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Abstract: The suitability of geocell reinforcement in reducing rut depth, surface settlements and/or pavement cracks
during service life of the pavements supported on expanded polystyrene (EPS) geofoam blocks is studied using a series of
large-scale cyclic plate load tests plus a number of simplified numerical simulations. It was found that the improvement
due to provision of geocell constantly increases as the load cycles increase. The rut depths at the pavement surface
significantly decrease due to the increased lateral resistance provided by the geocell in the overlying soil layer, and this
compensates the lower competency of the underlying EPS geofoam blocks. The efficiency of geocell reinforcement
depends on the amplitude of applied pressure: increasing the amplitude of cyclic pressure increasingly exploits the benefits
of the geocell reinforcement. During cyclic loading application, geocells can reduce settlement of the pavement surface by
up to 41% compared to an unreinforced case — with even greater reduction as the load cycles increase. Employment of
geocell reinforcement substantially decreases the rate of increase in the surface settlement during load repetitions. When
very low density EPS geofoam (EPS 10) is used, even though accompanied with overlying reinforced soil of 600 mm
thickness, the pavement is incapable of tolerating large cyclic pressures (e.g. 550 kPa). In comparison with the unreinforced
case, the resilient modulus is increased by geocell reinforcement by 25%, 34% and 53% for overlying soil thicknesses of
600, 500 and 400 mm, respectively. The improvement due to geocell reinforcement was most pronounced when thinner
soil layer was used. The verified three-dimensional numerical modelings assisted in further insight regarding the
mechanisms involved. The improvement factors obtained in this study allow a designer to choose appropriate values for a
geocell reinforced pavement foundation on EPS geofoam.

Keywords: Geosynthetics, EPS geofoam, Geocell reinforcement, Cyclic plate load tests, Pavements
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1 Introduction

Design and construction of road embankments might involve significant challenges. Dead weight of the embankment
fill generates long-term settlements in the subsoil that might require expensive pre-loading with wick drains. In extreme
cases a bridge with limited soil improvement at the foundation intervals might be required. Furthermore, sourcing and
movement along existing highway networks by many trucks is associated with noise, dust, emissions and congestion for a
lengthy period. By introducing lightweight materials, such as EPS geofoam, the construction industry can overcome many
of the mentioned difficulties and resolve further issues (some of which are addressed by Horvath, 1997; Athanasopoulos
et al., 1999; Bathurst et al., 2007; Bartlett et al., 2015; El-kady et al., 2018). EPS geofoam is created by the extrusion of
expanded polystyrene (EPS), constituted from numerous air-filled beads bonded together. Despite the application of EPS
geofoam over the last 50 years (Khan and Meguid, 2018, Puppala et al., 2018), research on the use of EPS geofoam in
construction is still ongoing, with improved guidelines and specifications being developed (Stark et al., 2004, Mohajerani
et al., 2017). EPS geofoam provides a number of advantages for use as a fill material, replacing soil. These include:

a) Low density (circa 1% of soil), which reduces both dead and seismic loads,

b) Readily cut into variety of shapes,

c) Easy to install,

d) Desirable physical and mechanical properties (Horvath, 1994).

In spite of such advantages, the growth rate in this geo-technology can only be sustained where methods to enhance
its use and to overcome failure are in place. With regard to the latter, early rutting (and possibly tension cracking) of
overlying pavement surfaces have been observed (Horvath, 2010). This may be attributed to lack of support from the
underlying EPS geofoam (Duskov, 1997a), which can result in punching of concentrated loads into the EPS geofoam due
to inefficient load spreading above the EPS layer (Fig. 1a), as observed in the study reported later in this paper (Fig. 1b).
This phenomenon might be due to the collapse of the foam bubbles giving it, in effect, a negative Poisson’s ratio (Ossa and
Romo, 2009). EPS geofoam contrasts with common soil backfills: its Young’s modulus is comparable to very soft soils,
its compressive strength is lower than most soils, it has different visco-elastic and visco-elasto-plastic behavior under cyclic
loading (Hazarika, 2006; Trandafir et al. 2010) and it has differing stress-strain response, with a wide range of plastic strain
sustained under loading (Bartlett et al., 2015, Ling et al., 2018). Furthermore, EPS geofoam is more expensive compared
to soil or common low density materials, thus its consumption (in terms of bulk density) has to be minimized. By utilizing
appropriate methods, e.g. as investigated in this paper, the load applied on the pavement surface may be handled such that

the stress applied to EPS geofoam remains within a safe margin.



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

To resolve the described problems and to ensure safe performance of pavements constructed on geofoam, several
techniques could be adopted. Increasing the overlying soil thickness could be a prime solution, but in some circumstances,
e.g. reduction of dead and seismic loads to the adjacent retaining walls (Bathurst et al., 2007; Hazarika and Okuzono, 2004;
Ertugrul and Trandafir, 2011) or distant location of the competent soil, it would be prohibitive. Using a load distribution
slab (LDS) is one of the best known methods, but it requires a large amount of concrete over a significant length of the
road. Moreover, it has been observed that construction of LDS overlying EPS blocks does not necessarily improve the
performance of the pavement system; on the other hand, due to the higher density of concrete material compared to soil,
the LDS induces overstressing of the EPS geofoam and results in failure (Horvath, 2010).

An alternative is to use soil reinforcing methods such as geocell, geogrid or geotextile (Stark et al., 2004). Geocells
are three dimensional geosynthetics and a geocell mattress provides three mechanisms for increasing the load bearing
capacity and improving the performance of pavement (Zhang et al., 2010; Sitharam and Hegde, 2013; Hegde, 2017): lateral
resistance effect, vertical stress dispersion and membrane mechanism; thus compared to geogrids and geotextiles, geocells
can deliver greater improvement due to lateral confinement and the resulting load distribution. Fig. 1c shows the concept:
geocell has distributed settlements over a wider area with a consequent reduction in the magnitude; and this is confirmed
in Fig. 1d. It is indicative of a wider pressure distribution compared to the punching-form of deformation (Fig. 1b) seen
on EPS geofoam overlaid by unreinforced soil. Nevertheless, the effectiveness of soil reinforcement with geocell on EPS
geofoam blocks is not studied yet. Thus, the combined use of EPS geofoam and geocell is a novel idea to resolve current
shortcoming regarding highway pavements built over EPS geofoam blocks alone.

With the above description, “pavement systems supported on EPS geofoam” and “geocell reinforced pavement
foundations” are the main topics that should be reviewed in this regard. Several studies have covered the use of EPS
geofoam in pavements and other applications (e.g. Farnsworth et al., 2008; Kim et al., 2010; Ossa and Romo, 2012; Akay
etal., 2013; Tanyu et al., 2013; Ozer et al., 2014; Akay et al., 2014; Akay, 2015; Anil et al., 2015; AbdelSalam and Azzam,
2016; De et al., 2016; Keller, 2016; Liyanapathirana and Ekanayake, 2016; Ni et al., 2016; Witthoeft and Kim, 2016; Ozer,
2016; Beju and Mandal, 2017; Meguid et al., 2017a,b; Gao et al., 2017a,b; Shafikhani et al., 2017; Pu et al., 2018;
Selvakumar and Soundara, 2019; AbdelSalam et al., 2019; Abdollahi et al., 2019) but none of these consider the possible
use of geocell reinforcement.

Likewise, a number of researchers have studied the influence of geocells on the settlements and load distributions in
footings, pavement systems, etc. (Wesseloo et al., 2009; Zhang et al., 2010; Thakur et al., 2012; Tavakoli Mehrjardi et al.;
2012; Biswas et al., 2013; Chen et al., 2013; Leshchinsky and Ling, 2013a; Hegde and Sitharam, 2015a; b; ¢; Biabani et

al., 2016a; b; Ngo et al., 2016; Suku et al., 2016; Abu-Farsakh et al., 2016; Vahedifard et al., 2016; Hegde and Sitharam,
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2017; Hegde, 2017; Dash and Choudhary, 2018; Moghaddas Tafreshi et al. 2018; Ouria and Mahmoudi, 2018; Pokharel et
al., 2018; Rahimi et al., 2018a; b; Satyal et al., 2018; Tavakoli Mehrjardi and Motarjemi, 2018; Venkateswarlu et al., 2018;
Choudhary et al, 2019; Liu et al., 2019; Song et al., 2018;2019; Punetha et al., 2019, Neto, 2019; Tavakoli Mehrjardi et al.,
2019; Fazeli Dehkordi et al., 2019). The underlying bed used in these studies can be conveniently divided into “competent
ground” and “soft ground”. EPS blocks would normally be employed to reduce the pressure on soft subsoils, while EPS
geofoam itself can be considered as a weak support (comparable to “soft ground”) to its overlying layer. So the purpose of
geocell mattresses would then be to distribute the applied pressure over a larger area to prevent extensive damage or failure
of the EPS and also in the subsoil below the loaded area. However the possible extent of usage and effectiveness of such
method (geocell) for pavements with EPS geofoam as the underlying base material needs further investigation.

In one study, Zou et al. (2000) performed cyclic loading tests on EPS geofoam supported pavements in a special
model facility. They concluded that even though the permanent deformation during load cycles is similar to sand pavement,
the higher resilient deformations caused by the underlying EPS significantly increases depth of surface ruts. Thus such
deformations must be limited by some means. On the other hand, Satyal et al. (2018) used large scale tests and 3D finite
element analyses to study the improved performance of geocell on soft subgrades. They concluded that geocell
reinforcement had the greatest efficacy in reducing settlement on weak subgrades and it also helped to reduce the rate of
continuous settlement due to cyclic loading. Similar to this study (in terms of material and overall configuration) but
different in the purpose, Tanyu et al. (2013) performed large-scale cyclic loading tests on geocell-reinforced gravel subbase
over a weak subgrade. EPS blocks were used to simulate a soft clay bed and the soil layer was compacted lower than typical
values (at ~90% of standard proctor test). They concluded that geocell reinforcement causes a 30-50% reduction in the
plastic deformation of the pavement surface and improves the resilient modulus of the pavement by 40-50%.

Above all, Hegde (2017) brought a comprehensive summary on the ongoing and past research of geocell that revealed
considerable facts. Based on his study, the majority of past research on geocells has been restricted to static tests in small
scale, which are probably affected by scale effects. They also reported that further 3D numerical modeling is needed to
comprehend the effect of geocells on pressure redistribution and surface settlements. As a conclusion, studies that combine
the use of geocell reinforced soil layer and EPS geofoam blocks are still rare. Although the geocell mattress placed above
an EPS layer might be considered to behave in a similar manner to the same geocell layer placed on soft soil, prediction of
the overall behavior of such system would be complicated due to the variety observed in the properties of the participating
elements (e.g. soil, EPS geofoam and geocell). This complexity becomes more evident when it is reminded that the behavior

of EPS geofoam is dissimilar to soil under the repeated loading of traffic (Trandafir and Erickson, 2011).
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This brief review of previous research indicates the effectiveness of geocell when placed over soil beds in various
conditions. Geocell might, therefore, be suitable for beds formed of EPS geofoam blocks in backfill construction (Stark et
al., 2004) — so the study reported in this paper was performed with the aim of investigating this possibility and the effect
of contributing factors. Various methods have been used for investigation of pavement foundations subjected to repetitive
loading. A great number of these studies have implemented well-known evaluation methods, such as plate load test, yet
there has been several efforts for introducing novel methods or materials into application (Gnanendran et al. 2011;
Piratheepan et al. 2012; Arulrajah et al. 2012; Arulrajah et al. 2013; Arulrajah et al. 2014; Rahman et al. 2015; Jegatheesan
and Gnanendran, 2015; Donrak et al. 2016; Arulrajah et al. 2017; Georgees et al. 2018; Tavira et al. 2018). For instance,
Piratheepan et al. (2012) combined Indirect Diametral Tensile (IDT) and Unconfined Compressive Strength (UCS) tests
to estimate cohesion and internal friction angle of conventional granular material stabilized with slag lime and general
blend (GB) cement-fly ash. Tavira et al. (2018) used plate load and falling weight deflectometer tests to characterize
construction and demolition waste (CDW) used as base and subbase materials. Yet, the plate load test still remains a simple
and practical method for evaluation of pavement foundation systems, and was also used in this study. Overview of the

research aims and properties of the material used in this study are addressed in the following sections.
2  Objectives

With the above background, it would be worthwhile to characterize the effectiveness of geocell reinforcement on
improving the performance of pavement foundation supported on EPS geofoam blocks. Considering previous research and
preliminary evaluations prior to main tests, several parameters (e.g. reinforced and unreinforced soil thickness, EPS
density) were found out to be the key influencing factors that need further investigation. Based on these factors, the main
objectives of this study are:

- To study the effectiveness of unreinforced and geocell reinforced overlying soil layers in the distribution of load

onto an underlying EPS geofoam layer,

- To compare the surface settlements of unreinforced and geocell reinforced EPS pavements,

- To determine the simultaneous effect of soil thickness and geocell reinforcement on the behavior of pavement

foundations resting on EPS geofoam,

- To determine whether thinner soil layers over EPS geofoam are practical when geocell reinforcement is used in

the soil layer, and,

- Todescribe the effect of EPS densities on the performance of EPS pavements overlaid by geocell reinforced soil.
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To achieve these, a series of full-scale repeated plate load tests were conducted. In addition to the experimental tests,
a shortened Finite Element analysis was used to assist with better understanding of mechanisms, and interpretation of
experimental results.

3 Material characteristics

The soil, EPS geofoam and geotextile used in this study was previously used by Ghotbi Siabil et al. (2019). A brief
description of the material characteristics is given here.
3.1 Sail

The specifications of ASTM D 2940-09 were employed to classify the soil according to the requirements of highway
and airport pavements. According to the Unified Soil Classification System (ASTM D 2487-11), the soil is well-graded
sand (SW) (see Fig. 2) with specific gravity (Gs) of 2.66. Maximum and mean grain size of the soil were 20 and 4.3 mm,
respectively. Using the modified proctor compaction test (ASTM D 1557-12), the peak dry density of soil was obtained
as 20.42 kN/m? at 5% optimum moisture content. Triaxial compression tests on the soil with 5% moisture content and dry
unit weight of 19.72 KN/m? (97% of the modified Proctor maximum density) showed an internal friction angle of 40.5°.

Additional information regarding soil particle size and grading parameters are shown on Fig. 2.

3.2 EPS geofoam

The original size of EPS geofoam blocks produced by the molder was 1000x1000x2000 mm. The blocks were cut
into the desired dimension (1000x500x200 mm or 1000x500x100 mm) by using a hot wire. Measurement of EPS density
was performed according to ASTM D 1622-08 and the remaining properties were in accordance with ASTM D 7180-05.
To obtain the compressive strength, elastic modulus and resilient modulus of the EPS geofoam, static and cyclic uniaxial
compression tests were performed on 200 mm cubic specimens (the section area of the samples satisfy recommendations
of ASTM D 1621-00 by far). Negussey (2007) reported that the physical properties obtained from testing larger EPS
geofoam samples are more accurate compared to smaller ones. The resilient moduli were obtained under the maximum
cyclic pressures, for which the EPS strained in a stabilizing manner (see Ps in Table 1, derived from Ghotbi Siabil et al.,
2019). The frequency of EPS sample tests (and cyclic plate load tests on the EPS geofoam pavement system) was selected
0.1 Hz to obtain a lower bound for the cyclic stress that generates permanent deformation in EPS geofoam (Trandafir et
al., 2010). According to Trandafir et al. (2010), cyclic axial strain up to 0.87-1.0% can be considered as the critical cyclic
strain value, beyond which plastic yielding and permanent plastic strains occur in EPS geofoam. In agreement with these
studies, the stable threshold of cyclic pressure (Ps) can be defined as the cyclic stress that can be applied 100 times over
the full face of a 200 mm EPS geofoam cube, with the cube averagely sustain 0.05% normal strain per cycle — a stable

plastic shake-down is observed at such condition (Collins and Boulbibane, 2000; Yang, 2010). The shear strength
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parameters of EPS geofoam (expressed as cohesion and angle of internal friction) were obtained from unconsolidated
undrained triaxial compression testing under confining pressure of 50, 100 and 150 kPa on cylindrical specimens of EPS
geofoam with diameter and height of 200 mm 200 mm, respectively. The axial loads in these tests were applied at a constant
strain rate of 1.5 mm/min (ASTM D2850-15). The summary of the properties for EPS with densities of 10, 20 and 30 kg/m?
is presented in Table 1 from which it will be seen that the EPS is, essentially, non-frictional — possessing only cohesive

strength.

3.3  Geocell reinforcement

The geocell employed in this study was formed from nonwoven geotextile comprising continuous polypropylene
strands, thermo-welded under pressure (“melded”) at regularly spaced points so that, when the strands are pulled apart a
‘honeycomb’ arrangement is formed (see Fig. 4b). Thus the strength of the geocell joints is generally similar to its base
fabric material. The soil is transferred into the cells and then compacted to produce a composite mattress with enhanced
properties (increased apparent cohesion and higher stiffhess). This improvement is attained by confining the soil by passive
resistance and limiting its lateral spread (Thakur et al., 2012). Consequently, the geocell reinforced soil composite provides
higher load-bearing capacity and improved performance under cyclic loading. The height and average diameter of geocell
pockets were 100 and 110 mm, respectively. The engineering properties of the geocell base material (geotextile) were kept

constant in the tests and the values are provided in Table 1.

3.4  Geotextile separation

According to previous recommendations (e.g. Stark et al., 2004), the EPS geofoam should be insulated from direct
contact with the overlying soil layer by means of a geotextile layer to prevent possible damage to the EPS geofoam. For
this purpose, a non-woven geotextile with the properties reported in Error! Reference source not found. was used. This
geotextile is made of UV-stabilized polypropylene and is needle-punched, heat bonded and is recommended for separation,

filtration, reinforcement and protection in building and construction applications.

4 Description of experiments

4.1 Test box and simulated loading

In this study, repeated plate load testing was employed to mimic the loading applied by a truck tire as recommended
by AASHTO T 221-90 and ASTM D 1195-09 for soils and flexible pavement components. For this aim, the model
pavement sections were constructed in a test box of 22002200 mm in plan and 1200 mm (could be increase up to 1400
mm) in depth. The interior sides and bottom of the box were covered with a rough layer of cement-sand mixture and

unreinforced concrete, respectively. In agreement with the observations that will be described in Fig. 6 and Section 6, the
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box dimensions fulfilled the recommended values by Thakur et al. (2012) — a horizontal dimension of 7 times of the loading
plate (which would be 2100 mm in this study) — and by Moghaddas Tafreshi et al. (2014) who indicated that a 700 mm
deep test box would be sufficient to prevent possible stress redistribution induced from bottom of the box (box depth is
>1200 mm in this study). Along with the above suggestion, DeMerchant et al., (2002) used a 305 mm plate in a 2200 mm
width and 860 mm deep test box for studying geogrid-reinforced lightweight material and confirmed that the results were
not altered by the side or bottom boundaries. Accordingly, Hegde and Sitharam (2015b) found that the pressure dispersion
depth (where pressure is <10% of the bearing capacity) would be 1.6B and 1B for an unreinforced and a geocell-reinforced
soft clay bed, equivalent to 480 mm and 300 mm in this study. Thus the dimensions of the test box employed here are more
than sufficient on the basis of previous researchers’ results and rationales.

To simulate the repetitive pressure induced from light and heavy trucks, a loading device consisting of a rigid frame,
cyclic load actuator, piston, load cell and 300mm diameter/25mm thick rigid loading plate (repetitive plate load testing is
recommended by AASHTO T 221-90 and ASTM D 1195-09 for soils and flexible pavement components) and other
equipment were incorporated (Fig. 3a). Brito et al. (2009) proposed that amplitudes 400 kPa and 800 kPa can be
representative of half- and fully-loaded trucks. At least a thin asphalt layer is employed at the top of pavements, which was
not replicated in these tests. Thus the recommended pressures were reduced to 275 kPa and 550 kPa on the basis of
calculations made using the KENPAVE software (Huang, 1993).

ASTM D 1195-09 suggests the use of static plate loading, with a few load repetitions, on soils and unbound base and
subbase materials for evaluation and design of highway and airport flexible pavements. Although the number of vehicle
passes will definitely exceed these values by a large margin, the pressure on the unbound layers will be greatest, and most
critical, in the construction phase of the road, when the covering materials are at their thinnest (or even absent). At such a
stage, Powell et al (1984) showed that 500 axle passages is a likely maximum. Thakur et al. (2016) only applied 100 cycles
of 550 kPa pressure to evaluate deformation of geocell-reinforced recycled asphalt pavement bases subjected to repetitive
loading. Similarly Sun et al. (2015) who applied 100 cycles of pressure at various loading increments up to 700 kPa to
investigate the performance of geogrid-stabilized unpaved roads under cyclic loading. From the above background, the
present authors adopted two loading stages:

(1) A first stage of loading comprising 100 applications at 275 kPa, which is followed by

(2) A second stage with 400 repetitions of 550 kPa pressure (Fig. 3b).

The cyclic pressure was applied in sinusoidal form with 0.1 Hz frequency, approximately the median of the frequencies

adopted by Palmeira and Antunes (2010), Yang et al. (2012), Thakur et al. (2012) and Gonzalez-Torre et al. (2015).
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4.2  Measurement system

Various data acquisition sensors were required to record data and permit loading control. A 100 kN load cell of S-
shape with accuracy of £0.01% was utilized to regulate the intensity and rate of loading. To measure the settlement of
loading surface, two LVVDTs were placed above and touching the loading plate. In some of the tests, additional LVDTs
were used at distances of 250 mm, 400 mm and 600 mm from the center of the loading plate so as to permit generation of
a surface settlement profile (see Fig. 3a). The LVDTSs had a full range of 75 mm with an accuracy of £0.01%. A pressure
cell of 1 MPa capacity was placed on top of EPS layer in all of the tests to measure the pressure transferred to the top of
the EPS geofoam layers (Py), at the position where the pressure intensity would be critical to the overall response of the
pavement system. All of these instruments (indicated in Fig. 3a) were connected to a data logger which processed and

passed the data to a computer for future use.

4.3  Backfill preparation and test procedure

EPS geofoam blocks (1000 x 500 mm in plan and 200 mm thickness) were placed at the bottom of the test box. The
blocks must be placed in tight arrangement together, to prevent increased settlements originating from gaps between the
EPS blocks (Zou et al, 2000 and Duskov, 1997b). The blocks were leveled properly and differential surface alignments
were minimized. For placing the subsequent layers of EPS geofoam, the direction of the longest side of the blocks was
aligned perpendicular to those of the underlying blocks, so as to form an integrated mass of EPS, and minimize relative
vertical displacement of the blocks (Stark et al., 2004). No connection or adhesive was used between EPS geofoam blocks
due to expensiveness for practical applications. Fig. 4a displays the test box after preparing the EPS bed.

After completion of the placement of EPS geofoam layers, a geotextile sheet with 16 kN/m strength (see Error!
Reference source not found. for the properties of geotextile) was placed over EPS bed to separate it from soil, as
recommended by Stark et al. (2004). The importance of the covering geotextile is due to the soft texture of EPS geofoam,
which is sensitive to damage when directly in touch with any soil that has a rough nature. Then, the soil was transferred
into the test box by means of hand shovels, spread and leveled to reach a pre-determined thickness. This pre-compaction
thickness was determined, by trial and error, to be approximately 120 mm for unreinforced pavements. A 450 mm wide
walk-behind vibrating compactor was used across to compact the soil until it reached the desirable thickness of 100 mm
for unreinforced pavements. Therefore, for each unreinforced soil thickness of 400, 500 or 600 mm, the soil layer was
compacted in 4, 5 or 6 layers, respectively. Fig. 4b shows the typical placement of geocell in the test box.

According to Moghaddas Tafreshi et al. (2014), the optimum installation depth of geocell (u) is 0.2 times the diameter
of the loading plate (u/D = 0.2). Hence, with a loading plate diameter of 300 mm in this study, the optimum depth of geocell

mattress becomes u = 60 mm. For this reason, the final compacted layer above the geocell and the geocell layer itself had
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thicknesses of 60 and 100 mm, respectively. Thus, for reinforced pavements with total soil thicknesses of 400, 500 and
600 mm, the remaining thickness of soil below geocell mattress would be 240, 340 and 440 mm, which were divided,
nominally, into 2x120, 3x113 and 4x110 mm layers, respectively. The width of geocell mattress was selected as
approximately 5 times the diameter of loading plate in accordance with Thakur et al., 2012 and Moghaddas Tafreshi et al.
2014,

Regular in-situ measurements of density according to ASTM D1556-07 showed that the degrees of compaction
achieved were almost equal for both unreinforced and reinforced pavements at the same depth. The maximum obtainable
density was found to be a function of the height of soil placed above the EPS geofoam and reinforcement status of the soil
layer. The first layer of soil placed directly on the EPS geofoam could be compacted up to 91.5% of the modified Proctor
maximum (a dry density of 18.7 kN/m?3), while the second, third and fourth layers achieved 93.5%, 95% and 96%
(equivalent to dry densities of 19.1, 19.4 and 19.6 kN/mq), respectively. For the fifth and sixth layers of soil, when needed,
dry densities higher than 19.6 kN/m? were almost unreachable. However, inside the geocell the density could be expected
approximately 2-4% lower in the unreinforced soil (Moghaddas Tafreshi et al., 2014). The difference can be explained in
terms of the geocell wall friction and multiple geotextile boundaries against which uninterrupted packing becomes

impossible. In Fig. 4c, the final instrumented model pavement is presented.
5 Test program and parameters

According to the previous studies (Ghotbi Siabil et al., 2019) and preliminary numerical analysis in the current study,
the compacted soil thickness (hs), density of the upper EPS layer (yq) and density of the bottom EPS layers (yg) are the
factors having the most significant effect on the response of these pavements (see Fig. 3a for definition of parameters) - the
subscripts “s”, “g”, “t” and “b” stand for soil, geofoam, top and bottom, respectively. For simple representation, the density
of the upper and bottom EPS layers are shown as “EPS yg/ygn” in this paper. The thickness of the upper and bottom EPS
layers (hg: and hgy, respectively) are also influencing factors. When the thickness of the overlying stiffer EPS (e.g. in EPS
30/20) is less than 200 mm, the upper EPS block would rupture due to excessive bending tension in EPS under higher
applied pressures (Ghotbi Siabil et al., 2019). Thus, in all tests, the thicknesses of the upper EPS and bottom EPS layers
were selected 200 mm and 600 mm (hg: = 200 mm and hg, = 600 mm), respectively. The thickness of the EPS block sheets
was selected as 200 mm in these tests. With a total 800 mm thickness of EPS geofoam bed in this study, the number of
EPS layers is four (greater than the minimum two recommended by Stark et al., 2004).

Gandahl (1988) and PRA (1992) had proposed using a minimum of 300-400 mm thickness for the overlying soil
layer, while Stark et al. (2004) has suggested increasing it to 610 mm. A great advantage of geocell reinforcement would

be to decrease thickness of the overlying soil layer, consequently reducing construction duration and costs. As previously
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stated, one of the objectives of this study is to characterize pavement foundations overlaid by thinner soil (i.e. 400 and 500
mm) that contains a geocell layer. Therefore, the thicknesses of the overlying soil layer used in this study is (almost) in
accordance with Stark et al. (2004), Gandahl (1988) and PRA (1992), varying from 400 to 600 mm.

The Test Series as shown in Table 3 was designed to study the effects of the above-mentioned factors. Test Series 1
was performed to provide an understanding on the pressure distribution in the subsequent layers of reinforced and
unreinforced pavement foundations. Test Series 2 was performed to evaluate the effect of geocell reinforcement (used at
different thicknesses of the overlying soil layer) on the performance of the pavement foundation. By comparing the results
of Test Series 2, the remaining Test Series (i.e. Test Series 3, 4 and 5) were performed so as to discover the effect of
reducing the density of EPS layers and decreasing soil thickness on the reinforced and unreinforced pavements’ response.
In order to ensure the repeatability of the tests, each Test Series was repeated a few times. This showed that a close match

existed between test results, with a variation not greater that 7%. Mean results are discussed hereafter.

6 Experimental results

For easier comparison of test results, two improvement factors (IF) are introduced:

) )

IFS,,, = —— M1y 100 (1)
u.m.n

IFp o = (pu.m.n; pr.m.n) % 100 (2)
S

Ox.mn- Total or residual (permanent) surface settlement (mm)

Pxmn- Vertical stress at point of interest, e.g. on EPS geofoam (kPa)

X: Reinforcement status (r for reinforced and u for unreinforced)

P: Stable pressure threshold for each EPS density from Table 1

n: Number of load cycles, the cycle number is reset to 1 for the first cycle of the second stage

m: 1 and 2 for the first and second loading stages (pressures of 275 and 550 kPa applied to loading plate, respectively)

InEq. 1, IFS, is an improvement factor to compare the total or residual (permanent) surface settlements of the reinforced
and unreinforced beds, normalized to the unreinforced surface settlement and in Eq. 2, and IFp is used to compare the
pressures in the two beds, normalized to the stable pressure threshold (Psfrom Table 1). To obtain a realistic insight
regarding settlement changes in the second loading stage, the final (or last cycle) residual settlement in the first loading
stage (Jx,1,100) Was subtracted from the total (accumulated) settlements at the end of the second loading stage (4x,2,n) SO as
to represent net values which are also presented in the summary tables. The following equation describes this:

Ox2n = Bx2n — x1.100 3)

Where the subscripts are as for Eq.s 1 and 2.
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From Eq. 1, IF 6, 400 describes the proportional reduction (or enhancement) in surface settlements of reinforced
pavement foundation compared to unreinforced one, under 550 kPa loading after 500 total cycles (i.e. cycles 1 — 400 under
the higher loading). Also from Eq. 2, IFp, 400 describes the proportional reduction (or enhancement) in the pressure
transferred to EPS geofoam in the reinforced pavement foundation compared to unreinforced one to the stable stress
threshold at any selected depth, under a 550 kPa surface loading after 500 total cycles (i.e. cycles 1 — 400 under that higher
loading). Positive IF values indicate improvement (i.e. reduction in settlement or pressure of reinforced foundation
compared to unreinforced one) and negative IF values (enhancement in settlement or pressure of reinforced foundation
compared to unreinforced one) indicate insufficiency in density of the underlying EPS geofoam, despite geocell-

reinforcement.

In any individual loading cycle, as the stress is applied through the loading plate, the surface settlement increases from a
minimum value to a peak value. Then, during unloading, due to the elasto-plastic nature of the soil and EPS geofoam, only
the elastic part of the settlement is recovered, but the plastic component remains. In other words, surface settlement
increases from a minimum value to a maximum (“peak”) value during each loading cycle before returning to a new
minimum (“residual”) value which is slightly larger than the previous minimum. It is clear that both the peak and residual
settlements increase with load cycle number. Both are important, therefore the envelope formed by the peak and residual
surface settlements have been plotted in Fig. 5b while examples of the extracted peak and residual (permanent) curves are

shown in Fig. 7a, b and 10a, b.

6.1 Overall pavement responses

First, it would be beneficial to provide a typical comparison of reinforced and unreinforced pavement foundations in
terms of surface settlement and transferred pressure on EPS geofoam in Fig. 5a to Fig. 5d. For the installation reported in
this plot, thickness of the overlying soil layer is 400 mm and density of the top and bottom EPS layers are 30 and 20 kg/m?,
respectively (Test Series 2a and 2d). During the first stage of loading (275 kPa applied pressure), variation of surface
settlements for the unreinforced and reinforced cases is analogous each other, both reaching to about 5 mm after 100 load
repetitions. To show the precise pressure-settlement path, Fig. 5a was magnified for the first ten load cycles and is shown
separately in the bottom-right corner of the figure. As is commonly seen in repeated loading results, the first cycle of
loading shows an atypically larger amount of settlement, probably due to bedding effects. Distinguishingly, the second
stage of loading (550 kPa applied pressure) involves progressively increasing settlement increments during loading
repetitions for the unreinforced case. Thus the development of accumulated permanent and resilient deformations is
evidently larger compared to the reinforced case. It is inferable that the reinforced case demonstrates stable shakedown

state, while the unreinforced one shows an unstable shakedown (Thakur, 2013) and might end up in failure due to
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incremental collapse after more load repetitions (Yang, 2010). The final (of last cycle) peak surface settlement of the
unreinforced and reinforced pavement foundations reach to 25.08 and 16.53 mm, respectively — indicating a notable
reduction (34%) in surface settlement due to geocell provision.

Diagrams of the pressure transferred to EPS geofoam (Py) can assist in explaining the described observations (see Fig.
5c¢ and Fig. 5d). During the first loading stage, the peak value of P; in unreinforced and reinforced cases remains averagely
around 36 and 30 kPa, respectively. These pressures are substantially lower than the stabilizing pressure threshold of EPS
30 (Ps=140 kPa as given in Table 1). With increasing the applied pressure to 550 kPa in the unreinforced case, the pressure
transferred to EPS geofoam exceeds 120 kPa in the first cycle and gradually rises up to about 140 kPa, which is identical
the critical threshold stress for EPS 30 — a failure is expected beyond this point. However, P; remains below 100 kPa
(significantly lower than Ps for EPS 30) for the reinforced case during this stage. The rate of change in P is increasing for
the unreinforced case and slightly decreasing for the reinforced case, representing progressive failure of soil due to strain
accumulation (Fig. 5a) and shakedown states (Fig. 5b), respectively. Similar performance improvement due to provision
of geocell in subballast was also reported by Indraratna et al. (2015). Thus the reinforcement acts to reduce the stress to
tolerable levels, thereby preventing strain accumulation in soil due to accumulative irrecoverable strain/damage in the
underlying EPS geofoam.

Lateral resistance of the geocell walls prevents soil from early shear failure and also provides significant confinement
which prevents initiation of failure surfaces. Hegde and Sitharam (2015b) observed when the underlying bed is weak,
geocell can resist the foundation load even after failure of the weak bed. It is reported that large repeated stress applications
cause progressive punching in a thinner unreinforced soil layer lying over EPS due to the weak support (Duskov, 1997b)
and/or low (or even negative) Poisson’s ratio of the underlying EPS geofoam (Ossa and Romo, 2009; Trandafir et al. 2010).
Thus it can be concluded that in a geocell-reinforced soil layer placed over an EPS geofoam bed, “vertical stress dispersion”
mechanism could be the prime resistance against lower applied pressure. When the pressure is increased and the EPS layer
subsequently deforms excessively below the pressurized zone, “lateral resistance” and “membrane mechanisms” would be

effective. However, studies are required to confirm these predictions.

6.2 Transferred pressure in EPS layers

The performance of EPS geofoam pavement foundations appears to be sensitive to the level of stress that is asked to
bear. Therefore, the results of Test Series 1 were reviewed (see Table 3) to determine the pressure transferred to the EPS
layers and to assess the effect of geocell reinforcement. The thicknesses of soil, upper EPS and bottom EPS layers were
400, 200 and 600 mm, respectively. The density of upper and bottom EPS layers (g and ygp) Were 30 kg/m? and 20 kg/m?®

(EPS 30/20), respectively. The pressure transferred at five depths, i.e. 400 mm (interface of soil layer and top of EPS
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layers), 600, 800, 1000 and 1200 mm from the backfill surface (at interface of soil and EPS block layers), were measured
by placing a pressure cell at that specific depth — i.e. in five similar tests with various embedment depth of pressure cell
(see Fig. 3a).

Fig. 6a and 6b display the peak vertical pressure in the EPS geofoam layers for unreinforced and reinforced backfills
during the first and last cycles of each loading stage. The highlighted areas in gray and green indicate the stable pressure
thresholds for EPS 30 and EPS 20, respectively - thus locating a point inside these regions means it would perform stably
under cyclic loading. Previous studies (Ghotbi Siabil et al., 2019) on cubic samples of EPS geofoam with different densities
(Table 1) had suggested cyclic pressure thresholds of ~140 and ~90 kPa for EPS 30 and EPS 20, respectively. It is clear
that all of the points are located inside this safe area, however for the unreinforced case, the stress level of EPS geofoam at
the last cycle (red circles) is critically close to the threshold boundary at depths 400 and 600 mm, which signifies the
improvement achieved by geocell.

When the lower pressure is applied (in contrast with the second loading stage), amplitudes of P are almost equal at
various depths of the reinforced and unreinforced installations (the plots are very close) - whether on the first or last load
cycle (compare Fig. 6a with Fig. 6b). During the second loading stage, the pressure transferred to the EPS geofoam layers
(especially from surface to a depth of 800 mm) is considerably reduced in the geocell reinforced case, and this reduction
is more evident as the loading cycles increase (Fig. 6b). Further cycles of load might eventually induce unstable behavior
in the pavement foundations due to a steady increase in the intensity of the transferred pressure. The amount of transferred
pressure dramatically increases as the applied pressure increases. According to Moghaddas Tafreshi et al. (2014), doubling
the applied pressure caused approximately 2.7 times increase in the transferred pressure in depth for both reinforced and
unreinforced cases, over the whole range of studied depths. However, the EPS geofoam layer in the unreinforced case
experienced more than threefold increase in the transferred pressure.

In all situations, the soil layer plays a significant role in reducing the pressure transferred onto the EPS geofoam. For
instance in the first loading cycle of the 275 kPa loading stage, the measured pressure at 400 mm depth of unreinforced
and reinforced installations were measured 33.4 and 29.9 kPa, respectively (Fig. 6a) — which is equivalent to 88% and 89%
reduction from the pressure applied to the surface. On the first load cycle of the second loading stage, the transferred
pressures on top of upper EPS layers (depth of 400 mm) were measured as 83.2 and 67.73 kPa for unreinforced and geocell-
reinforced cases, respectively (Fig. 6b) — which is equivalent to 85% and 88% reduction from the applied pressure; so the
difference between reinforced and unreinforced cases is 3% of 550 kPa (16.5 kPa). In the case of highly pressure-sensitive
material such as EPS geofoam, this can be a determinant value. With increasing load cycles, the reduction of transferred

pressure by geocell becomes considerably evident. Below the uppermost surface of EPS geofoam, the reduction rate of
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transferred pressure markedly drops with depth (see Fig. 6a,b). This can be seen as steeper slopes of the plots at these
depths. It can be concluded that the pressure transferred below a depth of 400 mm, whether unreinforced or reinforced, can
be assumed equal.

From Fig. 6, it could be inferred that the rate of increase in pressure with load cycles varies depending on
reinforcement status, intensity of the applied pressure, EPS density in depth (i.e. stable pressure threshold, Ps) and depth
of interest. For instance at the depth of 400 mm from pavement surface, the increase in the transferred pressure from cycle
1 to 100 is almost equal for reinforced and unreinforced installations in the first loading stage, while the reinforced
pavement performs much better under the second loading stage. Additionally, the rates of increase considerably decreased
from top to the bottom of the pavement, specifically below 800 mm depth. The improvement obtained from geocell at
depths > 800 mm is negligible for the second loading stage, compared to the first loading stage - which means that such
depths are less influenced by the improvement mechanisms geocell provides. In addition, a greater improvement factor by

the last load cycle indicates the increased benefit of geocell as strains develop in the system.

6.3  Effect of soil thickness and geocell reinforcement on EPS 30/20

In Test Series 2, the effect of soil reinforcement on EPS 30/20 pavement foundation was evaluated. Thicknesses of
the upper and bottom EPS layers were 200 and 600 mm, respectively. The density of the upper and lower EPS layers were
30 and 20 kg/m® respectively (see Table 3). In the described installations, the overlying soil thicknesses of 400, 500 and
600 mm were tested. In the following subsections, settlements (peak and permanent), the pressure transferred to the EPS
geofoam, deflection basin and resilient moduli is elaborated. Fig. 7 shows the overview of variation in peak and residual
settlements of the loading surface and transferred pressure on top of EPS layers, for reinforced and unreinforced cases. It
is clear that, when the unreinforced soil thickness is 400 mm, both peak and residual (abbreviated as Res. in Fig. 7b)
settlements increase substantially with a considerable rate, while other cases for thicknesses of 500 and 600 mm show
(relatively) stabilizing behavior. As explained in sections 6.1 and 6.2, the reason of unstable behavior for unreinforced
pavement foundation is due to the over-stressing on top of EPS 30, as depicted in Fig. 7c and Fig. 6b.

The effect of geocell reinforcement on surface settlements can be well understood by comparing unreinforced and
reinforced cases in Fig. 7a,b. Considering hs = 500 mm at the final load cycle, the peak surface settlement of unreinforced
and reinforced pavement foundation is 17.4 and 12.4 mm, respectively. The permanent settlement of unreinforced and
reinforced soil for the same situation is 14.9 and 10.6 mm, respectively. This example shows the geocell reinforcement
caused up to 29% reduction in the peak and permanent surface settlements for hy = 500 mm. The reduction in surface
settlement due to geocell provision is 35% and 24% for hs = 400 mm and hs = 600 mm, respectively. Thus the effectiveness

of geocell is dependent on the overlying soil thickness and decreases with increase in the soil thickness. From this figure,
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it is evident that the geocell reinforced case with hs = 400 mm shows a larger proportional improvement compared to all
of the other unreinforced cases and its performance is comparable to the unreinforced case with hs = 600 mm. In other
words, employing the geocell mattress in the thinnest overlying soil layers (hs = 400 mm) is equivalent to 50% increase in
soil thickness of an unreinforced systems (i.e. hs = 600 mm).

It is also worth noting that the permanent deformation on the pavement surface (or rut depth) for all cases still remains
below the permissible values for low volume roads (50 mm) and major roads (30 mm), as recommended by AASHTO
T221-90 (AASHTO 1990), although the reinforced cases are much more promising. The trend of increase suggests that
applying additional number of load cycles will not generate deeper ruts on the pavement surface (except in the unreinforced
case with hs = 400 mm).

Variation of the transferred pressure on the top of EPS geofoam (P:) with number of load cycles is depicted in Fig.
7c. For all of the systems examined here, the transferred pressure in the first stage (275 kPa) always remains below 40 kPa
(see Fig. 7c), which is substantially lower than the threshold cyclic pressure obtained from sample tests on EPS 30 (Ps=
90 kPa as of Table 1). With the onset of the second loading stage, the transferred pressure in the unreinforced and reinforced
cases of 500 and 600 mm soil remains within stable limits. For the 400 mm soil thickness, the transferred pressure of the
unreinforced cases increases substantially at a constants rate (although gradually), while the reinforced case of the same

configuration show a relatively constant pressure with number of load cycles.

6.3.1  Improvements in surface settlement and transferred pressure

To assess the improvement achieved from using geocell, the improvement factors (i.e. 7Fo for peak and permanent
surface settlement and IFp for the transferred pressure on EPS) of various thicknesses of soil reinforced with geocell at the
first and last cycle of each loading stage are displayed in Fig. 8a to Fig. 8c. When the lower pressure (275 kPa) is applied,
the variation of /F¢ and IFp with soil thickness is almost gradual — IF decreases as the soil thickness increases. At this
loading stage, 7F¢ and IFp are generally below 10% and 5% for all of the soil thicknesses, respectively. The difference in
IF between first and last cycle of this loading stage is also negligible. In the first cycle of the second loading stage (550
kPa), the improvement in peak settlement is more pronounced - mostly for the peak settlement of the 400 mm soil thickness,
but the improvement in permanent residual deformation is almost similar to smaller pressure stage. However, as more load
cycles are applied at this stage, the unreinforced pavement of 400 mm thickness develops large peak and permanent
deformations, while the corresponding geocell-reinforced pavement performs much better — resulting in more than 40%
improvement.

For the thickness of 500 and 600 and at the first load cycle the geocell reinforcement show small improvement (IF§

<10%), but the IFé$ significantly increases at last load .The IFé of permanent deformation is close to the IF§ of peak
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deformations under the lower applied pressure. In the first loading stage (lower applied pressure), the improvement factors
are generally minor — less than 10%. However, the improvement factors grow as the loading repetitions increase, which
means that geocell can limit the generation and accumulation of cyclic strains under cyclic loading. When the pavement
foundation is subjected to the larger pressure, the geocells have reduced surface settlement by 23% in the first cycle, and
up to 41% in the last cycle of this stage. The improvement factors decrease as the overlying soil thickness increases.

Such improvements are delivered in part by reducing the pressures transferred onto the EPS geofoam due to the effect
of geocell reinforcement. The transferred pressure improvement, IFp is considerable on the second loading stage and
increases with increasing load cycles, especially for the thinnest soil layer (400 mm). Similar to the trend observed for
surface settlements, the amount of pressure reduction by geocell is also larger under the higher applied pressure. While
IFp1,100 = 4.99% for soil thickness of 400 mm under 275 kPa cyclic load, 1Fp21 = 11.43% when the pavement foundation
is subjected to 550 kPa pressure. With increasing number of load cycles, geocell prevents excessive increase in pressure
transferred to the EPS geofoam and hence, the absolute values of 1F, 1,100 are larger than the absolute values of 1F,11. With
increasing soil thickness, the effectiveness of geocell in reducing the pressure transferred to the EPS geofoam diminishes
and IF values decrease. At both stages, the increase in transferred pressure with load cycles is significantly lower for the
reinforced installation compared to the unreinforced installation.

As discussed in the previous section, the permissible stress limit for EPS 30 is about 90 kPa which is exceeded in the
case of the larger applied pressure and thinnest soil cover. The punching shear failure mechanism which develops over a
large number of cyclic pressure application is perhaps the main consequence of this exceedance. Reduction in the
transferred pressure by means of geocell reinforcement were approximately 5% and 27% for the lower and higher applied
pressures, respectively. It can be concluded that geocell reinforcement is capable of reducing both transferred pressure and
settlement and its effectiveness increases with increase in the pressure amplitude.

Thus, the data reveals that:

¢ Incrementally accumulated plastic deformation is far more sensitive to load level than is the magnitude of
instantaneous (recoverable) deformation,

e At any particular stress level, the geocell reinforcement has similar effectiveness at limiting both
instantaneous and accumulated plastic deformations,

e The geocell reinforcement has a significant effect in reducing such deformations at higher stress (and, hence)
strain levels, and,

e  For the thicker soil layers, larger shear resistance can be mobilized within the soil layer, resulting in better

pressure distribution over EPS. Therefore, the influence of the geocell reinforcement would be greater for
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thinner soil layers. A similar trend was also observed by Thakur et al. (2012) for ordinary pavement
foundation systems.

Previous studies had demonstrated that geocell pockets provide hoop confinement to the soil, thereby exploiting its
passive resistance so as to increase shear strength, distribute stresses and prevent early rupture (Thakur et al., 2012;
Moghaddas Tafreshi et al. 2014). Applied above the EPS geofoam, this mechanism helps to avoid localized loading of the
EPS geofoam and to avoid large surface settlements, especially with repeated loading application. Under short-term loading
the geocell polymers behave almost elastically at high stiffness, trapping energy during loading and then releasing it during
unloading, which causes the elastic rebound (resilient deformation) to increase with respect to the total deformation,
preventing it from causing failure or rupture in soil. In the absence of geocell reinforcement, the amount of resilient
deformation in the EPS geofoam is large, leading to significant shear strain in the overlying soil layer at each cycle and
eventually lead to non-stabilizing behavior. By incorporating geocell reinforcement, these large resilient deformations will

be moderated, yielding a stiffer response of the whole system.

6.3.2  Deflection basin evaluation

Fig. 9 shows the pavement surface deflection basin on the pavement’s surface at the end of the second loading stage.
Settlement beyond 600 mm from the center of loading plate was not measured. Thakur et al. (2012) had observed that a
slight heave might appear across the settlement profile of unreinforced pavements. This is not apparent in Fig. 9,
presumably due to the compressibility (without compensating heave) of the EPS geofoam. Fig. 9 also shows that geocell
reinforcement have caused a significant decrease in the final settlement profile. For instance, in the case of 400 mm soil
thickness, the peak settlement of about 24 mm in the unreinforced installation decreased to about 16 mm in the case of
geocell-reinforced pavement. The insignificant settlement at distance of 600 mm from the center of loading shows that the
selected side boundary is sufficient and, therefore, it is expected that the settlement beyond 600 mm from the center would
be negligible.
6.3.3  Resilient modulus evaluation

The resilient moduli of soil and EPS under cyclic loading of 0.1 Hz frequency were reported in the ranges of ~200
and ~5 MPa, respectively (Ghotbi Siabil et al., 2019). The exact value for soil and EPS geofoam depend on the compaction
of soil and density of EPS geofoam, respectively. For design purposes, it is essential to know the resilient modulus of the
composite pavement foundation system. According to Table 4., the resilient moduli depends on the amplitude of loading,
thickness of the overlying soil layer and reinforcement status. After a several repetitions of the load cycles, the resilient

moduli stabilizes to a constant value, slightly lower than the initial value. Indraratna et al. (2015) also found that that the
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resilient modulus remained constant at more load repetitions. According to Behiry (2014), the resilient modulus, Mg, from
plate load testing is calculated from elastic theory using the following equation:

_n(1-v*)qa
R 24

Where q is the change in uniformly applied pressure,

v is the Poisson’s ratio of soil,

a is the radius of loading plate,

4 is the resilient deflection under the loading plate (i.e. the difference between the peak and residual settlement in one
particular cycle of loading).

For 275 kPa pressure, the stabilized M, (on the last loading cycle) is 32.3, 74.9 and 79 MPa for unreinforced soil with
thicknesses of 400, 500 and 600 mm, respectively. When the soil is reinforced with geocell, the resilient moduli become
36.2, 86.1 and 90.6 MPa, for the same order of soil thicknesses. When increasing the pressure to 550 kPa, M, drops to 24%
43% of the values in the previous loading stage. The stabilized (or last cycle) M, of 400, 500 and 600 mm soil thicknesses
are 14.4, 17.3 and 19 for unreinforced status and 22, 23.1 and 23.6 MPa for reinforced soil, respectively. It can be observed
that geocell reinforcement has improved the resilient modulus of the 400, 500 and 600 mm soil thickness by 53%, 34%
and 24% compared with unreinforced sections. This shows that effectiveness of geocell in improving resilient modulus,
reduces with increasing the overlying soil thickness. In agreement, for a totally soil made pavement foundation, Indraratna
et al. (2015) and Mengelt et al. (2006) reported up to only 18% increase in the resilient modulus for a geocell-reinforced
subballast pavement foundation compared to unreinforced one. The impact of cyclic stress amplitude is evident by

comparing the moduli at the two applied pressure levels.

6.4  Effectiveness of geocell reinforcement on reducing density of EPS layers

In order to achieve a cost-effective solution, it would be desirable to reduce the density of EPS layers. However, this
might affect the pavement’s responses in unfavorable ways. To address the behavior of pavement foundation with lighter
EPS, the density of the EPS geofoam layers in the reinforced installations was reduced compared to Test Series 2, and the
results were compared with the relevant unreinforced and reinforced cases from Test Series 2 (as benchmark). Due to the
incapability of lighter EPS geofoam blocks with thinner soil cover (e.g. 400 mm) in tolerating high pressures (Ghotbi Siabil
et al, 2019), only the 600 mm soil thickness was used in the reinforced and unreinforced installations to provide better
pressure dispersion on the EPS blocks. The densities of the upper and bottom EPS layers were selected as: yq: = 30 and ygp
= 20 kg/m? (EPS 30/20) in Test Series 2c¢ (unreinforced) and Test Series 2f (reinforced) as benchmark cases, yq = 20 and
Yoo = 20 kg/m3 (EPS 20/20) in Test Series 3 (only reinforced) and yg = 10 and yg = 10 kg/m? (EPS 10/10) in Test Series 5
(only reinforced), as provided in Table 3.
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Variation in the peak and residual settlements of loading surface with respect to the number of load cycles are shown
in Error! Reference source not found.a and Fig. 10b, respectively. Even though the reinforced soil on EPS 10/10 seems to
have performed well in the first loading stage, more than 70 mm of settlement and consequent failure occurs in the
pavement surface after only 180 cycles of the second loading stage (only up to 20 mm and 16 mm peak and residual
settlements under the few first cycles are shown respectively in Fig. 10a and Fig. 10b). From Error! Reference source not
found.c, such failure is coincident with a constant increase in the pressure transferred to the top of EPS geofoam layer (EPS
10), initiating from the beginning of the second loading stage. This observation is similar to what happens when a geocell
layer is placed over a void. Sireesh et al., 2009 explain that due to very low end bearing resistance from presence of the
void, geocell mattress did not provide a noteworthy improvement in the performance and the geocell mattress punched into
the void. They also explained that the negligible performance improvement caused by geocell inclusion was the results of
skin friction mobilized on the external surface of geocell mattress, similar to piles. A similar phenomenon is observed in
the case of the pavement foundation on EPS 10.

It can be observed that, although unreinforced EPS 30/20 performs very similarly to reinforced EPS 20/20 in the first
loading stage, its settlement eventually overtakes that of the reinforced 20/20 case in the second loading stage (Error!
Reference source not found.a,b). Despite lighter/softer EPS geofoam involved in the EPS 20/20 reinforced case compared
to the unreinforced EPS 30/20, less cyclic deformation is accumulated as load cycles increase, compensating the effect of
the softer underlying bed. Thus, the reinforced EPS 20/20 could be incorporated instead of unreinforced EPS 30/20,
depending on project costs and requirements.

6.4.1  Improvements in surface settlement and transferred pressure

Table 5 displays the improvement factors pertaining to settlements and transferred pressures for the above described
schemes, compared to the unreinforced pavement foundation of EPS 30/20 (as benchmark). On the first loading stage, the
improvement of reinforced EPS 20/20 and EPS 30/20 pavement foundations are less significant compared to unreinforced
EPS 30/20 (absolute value of IF; 1,100 is less than 5 %); while the reinforced EPS 10/10 is not only improved compared to
unreinforced EPS 30/20, but also a noticeable increase (57.8%) was observed in the surface settlement. On the first cycle
of the second loading stage, IFs,1 = 10.97 % and 5.48 % for reinforced EPS 30/20 and EPS 20/20, respectively. Similar to
the previous loading stage, the surface settlement grows even greater for the reinforced EPS 10/10 - up to 1Fs2,1=-127%.
As the load cycles increase, the reinforced pavement foundation on EPS 20/20 shows an acceptable performance compared
to unreinforced pavement foundation on EPS 30/20 and thus, it can serve as an appropriate alternative, considering project
costs. Regarding the change in pressure ratios, the transferred pressure ratio for reinforced EPS 20/20 is slightly larger

compared to the benchmark case (IFp = 6.3-13%), but still within the safe stress limit (Table 1.).
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Hence, it is evident that provision of geocell reinforcement in the soil above EPS geofoam can provide sufficient
bearing capacity increase to compensate for softer EPS geofoam underlain, but only within certain limits. Once the EPS
geofoam becomes too soft (i.e. EPS 10), then the modest soil reinforcement provided by the geocells is a grossly inadequate

replacement for the loss of capacity that destructive failure of a low capacity EPS geofoam undergoes.

6.5 Effectiveness of geocell reinforcement on reducing soil thickness on EPS 20/20

According to Section 6.4, pavement foundations with 600 mm geocell-reinforced soil supported on EPS geofoam
lighter than 20 kg/m? (i.e. EPS 10/10) experience accelerated increase in rut depths under repetitive loading - resulting in
pavement failure. Yet, reduction of the overlying soil thickness might be demanding in some circumstances. Hence in Test
Series 3 and 4, thickness of the reinforced soil layer was reduced, and the results were compared with the results of 600
mm thick (maximum tested thickness) unreinforced soil as the benchmark, all on EPS 20/20. The overall thickness of EPS
bed was equal to 800 mm and the thickness of soil layer varied from 600 to 400 mm for geocell-reinforced installation.
Fig. 11a,b show peak and residual settlements of the loading surface for the described pavement foundations.

At both loading stages, the reinforced soil with thickness of 500 and 600 mm evidently exhibited a better performance
compared to unreinforced soil with thickness of 600 mm. At the lower applied pressure, settlements in the unreinforced
case with thickness of 600 mm are slightly smaller compared to the reinforced case with a soil thickness of 400 mm (similar
to initial cycles of the higher applied pressure), but the rate of increase becomes larger in the second loading stage and the
settlement soon exceeds those of the reinforced case. As it is shown in Fig. 11c, the transferred pressure in the installation
with unreinforced soil 600 mm thick increases beyond the stable pressure threshold of EPS 20, which is in agreement with
the variation in settlement. The transferred pressure in the reinforced cases remain within a safe limit for all of the soil
thicknesses. Therefore, the value of reinforcement of a soil layer above low density EPS geofoam beds is clearly

demonstrated.

6.5.1 Improvements in surface settlement and transferred pressure by geocell

A detailed summary of improvement factors is reported in Table 6. The results of reinforced pavement foundations
with different thicknesses are compared with the unreinforced foundation of 600 mm soil thickness as benchmark. On the
first loading stage, the settlements of reinforced 600 mm soil cases are obviously lower. The reinforced pavement with hs
=600 and 500 mm show approximately 30% and 16% lower peak settlements compared to benchmark case. However, the
peak settlements of 400 mm reinforced case are 24% larger than those of the benchmark case. When the applied pressure
is increased to 550 kPa, even the performance of the 400 mm reinforced pavement foundation gets slightly better on the
first cycle and, with increasing load cycles, the reinforced EPS 20/20 has even greater performance (1Fs 2,400 = 19.59%). As

explained in previous sections, these behaviors can be easily interpreted by comparing the transferred pressure values (Fig.
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11c). The improvement delivered from reinforcing a 600 mm thick overlying soil is greatest. For instance, a 43.6% decrease
in pressure is observed at the final cycle of the second loading stage. With decreasing soil thickness, the improvement
reduces, so that at the first loading stage of 400 mm soil thickness, no improvement is observed. Although by the last load
cycles of the second loading stage, the geocell reduces the surface settlement by 19.51%.

Thus with the thinnest soil cover, reinforcement has a small benefit at low applied stresses and, initially, at higher
stresses. At all other stress levels, and at the higher stress after 400 cycles of loading, a significant benefit of the
reinforcement is seen for all soil thicknesses. Thus, it seems that installation of the reinforcement locally degrades initial
response (presumably due to bedding and/or geocell tensioning effects). Yet this small effect is not noticeable in thicker
soil layers where (apparently) it is a smaller part of the overall reinforcement benefit, nor at higher stresses/strains where

geocell tensioning (and, hence, reinforcement) benefit becomes more significant.
7 Simplified numerical simulation

Alongside experiments, a series of numerical analyses was performed to improve the understanding of the response
of EPS geofoam pavements reinforced with geocell. According to the results of laboratory tests, the major portion of
surface settlements occurs during the first cycle of loading, irrespective of the loading stage. Consequently simulating the
first load cycle could provide valuable insight regarding the mechanisms involved. Thus to prevent lengthy and complicated
computational effort, the numerical simulation was limited to the first cycle of each loading stage (275 kPa and 550 kPa
cyclic pressures). Using these assumptions, settlement that resulted from an applied single cycle of 550 kPa load in the
numerical analysis, can be compared to the experimental settlement under the first cycle in the second loading stage — i.e.
when the settlements during cycle 2 to 100 from the first loading stage of experiments were excluded. It has to be noted
that such numerical analysis does not aim to predict the behavior during the whole loading cycles, but rather to give an
overall overview of the mechanisms, stress and settlement contours and interaction between soil, geocell and EPS geofoam
bed using the above assumptions.

7.1 Description

The numerical simulation was performed using a 3D finite element model created in ABAQUS software (Simulia, D.S.,
2013). The overall method of modeling used here was previously employed and verified by Leshchinsky and Ling (2013b)
and Satyal et al. (2018). To capture the behavior of soil and EPS geofoam, a Drucker-Prager constitutive law was employed
with the parameters presented in Table 7. In agreement with the experience of the authors during numerical simulations,
Jian and Xie (2011) reported that although the Mohr-Coulomb (M-C) is a normally accepted criterion within the
geotechnical engineering field, but it has two major limitations that prevent its widespread usage. First, and in contrast with

test results on the strength of material, the yield strength of material is underestimated when M-C is employed. This is due
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to the neglecting the constraining effect of the intermediate principal stress. Second, the projection of the M-C yield surface
on the deviatoric stress plane comprises six sharp corners of an irregular hexagon with non-identical partial derivatives,
which induces certain problems to the convergence in flow theory. The results of previous triaxial tests with three confining
pressures on soil samples were used to calibrate the parameters required for soil modeling. To obtain values for EPS
geofoam, uniaxial compression tests and triaxial compression tests were performed on cubic samples of each EPS density.
The Poisson’s ratio of EPS geofoam was selected based on the suggestions of previous research (e.g. Ossa and Romo,
2009; Trandafir et al., 2010). In the Drucker-Prager model used in ABAQUS, an additional parameter, termed the flow
stress ratio, is used to modify the yield criterion for c- ¢ material. The flow stress ratio is defined as the flow stress for the
case of triaxial extension divided by that for triaxial compression. By this means the influence of the intermediate principal
stress on the yield surface can be incorporated. The samples were thus modeled in ABAQUS and appropriate values were
calibrated to obtain a close match with the experimental data. However, larger EPS blocks would show larger elastic moduli
(or resilient moduli) compared to smaller samples (also reported by Negussey, 2007). Therefore, the final parameter values
were doubled to produce acceptable results.

A penalty method with tangential coefficient of 0.4 was used to model the frictional behavior between soil and EPS
geofoam. As no penetration is expected to happen between the soil and EPS geofoam, their normal interaction was
considered as rough. For the soil and geofoam, 8-node 3D ‘brick’ elements (C3D8R) were used while, the geocell was
modeled in its realistic geometry using 4-node quadrilateral, reduced integration elements with ‘hourglass control’
(M3D4R) using a linear elastic model. It is expected that the geocell joints have a strength no lower than the parent geocell
fabric. Also, being a small proportion of the fabric, any increase in strength will not have a noticeable effect on the whole.
Thus, the joints were not specifically modeled. A similar approach was chosen by other researchers (e.g. Leshchinsky and
Ling, 2013b; Oliaei and Kouzegaran, 2017; Satyal et al., 2018). The geocell elements were connected to the soil region
using the embedment formulation available in ABAQUS. This method introduces an interface friction corresponding to
the internal friction angle of the infill material, a behavior that has been determined by former research studies (Biabani
and Indraratna, 2015; Indraratna et al., 2011; Yang et al., 2010). The loading plate was modeled by shell elements with
large stiffness and its interaction with soil layer was established by penalty for frictional and rough for normal behaviors.
Using a static procedure, the pressure of each loading stage was applied to the loading plate in 5 seconds as a haversine
with pulse length of 10 seconds (5 seconds corresponds to peak time of 0.1 Hz frequency used in laboratory tests). To save
computer time, only one quarter of the test model was created with nodes on the planes of symmetry fixed in the direction
perpendicular to the plane, but free to move in other directions. For the external side boundaries, only vertical movements

were free. The bottom boundary was fixed in all of the directions. A graphical illustration of the total model assembly
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including soil and EPS layers, geocell layer and loading plate and their corresponding Finite Element mesh along with an
illustration of the one-time static loading used in the numerical analyses are shown in Fig. 12.
7.2 Validation

Fig. 13 compares the results of the numerical simulation with the experiments (Test Series 2) for the three thicknesses
of unreinforced and geocell-reinforced pavement foundations (hs = 400, 500 and 600 mm). Based on the explanations on
the beginning of Section 7 (i.e. the major portion of surface settlements at the first loading stage occurs during the first
cycle of loading) and in order to make the numerical and experimental results comparable, the effect of cyclic loading
occurred at the first loading stage from cycle 2 to 100 were excluded from the original experimental results. The general
trend of numerical simulation is similar to the experimental results, especially for the lower applied pressure. For the 550
kPa applied pressure, a slight variation can be observed in the numerical results. Application of 100 cycles of lower pressure
might have compacted the granular medium and increased (although insignificantly) the soil’s stiffness. By this explanation
the physical soil layer can dissipate pressure to a wider area, resulting in greater load spreading and smaller settlements
than expected at the higher stress level. The mismatch is more evident for lower thicknesses of soil, as the humerical hs=500
and 600 mm models already encompass this phenomenon (better load spreading and reduced settlement) due to their larger

thickness. Therefore, the numerical model can provide fairly accurate replicate results of the physical test results.
7.3 Model results

7.3.1  Settlements and strains in EPS geofoam

To determine the reaction of soil and EPS layers to the applied pressure individually, the settlement profile of each
layer at the end of 550 kPa pressure application is plotted in Fig. 14. According to these plots, for the locations around the
loading plate (approximately up to 200 mm from the center to each side), the settlements of the pavement surface and the
upper EPS layer are markedly different between reinforced and unreinforced installations. In this region, the settlement of
the soil layer has increased as a consequence of increase in the settlement of the underlain upper EPS layer. Beyond this
central zone, the settlement of the soil surface and upper EPS layer are approximately equal for both of the reinforcement
states. The settlement of the bottom EPS layer at 600mm is almost the same for both unreinforced and reinforced cases,
and doesn’t vary much along the side of the pavement — indicating the effectiveness of the overlying layers. The increase
in the soil settlement near the loading axis is due to the significant deformation of EPS geofoam and is located between the
inflexion points of the settlement plot for the upper EPS layer (400mm depth). Geocell reinforcement has reduced the
settlement of EPS geofoam due to its pressure spreading mechanisms and this has led to a consequent reduction in the

settlement of the soil surface. In other words, the concentrated form of settlement (encompassing possible failure in the
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EPS geofoam) in the unreinforced case has been transformed to much smaller uniform settlements over a wider area of
EPS geofoam layer. This effect certainly assists in an increase in the service life of the pavement.

Based on the observations during tests (Fig. 1) and the numerical analysis (Fig. 14), two major failure mechanism

can be distinguished in geocell-reinforced and unreinforced pavement foundations supported on EPS geofoam blocks:

(1) Punching failure mechanism: The punching failure mainly occurs in the unreinforced situation; when the
thickness of the overlying soil layer is insufficient (perhaps when hs<400 mm). When the overlying soil layer is
reinforced with geocell, it mainly happens when the EPS density is very low (yq and ygp < 20 kg/m?3).

(2) Global/local shear failure mechanism: When the overlying soil is thick and EPS geofoam is competent, it is
expected that the deformation of EPS geofoam surface below the soil cover is negligible and a full shear failure
can be formed.

The mentioned failure mechanisms and suggested bounds for occurring them is almost qualitative and can be used as

rule of thumb for design purposes. An exact categorization must include the effect of more factors including soil type,

soil compaction and geocell characteristics.

7.3.2  Strains in geocell

The longitudinal strains in the geocell of the pavement foundations with hs=600 mm and with soil constructed on EPS
20/20 or EPS 30/20 are shown Fig. 15a and Fig. 15b, respectively. According to these plots, the geocell layer has undergone
larger vertical settlement in the case of the EPS 20/20 pavement compared to that in the EPS 30/20. Due to the generation
of tensile stress at the bottom surface of geocell layers acting in bending, the longitudinal strain is significantly larger at
the bottom of both geocell layers than elsewhere. The peak value of tensile strain varies depending on the density of the
supporting EPS layers and the amount of consequent settlement encountered by the geocell layer. For EPS 30/20 case, the
peak strain is around 0.41%, while for EPS 20/20, the strain value can increase up to 0.63%. The deformed shape of geocell

also indicates the large settlement occurring from lower density of the EPS layers.
8 Conclusion

To prevent EPS geofoam failure or long-term settlement of the embankment requires sufficient spreading of loads
imposed at the ground surface so that the stresses on the EPS are not too large. This could be achieved by thick soil layers,
but that’s not desirable as it increases the embankment mass — while the purpose of the EPS was to reduce it. So more
effective load spreading using a geocell reinforcement in a thin covering soil layer could be a competent method for
improving the performance of the pavement foundation. Using large-scale cyclic plate testing and a simplified Finite
Element analysis in this study, the benefits of incorporating geocell in the soil layer overlying EPS geofoam backfills was

assessed. The effect of geocell reinforcement on surface settlements, amplitude of the pressure transferred to the EPS
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geofoam and resilient modulus of the system was studied for different thicknesses of soil and different EPS densities. The

following outcomes have been obtained:

(1)

()

®3)

(4)

(5)

(6)

(7)

(8)

(©)

Use of a geocell over EPS geofoam is best when the stress likely to be experienced by the EPS geofoam would be
excessive. When employing geocell reinforcement in the thinner soil layers, an improvement can be obtained
equivalent to a 50% increase in soil thickness.

As the surface applied pressure increases, the increase in the pressure within EPS geofoam layers of an unreinforced
system may be larger than the increase experienced by ordinary soil. For example, when doubling the applied pressure
(from 275 to 550 kPa), the transferred pressure in the EPS layers triples. Using geocell reinforcement in the soil above
EPS geofoam would prevent the excessive increase in the pressure amplitude within EPS layers.

The deflection basins (physical and computed) give some indication that the mode of failure in the EPS geofoam
would involve punching into the geofoam. The provision of reinforcement in the covering soil helps to reduce
settlement concentration, spreading the settlements over a wider area.

Incrementally accumulated plastic deformation is far more sensitive to load level in the composite systems evaluated
than is the magnitude of instantaneous (recoverable) deformation.

Using geocell reinforcement, the resilient modulus of the reinforced EPS backfilled system is raised significantly from
the unreinforced case, resulting in lower transient deflections. As much as 53% increase in the resilient modulus of
pavements on EPS geofoam is obtained, which is significant compared to the 18% increase for geocell-reinforced
pavements without EPS geofoam.

Geocell-reinforced pavement foundations with EPS 20/20 can be selected as suitable alternatives to EPS 30/20, but
EPS 10/10 failed very rapidly except when in a low pressure situation, even when under a geocell-reinforced 600 mm
thick soil layer.

Using geocell reinforcement can compensate for the effect of reduced soil cover, particularly on the softer EPS
geofoam.

The degree of effectiveness of using geocell on the soil above EPS geofoam is dependent on the soil thickness. With
decreasing soil thickness, effectiveness of geocell reinforcement considerably increases.

Using a simple numerical analysis, it can be concluded that the major reason for collapse of the pavement with EPS
geofoam is the high deformability of EPS geofoam under the applied pressure which in some cases results in lack of
support and punching failure. Geocell can spread the pressure over a wider zone and hence reduce premature failures.

The current research is assisting the understanding of the effect of geocell reinforcement in improving the

performance of road pavement foundations encompassing EPS geofoam blocks. As only one type of EPS geofoam and one
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type of geocell were used, the results might be subject to change if using materials with properties other than those
introduced here. The numerical simulation is also limited to the first cycle of loading stages using simplifying assumptions.
Nevertheless, the observed trends are not expected to dramatically change for similar configurations to those used here.
Considering these limitations, the results obtained here must be exploited with caution for practical applications. Future
studies could extend this work to improve current guidelines by considering other types of soil, EPS material and different
stiffness and geometry of geocell reinforcement. Further numerical studies can also be performed considering cyclic
loading application.
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Nomenclature

a Radius of loading plate

D Diameter of the loading plate

hs Thickness of soil layer

hgt Thickness of upper EPS geofoam layer
hgo Thickness of bottom EPS geofoam layer
Yob Density of bottom EPS geofoam layer
Yot Density of upper EPS geofoam layer

s Density of soil

Ormn: Surface settlement (mm).

Prmn: Vertical stress at point of interest (kPa).

P,: Stable pressure threshold of EPS geofoam.

P Pressure transferred on EPS geofoam.

X: Reinforcement status (r for reinforced and u for unreinforced).

n: Number of load cycles, the cycle number is reset to 1 for the first cycle of the second, more highly

loaded, stage (1, 101 and 400 indicate the first cycle of both loading stages, last cycle of first
loading stage and the last cycle of second loading stage, respectively).

Mg Resilient modulus

q Change in uniformly applied pressure

j, k: Value of n at first and last cycle of loading, respectively

m: 1 and 2 for the first and second loading stages (applied pressures of 275 and 550 kPa to loading
plate), respectively

IFp Improvement factor for comparison of reinforced and unreinforced transferred pressures

IF5 Improvement factor for comparison of reinforced and unreinforced settlements

v Poisson’s ratio

A Resilient deflection under the loading plate
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Fig. 14. Settlement of pavement surface, upper EPS layer (EPS 30) and bottom EPS layer (EPS 20) of reinforced and
unreinforced pavements for the applied load of 550 kPa.
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Fig. 15. Longitudinal strain in geocell of reinforced pavements with soil thickness of 600 mm on: (a): EPS 20/20, (b) EPS 30/20 for
the applied pressure of 550 kPa.
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Table 1.

Physical and mechanical properties of EPS geofoam (Ghotbi Siabil et al., 2019)

Engineering properties EPS 10 EPS 20 EPS 30
Measured density (kg/m?) 8.5~9.5 17~19 27~29
Angle of internal friction (°) ~1 ~2 ~3
Apparent cohesion (kPa) ~20 ~40 ~70
Elastic modulus - 1% strain (MPa) 0.37 0.81 2.16
Compressive strength - 10% strain (kPa) 39.3 83.67 156.4
Resilient modulus - 0.1 Hz loading (MPa) 2.4 4.1 55
Stable threshold of cyclic stress - Ps (kPa) ~40 ~90 ~140

Table 2.

The engineering characteristics of geocell reinforcement and geotextile separation (after Ghotbi

Siabil et al., 2019)

Property

Type of geotextile

Material

Mass per unit area (gr/m?)
Tensile strength (MD), KN/m
Tensile strength (CMD), KN/m
Elongation at maximum load, %
Static puncture (CBR), kN
Thickness under 2 kN/m? (mm)
Thickness under 200 kN/m? (mm)
Strength at 5% (kN/m)

Effective opening size (mm)

Geocell Geotextile
reinforcements separation
Non-woven Non-woven
Polypropylene Polypropylene
190 170

131 16

131 18

- >50

- 2.7

0.57 -

0.47 -

5.7 -

0.08 -
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Table 3.

Test program for large cyclic plate load experiments

Test hs Yot Ygb P
Series | (mm) | (kg/md) | (kg/md) Reinforcement | No. of tests Purpose of the test
No F— Effect of reinforcement on pressure distribution in
1 400 30 20 Yes 10*+5 EPS layers
a_| 400%™ Effect of unreinforced soil thickness over EPS 30/20
KKk
t; 288 30 20 No 2+4 on pavement response
2 d 400**
o 500 30 20 Yes P Effect of reinforced soil thickness over EPS 30/20 on
pavement response
f 600
a 400 . -
3 b 500 20 20 Yes 3447 Effect of reinforced soil thickness over EPS 20/20 on
c 600 pavement response
Effect of unreinforced soil thickness over EPS 20/20
Kkk
4 600 20 20 No 1+1 on pavement response
x Effect of lower EPS density with higher soil
*
5 600 10 10 Yes 1+ thickness on pavement response

* Due to insufficient number of available pressure cells, one test was repeated 5 times with placing the pressure sensor at the indicated

depths (0, 200, 400, 600 and 800 mm from top of EPS surface in separate tests)

** Indicates the tests which have been previously performed in Test Series 1

*** Indicates the number of tests which have been repeated two or three times to ensure the accuracy of the test data. For example,

in test Series 3, total of 7 tests were performed, including 3 independent tests plus 4 replicates.

Note: dry density of soil layers varies from 18.7 to 19.6 (kN/m?) from bottom to top of soil cover

Table 4.

Resilient modulus for different soil thicknesses under 275 and 550 kPa pressures

for pavement foundations including EPS 30/20

Applied Soil Unreinforced Mr (MPa) Reinforced Mr (MPa)
pressure | thickness | ] Stabilized Initial Stabilized
(L3P (i) value value value value

400 39.3 323 394 36.2
275 500 99.9 74.9 99.0 84.5
600 104.4 79.0 104.6 90.6
400 20.7 144 29.4 22.0
550 500 26.5 17.3 29.3 23.2
600 28.9 19.0 32.1 23.6
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Table 5.
Improvement factors of 600 mm thick reinforced pavement foundations on EPS 30/20, EPS
20/20 and EPS 10/10 compared to unreinforced EPS 30/20

IF6 (reinforced compared with IFp (reinforced compared with
unreinforced case) unreinforced case)

Second loading

First loading stage | Second loading stage First loading stage

Type of = - 0 stage (Pm =550
Settlement (Pm =275 kPa) (Pm =550 kPa) (Pm = 275 kPa) kPa)
IF611 | IFo1,100 | IF621 | IF02400 | IFp11 | IFp1io | IFp21 | 1Fp2400
% % % % % % % %
Reinforced with EPS 30/20
Peak settlement 2.44 4.36 10.97 31.05
0.77 1.49 3.2 17.13
Res. Settlement 0.26 2.04 7.43 34.14
Reinforced with EPS 20/20
Peak settlement 1.27 2.18 5.48 15.53
-6.66 -6.29 -13.08 -8.01
Res. Settlement 0.13 1 3.75 17.09

Reinforced with EPS 10/10
Peak settlement | -47.54 | -57.81 -127.52 Failed

Res. Settlement | -21.25 | -51.92 | -146.48 Failed
1234 * Negative values indicate insufficiency of underlying EPS geofoam despite geocell reinforcement

-13.02 -14.42 -21.63 -93.93

1235
1236

Table 6.
Improvement factors of reinforced soil with thicknesses 400, 500 and 600 mm compared to unreinforced 600
mm soil thickness on EPS 20/20

IF& (reinforced compared with unreinforced case) | IFp (reinforced compared with unreinforced case)
Type of First loading stage (Pm Second loading stage First loading stage (Pm Second loading stage
settlement = 275 kPa) (Pm =550 kPa) = 275 kPa) (Pm =550 kPa)
I1Fo1,1 1F 01,100 1Fo2,1 1F 2,400 IFp11 1Fp1.100 IFp2.1 IFp2,400
% % % % % % % %
hs = 600 mm
Peak 28.54 28.73 35.2 56.39
7.03 9.95 21.64 43.61
Permanent 25.16 26.36 28.82 59.8
hs =500 mm
Peak 15.71 16.08 29.19 46.06
4.25 6.49 16.89 34.1
Permanent 19.14 17.82 29.43 48.76
hs =400 mm
Peak -20.32 -23.97 3.85 19.59
-8.37 -7.31 -6.81 19.51
Permanent 4.82 -12.94 4.95 20.27
1237
1238 * Negative values indicate insufficiency of underlying EPS geofoam despite geocell reinforcement
1239
1240
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Table 7.
Material properties values used in Finite element analysis

Material Soil EPS 30 EPS 20 Geocell
Density (kg/m?) 1870 ~ 1960 30 20 500
Basic v ung’s modulus (MPa) 35 9 5 200
properties
Poisson’s ratio 0.3 0.01 0.01 0.35
Plastic Angle of friction 50 5 5 -
properties  Dilation angle 10 1 1 -
Flow stress ratio 0.8 0.8 0.8 -
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