measurements (two concrete pipes with granular fill and one cast in place box
culvert with silty clay backfill) of deformation and earth pressure on buried concrete
pipes were carried out using hydraulic pressure cells.

In the later years, this method using geofoam to reduce earth pressure have also
been used on concrete culverts below high fills in China, Yang and Yongxing [9],
Zhang et al. [10] and McAfee and Valsangkar [3].

2 Instrumented Case Histories

Three long-term measurements of deformation and earth pressure on buried concrete
pipes were carried out using hydraulic pressure cells. The field installations were
carried out during the period 1988-1992. To measure the vertical and horizontal
earth pressures around the concrete pipe, hydraulic pressure measuring cells has
been installed. Geometrical arrangements and registered results are presented below
for each case. Standard expanded polystyrene (EPS) blocks 0.5 x 1.0 x 2.0 m
were used as a compressible layer to create positive arching. The compressive
strength of the EPS block was 100 kPa and density 20 kg/m’.
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2.1 Field Installation—Eidanger, (1988)

The first field installation built in 1988 is a concrete pipe with outer diameter
1.95 m beneath a 14 m high rock-fill embankment. The geometry of the instru-
mented cross section with the extent of backfill zone is shown in Fig. 1. The pipe
was placed after the in situ soil was excavated to about 0.5 m below the culvert
elevation, down to bedrock, and replaced by 0-16 mm sandy gravel.

The same material (0—16 mm sandy gravel) was used for backfill, with a
compaction requirement of 97% Standard Proctor.

The backfill extended 1 m out from the springline and 0.5 m over the top of the
pipe. The remaining fill in the embankment is rock-fill that was placed in 3 m thick
layers, and compacted to 95-97% Standard Proctor.

The construction began in August 1988 and was completed in June 1989. Results
from the registered vertical pressures on cell 2, are shown in the Fig. 2. The earth
pressure on cell 2 increased to 72 kPa in September 1988 when the fill height was
8.3 m. Further increase of fill height to 13.7 m did not increase the earth pressure. In
the period between January 1996 and January 2008, the earth pressure on the top of
the pipe was registered as relatively constant around 66—68 kPa, which is 25% of the
calculated overburden pressure. The registered vertical compression of the EPS
geofoam is also shown in Fig. 2. The vertical deformation stabilises around
140 mm. The result showed no further increase after almost 12 years of measure-
ments. The measured deformation is 28% of the initial thickness of the EPS block.

Fig. 1 Locations of pressure /) = A= //
cells and EPS geofoam above
the pipe Rock fill LEGEND:

—— Earth pressure cell

o Settlement tube
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Fig. 2 Vertical overburden pressures and deformation of EPS geofoam block

2.2 Field Installation—Hallumsdalen, 1989

A cast-in-place box culvert was also instrumented to monitor the long-term per-
formance of the culvert as shown in Fig. 3. It is a continuous culvert having a total
length of 385 m and is crossing a valley beneath an embankment of compacted dry
crust clay up to 23 m in height. The subsoil consists of over consolidated silty clay
with water content 25-30% and undrained shear strength 35-70 kPa.

To investigate the time effects on the earth pressure in the cohesive fill in the
imperfect ditch method, expanded polystyrene was placed above the culvert in a
length of 20 m. The instrumented section of the culvert is situated in the counter fill
that is built up with silty clay with unit weight, y = 20 kN/m>. The EPS block was
placed above the culvert as shown in Fig. 3. This section (case a, in Fig. 3) was
instrumented with two hydraulic earth pressure cells of the Gloetzl type, cells 1 and
2. The deformation of the EPS was measured using a settlement plate. To compare
the earth pressure on the imperfect ditch section with a conventional section, one
earth pressure cell was placed above the culvert in a cross-section without EPS, cell
3, see Fig. 3. The construction of the embankment began in July 1989 and was
completed in February 1990. At completion of the fill, the fill height was 10.8 m
above the cell level with overburden pressure 206 kPa. The measured earth pressure
was 132 kPa at this fill height, which is 63% of the calculated overburden pressure.
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Fig. 3 Locations of pressure cells and EPS geofoam above the culvert

The earth pressure decreased to 123 kPa in April 1991. The pressure further
decreased to 88 kPa in December 1991. This is possibly due to stability problems
and movements in the counter fills that occurred in April 1991. The earth pressure
stabilised around 100 kPa in 1993. The last measurement carried out in June 2015
showed a value around 94 kPa. This is about 48% of the calculated overburden
pressure. However, the vertical earth pressure measured with cell 3, which is located
on top of the culvert in a section without EPS, shows the reverse as shown in Fig. 4.
At completion of the fill in February 1990, the fill height above the culvert was
9.8 m. Thus, the calculated overburden is 196 kPa. The registered earth pressure
was 244 kPa, which is 124% of the calculated overburden. Based on extensive finite
element modelling, Tadros et al. [4] proposed an expression for calculating the earth
pressure on concrete box culverts. For silty clay soil, this expression gives an earth
pressure value of 1.17 times the overburden on top of the culvert. The registered
earth pressure in July 2007 and June 2015 is 245 and 254 kPa respectively.

The measured deformation of the EPS was 60 mm at an overburden of 100 kPa,
which corresponds to the compressive strength of the EPS. The deformation was
then 220 mm at completion of the fill, when the overburden was 196 kPa. For the
next four years, the deformation gradually increased to 250 mm, which is 50% of
the initial thickness of the EPS. The last two measurement performed in July 2007
and June 2015 show an increase to 269 and 275 mm deformation respectively,
which is 54 and 55% of the initial thickness. This shows that the deformation of the
EPS in cohesive fill is greater than in granular fills. The observed settlement of the
culvert was between 70 and 110 mm in the instrumented sections for the obser-
vation period.
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Fig. 4 Vertical overburden pressures and deformation of EPS geofoam

2.2.1 Numerical Modeling

The finite element program, Plaxis 2D [1], is used to further study the vertical
overburden pressure distribution over these two sections of the culvert. The model
is performed both for culvert with and without EPS-block. The construction is
modelled following the real construction stages and the pressure and deformation
points are placed fairly near the pressure cells and settlement sensors. The results
are reasonably comparable and can help for better understanding the arching effect
of EPS Geofoam on buried culverts.

The effect of the width of the compressible layer, EPS Geofoam, is also studied
by varying the width of EPS block. As shown in Figs. 6 and 7, the width of
compressible layer has some effect of reducing the vertical pressure on buried pipes.

For the width of EPS block equal to the width of the culvert, the vertical pressure
at mid span is 109 kPa and the maximum pressure at the edge of the culvert is
234 kPa. However, for the width of EPS block extended by 50 cm, both sides
beyond the width of the culvert, the vertical pressure at mid span is 127 and
203 kPa at the edges of the culvert (see Fig. 6).

The vertical pressure across the geofoam block is shown in Fig. 7. At the center
of the EPS block, the vertical pressure is 107 kPa and is about 62 kPa at the edge
for the width of compressible layer equal to the width of the culvert. The corre-
sponding vertical pressures are 129 and 64 kPa at the center and edge of EPS block
respectively for with width of compressible layer extended beyond the width of the
culvert (Fig. 7). Therefore, the effect of extending the width of EPS block beyond
the width of the culvert has insignificant effect in reducing the vertical overburden
pressure on the pipe (Table 1) (Figs. 6 and 7).
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Table 1 Material properties used in numerical models

121

Materials
Sub soil (silty Fill (dry crust) |EPS Concrete
clay) geofoam Culvert
Material model Hardening soil Mohr-Coulomb | Hardening Linear elastic
soil
Drainage type Drained Drained Drained Non-porus
Unit weight, v (kN/m®) |20 20 0.2 24
Secant stiffness, EXT 20 - 4
(MPa)
Stiffness, E’ (MPa) - 80 9000
Friction angle ¢’ (°) 26 28 30
Cohesion, ¢’ (kN/m?) 2 0 35
Dilatancy angle, ¥ (°) |0 0 0
Poisson’s ratio, v’ 0.3 0.3 0.2 0.15
Reference stress, pref 100 - 100
(kPa)

Culvert with EPS Geofoam
The result from the numerical analysis, (Figs. 5, 6, 7, and 8), show the effect of
geofoam block as compressible layer by creating positive arching on top of the
culvert, which diverts parts of the vertical soil pressure sideways. The type of fill
material is the key factor in creating positive arching. There should be significant
stiffness difference between the fill material and the geofoam block to have the
desired positive arching on buried culverts. Sensitivity analysis has been carried out
by varying the modulus of elasticity of the cohesive fill material for a specific
stiffness of EPS Geofoam. The result showed that the fill material should be at least
10 times stiffer than the geofoam block in order to have a desired positive arching

which reduces the vertical pressure on buried culverts.

Cartasian affecthve stress o'y (scabed up 2.00°10 > times) (Tiwe s416 o) |

Maxmum value = -108,8 B ' -

Minimum valos = -233,8 Bym

Cartesian effective stress o', (scaked up 2,00°10 7 times) (Tane 9416 day)
Maemum valut = <2255 KNfm2
Marmum value = <3432 bimi

Fig. 5 Comparison of vertical overburden pressure on top of buried culvert. Right: with Geofoam
block as a compressible inclusion, Left: without Geofoam block (Plaxis output)
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Culvert without EPS Geofoam

The output result from the analysis, Fig. 9, shows the vertical overburden pressure on
the culvert. The pressure contour shows there is pressure concentration on top of the
culvert, i.e. negative arching. The pressure on top of the culvert varies from 225 kPa at
the mid-span of the culvert to 343 kPa over the walls of the culvert, Fig. 5 (left).
The result from the analysis is comparable to the measured pressure, Fig. 4.

2.3 Field Installation—Toemtebekken, 1991

The last field installation built in 1991 is a concrete pipe culvert with inner diameter
1.4 m and outer diameter 1.73 m. The rock-fill embankment above the pipe
includes 0.5 m EPS geofoam inclusion situated 0.3 m above the crown of the pipe
and a total backfill height of 22 m. The foundation consists of approx. 40 cm
well-graded crushed stone, 0-32 mm, and compacted to a minimum of 97%
standard proctor. For filling around pipes and EPS block, sand and gravel is used,
and compacted to a minimum 97% standard proctor (Fig. 10).

The induced trench installation was instrumented to monitor the long-term
performance of the EPS geofoam inclusion and the earth pressure history above the
culvert for 24 years. As shown in Fig. 11, the registered vertical earth pressure at
the top of the pipe increased in similar pattern to the calculated overburden pressure
until 5 m of fill had been placed. Afterwards, only slight increment of the vertical

[kma]
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€: 310,00
D: 390,00
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H: 210,00
150,00
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mo0ovozzr Y =

30,00

Cartesian effective stress o’,

Cartesian effective stress u‘w (Time 9415 day)

Fig. 9 Contour of vertical overburden pressure over culvert without compressible layer (Plaxis
output)
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earth pressure is registered for further increase of fill height. The earth pressure
registered by cell 1 is only 23% of the overburden pressure at the end of con-
struction. The vertical pressure at the crown of the pipe remained fairly constant
afterwards. The filling was started in July 1991 and ended in October 1992. The
measured vertical deformation of EPS geofoam is shown in Fig. 11. The defor-
mation was about 16 cm at the full fill height of the embankment, October 1992,
which is about 32% of the initial thickness of the EPS block.

No significant change of deformation was registered after the end of the con-
struction. The result shows the deformation was about 38% according the 2007 and
2015 measurement. Much of the deformation occurred during the construction stage
and no settlement has been observed on the existing road above the embankment.

3 Comparison

The long-term measured vertical pressure above the crown of the pipe ranged from
23 to 25% of the overburden pressure for installations with granular backfill
material and about 45% for the one with cohesive soil backfill. Results from finite
element analysis showed that the performance of induced arching is largely affected
by the type of soil used in the embankment construction. The results from finite
element modelling are fairly comparable to the measured vertical overburden
pressure. The field installations with granular fill reduced the vertical pressure over
the culvert more than the one with silty-clay embankment. However, the measured
earth pressure for the section of culvert without compressible layer showed 124% of
the overburden pressure. Figures 12 and 13 provide quantitative comparison
between the calculated overburden and the registered vertical earth pressure values
among all field installations discussed above.

The resulting plot clearly shows that the use of induced trench installation
successfully reduced the vertical pressure above the buried structure. The final
compression of the EPS geofoam at the end of embankment construction ranged
from 27 to 32% for concrete pipes with granular fill and 50% for cast-in situ box
culvert with cohesive fill.

Fig. 12 Measured vertical
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Fig. 13 Comparison of the measured vertical earth pressure with the calculated arching factor

4 Design Method

It may also be interesting to compare the result with the so called the arching factor.
The vertical earth pressure, g, on an imperfect ditch culvert can be found from,
Vaslestad [6] as:

oy = NayH (KN/m?) (1)

where

N4 = arching factor
7 = unit weight of the soil (kN/m?)
H = height of cover (m)

and
l—e™
Ny = 1 (2)
where
H .
A =28, 3 and B = width of culvert (m) (3)

The friction number S, was used by Janbu [2] to determine friction on piles.
S, = |r| tan pK, (4)

where tan p = ftan ¢ = mobilized soil friction,
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f = degree of mobilization, (ranges from 0 to 1), tan ¢ = soil friction
K = active earth pressure coefficient

1
p
[\/14— tan® p + tan p4/1 — |r\}

_ (pytctang)tand  tand <1
"~ (py+ctangp)tanp tanp —

Ky =

where, ¢ = cohesion, p; = Active earth pressure, d = inclination of front wall.

5 Conclusion

The induced trench installations described were successful in reducing the vertical
loads on the buried culverts. The pressure on buried structures can be reduced with
the appropriate selection of backfill material with higher stiffness like granular
material. The average measured earth pressure above the crown of the pipe ranged
from 23 to 25% of the overburden pressure for installations with granular backfill
material and about 45% for the one with cohesive backfill material. This shows the
importance of using high quality well-compacted granular soil at the sides of an
imperfect ditch culvert. The vertical earth pressure on the section without EPS
geofoam block was measured as 1.24 times the overburden pressure. The long-term
full scale tests also showed that compression of the EPS geofoam ranged from 28 to
38% for concrete pipes with granular fill and 54% for cast-in situ box culvert with
cohesive fill.

Long term monitoring of the field installations indicate no increased pressure or
deformations on the buried culverts compared to the situation right after con-
struction. Much of the deformation in the EPS block occurred during the con-
struction phase and no problem has been observed on the road surfaces due to the
long-term settlement of the expanded polystyrene. The measured vertical pressures
are comparable with the design method.

Finite element modelling using the finite element program, Plaxis 2D is a useful
tool for optimizing and analysing distribution of earth pressure over buried culverts.
The effect of extending the width of EPS block beyond the width of the culvert has
insignificant effect in reducing the vertical overburden pressure on the pipe, but it
can reduce the horizontal pressure at the springline of the culvert.
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Improving the Behavior of Buried )
HDPE Pipe by Using EPS Geofoam s

Emre Akinay and Havvanur Kilic

Abstract A buried thermoplastic pipe installed with conventional method deflects
vertically downwards under soil load. Because the displacement of the pipe crown
is more than that of the sidefill soil, differential settlements in the soil medium
above the pipe crown level take place. Differential settlements lead to the devel-
opment of a mechanism called “positive soil arching” within the soil medium and,
consequently, a vertical stress smaller than the geostatic stress acts on the crown of
the thermoplastic pipe. The degree of arching depends on the magnitude of the
differential settlements. Therefore, the degree of arching can be increased by
installing a zone or zones of a compressible material, which will increase the
magnitude of the differential settlements, around the thermoplastic pipe when the
pipe is being installed. The increase in the degree of arching will provide less
vertical stress on the pipe crown and an improved pipe behavior. This paper pre-
sents a part of the findings obtained from true-scale laboratory model tests and finite
element analysis which were performed to investigate the effects of compressible
zone application on buried HDPE pipe behavior. EPS Geofoam with 10 kg/m®
nominal density was used as the compressible material. Compressible zone with
proposed geometry provided a reduction in vertical pipe deflection of up to 89%, in
horizontal pipe deflection of up to 96% and in vertical stress on the pipe crown of
up to 77%. Finite element analysis showed that the compressible zone provided
relatively very small bending moments and almost a uniform bending moment
distribution around the pipe. Under 200 kPa surcharge stress, a reduction in the
maximum bending moment around the pipe of 78% was provided.
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1 Introduction

After Marston (1922), many studies have been carried out on the induced trench
pipe installation method, which provides significant reduction in vertical stresses
acting on the buried rigid pipes under high fills [1-11]. In this method, a relatively
compressible material zone is installed within the backfill on a positive projecting
rigid pipe to induce the trench condition, i.e. positive soil arching. There is no case
study in the literature yet in which an HDPE pipe is installed as an induced trench
pipe. Kang et al. (2007) proposed the use of a soft zone around PVC pipes to
improve the pipe behavior and produced predictor equations for deflections,
maximum wall stress and arching factors by using finite element analyses [12].
However, the scope of the study of Kang et al. (2007) is limited to numerical
analysis and neither a laboratory nor a field study was carried out [12].

In this study, the effects of a soft zone around an HDPE pipe on the pipe
behavior are investigated by true-scale laboratory model tests and finite element
analyses. The soft zone geometry is similar to that proposed by Kang et al. [12], but
the dimensions are roughly determined.

2 Materials and Methods

2.1 Test Facility

The test facility consists of two main components: these are the test cell and the
loading system (Fig. 1). The test cell is a structure composed of four stiff walls,
which are 1.5 mlong and 1.5 m high, and one steel base. Three of the walls are made
of 10 mm-thick steel and the other one is made of 30 mm-thick Plexiglas. The walls
are supported by steel-box-profile belts (at top, mid-height and bottom levels) and
steel counterforts (four on each wall) to minimize undesirable outward movement
due to lateral earth pressures. The loading system consists of two hydraulic pistons
with 50 ton loading capacity and one rigid steel plate connected to the pistons. The
reaction beam is connected to the walls of the cell by columns, in other words the
loading system together with the test cell constitutes a loading frame.

2.2 Test Materials

2.2.1 Test Pipe

The test pipe is a lined corrugated-wall HDPE pipe with nominal diameter of
300 mm (©@300) and nominal stiffness of 8 kPa (SN8, Type 5). Actual inside
diameter of the pipe is measured as 294 mm in average. The actual ring stiffness of
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the test pipe is determined as 8.8 kPa by loading test carried out in accordance with
TS EN ISO 9969 [13]. Moment of inertia of the pipe wall per unit length is
determined as 488.6 mm*/mm and area of the pipe wall per unit length is deter-
mined as 7.22 mm*/mm. Geometrical properties of the pipe wall is given in Fig. 2.

Three pipe pieces, cut to a length of 490 mm, were supplied. This was required
to facilitate placing instrumentation inside the pipe. After placing the instrumen-
tation, the pieces were joined by butt-welding.
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2.2.2 Test Soil

The soil used in the tests was angular, medium grained silica sand with a coefficient
of uniformity (C,) of 2.57, a coefficient of curvature (C.) of 0.92 and an effective
size of particle (Do) of 0.35 mm. The specific gravity was 2.65. The soil is clas-
sified as poorly graded sand (SP) according to the Unified Soil Classification
System. The maximum and minimum dry weights of the sand were found to be
17.3 and 14.4 kKN/m”, respectively.

Shear strength angles for two different densities of the test sand were determined
by performing consolidated-drained (CD) triaxial compression tests. Triaxial
compression tests are performed after completion of the laboratory model tests. In
the laboratory model tests the sand was placed in layers with typical thickness of
140-150 mm. For facilitating and speeding up test preparation stage, the sand was
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placed in dry condition and as loose as possible. Dry unit weight (yg4.y) of the sand
placed in a layer was determined by two methods. The first method is the direct and
the simplest way of determining the unit weight; to divide the weight of sand by the
volume of layer. The second method is an indirect way; to take in situ stiffness
measurements by using Humboldt GeoGauge™ and to calculate dry unit weight of
sand by using Eq. 1 [15].

Vary(KN/m*) = 0.441k + 13.38 (1)

Given in Eq. 1: k = Stiffness measured by Humboldt GeoGauge™ (MN/m). It
should be noted that Eq. 1 can only be used for the sand used in this study and in dry
condition. By utilizing the first and the second method, the dry unit weight of the test
sand is determined approximately as 15 kN/m>. This value corresponds to relative
density of 25%.

During installation of the test pipe, one test personnel had got to get inside the test
cell and step on the test soil. The soil surface at the pipe invert level, except the soil
section where the pipe was laid on, was subjected to body weight of the test per-
sonnel. During this operation, care was taken not to step on the soil section where the
pipe was laid on. In situ stiffness measurements were taken by using Humboldt
GeoGauge™ after installation of the test pipe and by utilizing Eq. 1 dry unit weight
of sand at the pipe invert level is determined approximately as 15.5 kN/m>. This
value corresponds to relative density of 40%.

Consolidated-drained (CD) triaxial compression tests were performed under
confining pressures of 50, 100 and 200 kPa with a shear rate of 1% strain per minute.
Diameter and height of the triaxial compression test samples are 71 and 154 mm,
respectively. Shear strength angles for relative densities of 25 and 40% were found as
30° and 35°, respectively. Possibly due to test conditions a relatively small cohesion
(11 kPa) was determined for both soil densities, but was practically assumed as zero.
Axial strain versus deviatoric stress and axial strain versus volumetric strain plots are
given in Fig. 3. Mohr circles and failure envelopes are given in Fig. 4.

2.2.3 EPS Geofoam

EPS is a lightweight material that can be produced in any desired geometry. One of
the most important properties of EPS is that minimum requirements for its engi-
neering properties are specified by the standards. For these reasons, EPS was
selected as the compressible material to use in this study.

In this study, EPS Geofoam with nominal density of 10 kg/m® (EPS10) is used.
Axial strain—axial stress and axial strain—volumetric strain relationships are
determined by performing unconfined compression (UC) tests with a shear rate of 1%
strain per minute. Diameter and height of the unconfined compression test samples
were both 50 mm. The literature was reviewed to determine test procedure, sample
dimensions and shear rate [16—18]. Shearing was continued until 30% axial strain was
reached. Material properties of the EPS test sample were given in Table 1.
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Table 1 Material properties

Parameter Value
of the EPS UC test sample Heps (mm) 18.85
Dgps (mm) 50.00
Agps (cm?) 19.64
Vgps (cm®) 95.92
MEps (g) 0.98
PEPS (kg/mS) 10.2

Hgps height of the sample

Dgps diameter of the sample

Agps cross-sectional area of the sample
Vgps volume of the sample

Mgps mass of the sample

peps density of the sample

Axial strain—axial stress and axial strain—volumetric strain relationships for
EPS10 are given in Fig. 5. Material behavior is idealized with three linear seg-
ments. The first segment is the slope of the secant line between the origin and 1%
axial strain. The second segment is the slope of the secant line between 2 and 6%
axial strains. The third segment is the slope of the secant line between 6 and 30%
axial strains. The abscissa of intersection point of the first and the second segments
was assumed as 1.6% axial strain. Slopes of the linear segments in Fig. 5a (Young’s
Moduli) are determined as E; = 1440 kPa, E; = 390 kPa and E; = 140 kPa. Using
the slopes of the linear segments in Fig. 5b, Poisson Ratios are determined as
vy = 0.145, v, = —0.013 and v; = 0.049 [17, 18]. Stark et al. (2004) suggested
using of empirical linear Eq. 2 which relates initial tangent modulus of EPS to
density [19]:

where E;; is initial tangent modulus of EPS. Using Eq. 2 initial tangent modulus of
EPS with density of 10 kg/m® is calculated as E; = 1500 kPa. It’s seen that the
value of E; obtained from UC test is almost the same as the value that Eq. 2 yields.

2.3 Instrumentation

Load-cell type earth pressure cells were placed around the cross-section at the pipe
mid-length, in contact with the pipe wall, in order to measure vertical soil stress on
the pipe crown and the pipe invert, and horizontal soil stress on the pipe springline.
Potentiometric displacement sensors were installed inside the pipe, on the
cross-section at the pipe mid-length in order to measure vertical and horizontal pipe
deflections (Fig. 1).
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2.4 Treatment Against Wall Friction

If no treatment is applied to walls, interface strength between the walls and the sand
will mobilize as relative displacements on the interface take place. The friction on
the walls was minimized by placing two 0.08 mm-thick polyethylene sheets,
lubricated with Dow Corning Molykote 44 High-Temperature Bearing Grease
(Medium) on the walls. Placing a protection layer on polyethylene sheets for
avoiding any possible damage due to particle impingement was also considered to
be necessary. Conservatively, placing a non-woven geotextile (with mass per unit
area of 150 g/m) layer on which 2 mm-thick HDPE geomembrane plates were
attached was adopted for this purpose. This arrangement reduces the boundary

friction to less than 5% [20].
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Fig. 6 Geometrical properties of the compressible zone (units are in cm)

2.5 Laboratory Model Tests and Testing Procedure

Results obtained from two laboratory model tests are presented in this paper. The
first test is the Reference Test in which no compressible zone is installed around the
pipe. In the second test (Test #2), the pipe is located within a compressible zone as
proposed by Kang et al. [12]. Geometrical properties of the compressible zone
applied in the Test #2 are given in Fig. 6.

Brachman et al. (2001) proposed the use of pressurized air bladder for providing
uniform vertical stress distribution on the ground surface [21]. However, in this
study vertical load was applied to the ground surface through a rigid plate. Because
of flexural rigidity of rigid plate, this way of loading will lead to non-uniform
vertical stress distribution on the ground surface. Therefore, a 5 cm thick layer of
ethylene vinyl acetate (EVA) was placed on the soil surface for providing a vertical
stress distribution as uniform as possible. Ethylene vinyl acetate (EVA) was found
to be a proper material because of its high compressibility and linear elastic
strain-stress behavior.

Prior to loading stage, readings of earth pressure cells and potentiometric dis-
placement sensors were zeroed. Vertical stress was increased by increments of
25 kPa up to final value of 200 kPa. Each stress increment was maintained for
30 min.

3 Finite Element Analyses

The responses of the pipe and the test soil under conditions in the laboratory model
tests were investigated by finite element analyses. For this purpose well-known
finite element code PLAXIS 2D was used.
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3.1 Model Geometry

Based on the data obtained from the laboratory model tests, the responses of the
pipe and the soil were assumed to be symmetrical with respect to the pipe vertical
axis. Therefore, using of half-geometry was adopted for finite element analyses.
15-noded triangular elements were used in generating finite element mesh.
Preliminary analyses showed that very fine element size provides enough sensitivity
for modeling.

As mentioned in subchapter 2.2.2, soil surface at the pipe invert level was
subjected to body weight. For this reason, in modeling soil zone below the pipe
invert was defined as relatively dense “lower sand” and soil zone above the pipe
invert was defined as relatively loose “upper sand” (Fig. 7).

3.2 Model Parameters

3.2.1 Pipe

The pipe was modeled using linear elastic beam elements. The Linear Elastic Model
parameters for the pipe wall are given in Table 2.

Fig. 7 Model geometry (a) (b)
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Table 2 Linear elastic model  p,.ameter Value
parameters for the pipe wall E (MN/m?) 390 [22]
v () 0.46 [23]
w (kKNm/m) 0
I (m*/m) 4.886 x 1077
A (m*/m) 1.803 x 1072
EI (kNm*/m) 1.906 x 107"
EA (kN/m) 7032.41

E Young’s modulus

v Poisson’s ratio

w weight of the pipe wall per unit length

I moment of inertia of the pipe wall per unit length
A area of the pipe wall per unit length

3.2.2 Soils

The soils were modeled using Hardening Soil Model [24]. Stiffness moduli for
upper sand were determined by back-calculating using soil settlement data obtained
from Reference Test, while those for lower sand were determined using stress-strain
curves obtained from triaxial compression tests. The Hardening Soil Model
parameters for the soils are given in Table 3.

3.23 EPS

EPS was modeled using Linear Elastic Model. The Linear Elastic Model parameters
were determined by back-calculating using settlements of EPS beneath the pipe
invert measured in the laboratory model test and the behavior curves obtained from
UC test (Fig. 5). The procedure for determining the model parameters for EPS is
described as follows:

e Under 25 kPa surcharge stress, the vertical strain in EPS beneath the pipe invert
was measured as 5.6%. Using the behavior curve given in Fig. 5a, secant
modulus for 5.6% strain was determined as 680 kPa. This value was assigned as
Young’s Modulus of EPS for 25 kPa loading step (Fig. 8).

e Under higher surcharge stresses (50-200 kPa), the vertical strain in EPS beneath
the pipe invert was measured as greater than 6%. Vertical strains greater than
6% lie on the third linear segment of the idealized trilinear curve (Fig. 5a). The
slope of the third linear segment (140 kPa) was assigned as Young’s Modulus of
EPS for 50-200 kPa loading steps (Fig. 8).

e Poisson’s Ratios of EPS were determined following the same procedure.
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Table 3 Hardening soil model parameters for the soils

Parameter Value

Upper sand Lower sand
Yary (kN/m?) 15 15.5
p’ (kPa) 100 100
Egeof (kPa) 7.5 (Stages 1-2), 10 (Stages 3-9) 60
Egeefd (kPa) 7.5 (Stages 1-2), 10 (Stages 3-9) 60
E* (kPa) 22.5 (Stages 1-2), 30 (Stages 3-9) 180
m (—) 0.5 0.5
¢ () 30 35
V() 0 5
¢ (kPa) 0.1 0.1

Yary dry unit weight

prJ reference stress

EZ! reference secant stiffness from drained triaxial test

Egcefd reference tangent stiffness for oedometer primary loading
E' reference unloading/reloading stiffness

m exponential power for stress-level dependency of stiffness
¢ angle of shear strength

s angle of dilation

¢ cohesion

In determining the model parameters for EPS, the assumptions given below were
adopted:

e Values for Young’s Modulus and Poisson’s Ratio determined following the
procedure given above are the same at each point in the EPS zone.
e Strains occurred in the EPS zone during placement of test sand were ignored.

The Linear Elastic Model parameters for EPS are given in Table 4.

3.2.4 Walls of the Test Cell

In modeling, the outward movement of the tank walls was assumed to be zero.
However, for modeling the behavior of the interface between the tank wall and the
sand, beam elements were assigned to the boundaries of the model geometry. The
walls were modeled using Linear Elastic Model. The model parameters for the
walls are not presented in this paper.

3.2.5 Interfaces

Angles of interface strength adopted for wall—sand interface, HDPE—sand
interface, HDPE—EPS interface and EPS—sand interface and corresponding
interface strength reduction factors (Rj,,) are given in Table 5.
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Table 4 The linear elastic Parameter Value
model parameters for EPS10
P E (kPa) 680 (stages 1-3), 140 (stages 2-9)
v (—) 0.046 (stages 1-3), 0.049 (stages 2-9)

E Young’s Modulus
v Poisson’s Ratio

Interfaces except HDPE—EPS interface were modeled using Hardening Soil Model.
Stiffness parameters are as same as those assigned to upper sand (Table 3). Interface
strength reduction factors were obtained from the literature review [20, 25, 27].

Mohr-Coulomb (MC) Model was used to model HDPE—EPS interface
behavior. Stiffness parameters are as same as those assigned to EPS (Table 4).
Angle of shear strength (i.e. angle of interface strength) was assigned as 14° [26]
and, therefore, interface strength reduction factor was entered as 1.
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Table 5 Angles of interface strength and corresponding interface reduction factors

Parameter Value

Wall—sand HDPE—sand HDPE—EPS EPS—sand
Pinter (°) 5 [20] 20 [25] 14 [26] >30 [27]
Rinter (—) 0.17 0.67 1.00 1.00

@inter angle of interface strength
Rineer interface strength reduction factor

3.3 Modeling the Surcharge Stress

Surcharge stress was modeled by assigning a uniformly distributed line load along
the upper boundary of the model geometry (Fig. 7).

3.4 Calculation Stages

Calculation stages are given in Table 6.

4 Results

4.1 Soil Stresses on the Pipe

4.1.1 Vertical Stresses
Vertical stresses at the pipe crown and at the pipe invert measured in the laboratory

model tests and obtained from finite element analyses are given in Fig. 9. Under
200 kPa surcharge stress:

Table 6 Calculation stages

Stage Calculation type Loading type Line load (kN/m/m)
Initial stage Plastic Ko procedure X
Stage 1 Plastic Staged construction 0
Stage 2 Plastic Staged construction 25
Stage 3 Plastic Staged construction 50
Stage 4 Plastic Staged construction 75
Stage 5 Plastic Staged construction 100
Stage 6 Plastic Staged construction 125
Stage 7 Plastic Staged construction 150
Stage 8 Plastic Staged construction 175
Stage 9 Plastic Staged construction 200
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Fig. 9 Vertical stresses at the pipe crown and at the pipe invert

e Vertical stress at the pipe crown is measured as 176.7 kPa in Reference Test and
as 40.4 kPa in Test #2. Reduction in vertical stress at the pipe crown is 77.1%.

e Vertical stress at the pipe invert is measured as 87 kPa in Reference Test and as
48.6 kPa in Test #2. Reduction in vertical stress at the pipe invert is 44.1%.

4.1.2 Horizontal Stresses

Horizontal stresses at the pipe springline measured in the laboratory model tests and
obtained from finite element analyses are given in Fig. 10. Under 200 kPa sur-
charge stress horizontal stresses at the pipe springline are measured as 149.8 and
141.5 kPa in Reference Test and as 35.2 and 36.8 kPa in Test #2. Reduction in
stress at the pipe springline is 74-76.5%.

4.2 Pipe Deflections

Pipe deflections measured in the laboratory model tests and obtained from finite
element analyses are given in Fig. 11. Under 200 kPa surcharge stress:

e Vertical pipe deflection is measured as —8.86 mm (—2.95%) in Reference Test
and as —0.94 mm in Test #2 (—0.31%). Reduction in magnitude of vertical pipe
deflection is 89.3%.

e Horizontal pipe deflection is measured as 4.93 mm (1.64%) in Reference Test
and as —0.22 mm in Test #2 (—0.07%). Reduction in magnitude of horizontal
pipe deflection is 95.5%.
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Fig. 10 Horizontal stresses at the pipe springline
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Fig. 11 Pipe deflections

4.3 Bending Moments Around the Pipe

Bending moments around the pipe obtained from finite element analyses are given
in Fig. 12. Under 200 kPa surcharge stress:
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Fig. 12 Bending moments
around the pipe under
200 kPa surcharge stress

® Reference Test
o Test #2

Bending
moment

(KNm/m)

e Bending moment at pipe crown is the maximum value around the pipe in both
analyses and calculated as 0.143 kNm/m for Reference Test and as 0.032 kNm/
m for Test #2. Reduction in magnitude of the maximum bending moment is
77.9%.

e Bending moment at pipe springline is calculated as —0.093 kNm/m for
Reference Test and as 0.018 kNm/m for Test #2. Reduction in magnitude of
bending moment is 80.7%.

e Bending moment at pipe invert is calculated as 0.072 kNm/m for Reference Test
and as 0.023 kNm/m for Test #2. Reduction in magnitude of bending moment is
68.4%.

5 Summary and Conclusions

The effects of compressible zone application on buried HDPE pipe behavior were
investigated by true-scale laboratory model tests and finite element analyses. Data
obtained from laboratory model tests showed that by applying a compressible zone
having similar geometry with that proposed by Kang et al. (2007) the pipe behavior
can be improved significantly. Vertical arching factor under 200 kPa surcharge
stress was reduced from 0.88 down to 0.20. A reduction of up to 89 and 96% was
achieved in magnitude of vertical and horizontal pipe deflections, respectively.
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Pipe deflections obtained from finite element analyses showed very good
agreement with the measurement data. On the other hand, soil stresses obtained
from finite element analyses showed relatively poor agreement with the measure-
ment data. Bending moments calculated in finite analyses showed that compressible
zone provided relatively very small bending moments and almost a uniform
bending moment distribution around the pipe. Under 200 kPa surcharge stress, a
reduction in magnitude of the maximum bending moment around the pipe of 78%
was provided.
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Creep Behavior of Recycled-Content M)
Expanded Polystyrene Geofoam ke
Under Compressive Loading

Chuanqi Wang, David Arellano and Roger Meier

Abstract This paper presents conventional creep test results for 0, 15 and 30%
recycled-content expanded polystyrene (EPS)-block geofoam. The tests were per-
formed on 50-mm (2-in.) cubical specimens with a nominal density of 21.6 kg/m’
under different stress levels for more than 9 months. It is concluded that the creep
strain of recycled-content EPS geofoam increases with time and stress level in a
manner similar to virgin EPS geofoam. As with virgin EPS geofoam, the
elastic-limit stress appears to be a threshold stress level for creep strain development
in recycled-content EPS geofoam.

Keywords Creep - Expanded-polystyrene - Geofoam - Recycled-EPS

1 Introduction

Expanded polystyrene (EPS)-block geofoam made of non-recycled, i.e., virgin,
expandable polystyrene is being successfully used in many civil engineering
applications such as lightweight fill in roadway embankments over soft ground
[1, 2] and in landslide stabilization and repair [3—10]. In most geofoam civil
engineering applications, the geofoam is subjected to a constant dead load after
construction. Creep, which is the slow and continuous deformation of a material
under constant stress, may be significant depending on the stress level. Therefore, in
geofoam applications that are sensitive to deformation, creep deformation must be
considered during design. For example, when EPS-block geofoam is utilized as
lightweight fill in roadway embankments over soft soil, a primary consideration is
the proper selection and specification of EPS properties so that the geofoam mass
can support the overlying pavement system without excessive immediate and
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time-dependent (creep) compression. Although research has been performed on the
drainage properties of recycled polystyrene [11], the creep behavior of
recycled-content EPS has not been studied before. Therefore, recycled-content EPS
blocks have not been widely used in civil engineering applications.

This paper presents conventional creep test results. Wang and Arellano [12]
present compressive and flexural resistance test results for 0, 15 and 30%
recycled-content EPS-block geofoam. Wang et al. [13] and Wang [14] provide an
overview of the manufacturing process and methodology used to determine the
overall recycled content.

2  Creep Test Design

2.1 Test Specimens and Stress Levels

In this research, conventional creep tests were performed on 50-mm (2-in.) cubes
with a target density of 21.6 kg/m® under various stress levels for a duration of
6700 h (more than nine months). All of the EPS geofoam specimens used in this
research were provided by NOVA Chemicals Corporation. The target density of
21.6 kg/m® was chosen for this research because it is an ASTM-standard EPS-block
density [15] and test data on virgin EPS specimens with this target density are
available in the literature [16]. The choice of 50-mm (2-in.) cubical specimens was
also made to conform with previous creep research on virgin EPS reported in the
literature [16-20]. Although molders manufacture blocks to achieve an overall
target density, inherent density gradients occur within the block that yield speci-
mens, which are cut from the block, with various densities that are not equal to the
target density of the overall block. The test specimens for each recycled content
were obtained from a single block and selected to have densities as close as possible
to the 21.6 kg/m’ target.

The main focus of the creep study was limited to EPS specimens with 30%
recycled content because the number of load test frames was limited by space
constraints. EPS specimens with 30% recycled content were tested under four
different stress levels. EPS specimens with recycled contents of 0 and 15% were
tested under only one stress level each to compare test results with results of the
30% recycled content specimens.

The type of virgin polystyrene beads that are mixed with the recycled poly-
styrene beads can impact the mechanical properties of recycled-content EPS.
Therefore, the creep test results presented herein only compares the results obtained
on virgin EPS, i.e., 0% recycled-content EPS, made with the same virgin poly-
styrene beads used to produce the 15 and 30% recycled-content EPS and does not
include results of virgin polystyrene reported in the literature to block out the effects
of virgin polystyrene bead type on the creep test results.
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For virgin geofoam, if the applied stress produces an immediate strain less than
1%, the creep strain will be acceptable (less than 1%) for 50 years or more and if
the applied stress produces an immediate strain greater than 1%, creep strain
becomes excessive [21, 22]. Therefore, the stress that yields an immediate strain of
1%, which is called the elastic-limit stress, is a design threshold for limiting creep
deformation of virgin EPS blocks. In this research, the stress levels used were based
on the elastic-limit stresses, shown in Table 1, which were determined from
unconfined compressive strength tests performed on companion specimens with the
same target density.

For the creep specimens with a recycled content of 30%, four stress levels were
applied. The stress levels are 67, 56, 42 and 27 kPa. One stress level exceeded the
elastic-limit stress of 63 kPa and three stress levels were less than the elastic-limit
stress. For the 0% recycled content specimen, 70 kPa was applied, which exceeded
the elastic limit stress of 67 kPa. The stress level applied to the specimen with a
recycled content of 15% was 74 kPa, which also exceeded the elastic limit stress of
63 kPa.

Two specimens were tested at each stress level based on the recommendation of
ASTM D2990 [23]. Therefore, a total of 12 EPS specimens were tested in this
study. The density of each specimen was measured based on the procedure pro-
vided in ASTM D1622 [24]. The properties of the specimens and the stress levels
used are summarized in Table 1.

2.2 Test System

The creep tests were performed using the load frames shown in Fig. 1, which were
designed for this study based on recommendations from ASTM D2990 [23] and on
schematics and photos from various literature [20, 25, 26].

Table 1 Specimens and stress levels in creep test

Specimen Measured density Recycled Elastic limit Applied stress
No. (kg/m3) content (%) stress (kPa) level (kPa)
1 21.50 0 67 70

2 21.75

3 21.72 15 63 74

4 21.50

5 21.74 30 63 67

6 21.69

7 21.62 30 63 56

8 21.96

9 21.62 30 63 42

10 22.08

11 21.60 30 63 27

12 22.00
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Fig. 1 Typical creep load
test frame system

As shown in Fig. 1, the top plate of the hanger assembly applies the load from
dead weights to the specimen, which rests on the load frame. A mechanical dial
indicator mounted on the load frame measures the deformation of the specimen.

2.3 Test Procedure

The specimen was initially placed on the load frame as shown in Fig. 1. The hanger
assembly was then placed over the specimen carefully to ensure that only the t