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Abstract. Comprehensive results from cyclic plate loading at a diameter of 300 mm supported by layers
of geocell are presented. The plate load tests were performed in a test pit measuring 2000 x 2000 mm in
plane and 700 mm in depth. To simulate half and full traffic loadings, fifteen loading and unloading cycles
were applied to the loading plate with amplitudes of 400 and 800 kPa. The optimum embedded depth of the
first layer of geocell beneath the loading plate and the optimum vertical spacing of geocell layers, based on
plate settlement, are both approximately 0.2 times loading plate diameter. The results show that installation
of the geocell layers in the foundation bed, increase the resilient behavior in addition to reduction of
accumulated plastic and total settlement of pavement system. Efficiency of geocell reinforcement was
decreased by increasing the number of the geocell layers for all applied stress levels and number of cycles of
applied loading. The results of the testing reveal the ability of the multiple layers of geocell reinforcement to
‘shakedown’ to a fully resilient behavior after a period of plastic settlement except when there is little or no
reinforcement and the applied cyclic pressure are large. When shakedown response is observed, then both
the accumulated plastic settlement prior to a steady-state response being obtained and the resilient
settlements thereafter are reduced. The use of four layers of geocell respectively decreases the total and
residual plastic settlements about 53% and 63% and increases the resilient settlement 145% compared with
the unreinforced case. The inclusion of the geocell layers also reduces the vertical stress transferred down
through the pavement by distributing the load over a wider area. For example, at the end of the load cycle of
the applied pressure of 800 kPa, the transferred pressure at the depth of 510 mm is reduced about 21.4%,
43.9%, 56.1% for the reinforced bases with one, two, and three layers of geocell, respectively, compared to
the stress in the unreinforced bed.
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1. Introduction

In the last decades, use of geosynthetic (planar and cellular) reinforced soil has made
significant impact in geotechnical engineering applications e.g., road construction layers, railway
embankments, pavement system, uplift behavior of anchors, footing, slope and earth stabilization
and lifeline provision (e.g., Collin ef al. 1996, Raymond 2002, Yoon et al. 2004, Ghosh et al. 2005,
Patra et al. 2005, Hufenus et al. 2006, Dash et al. 2007, Madhavi Latha and Rajagopal 2007, El
Sawwaf 2007, Bathurst et al. 2009, Zhang et al. 2010, Pokharel et al. 2010, Madhavi Latha 2011,
Boushehrian et al. 2011, Koerner 2012, Yang et al. 2012, Tavakoli Mehrjardi et al. 2012,
Leshchinsky and Ling 2013, Niroumand and Anuar Kassim 2013, Tanyu et al. 2013, Sireesh et al.
2013, Chen et al. 2013, Tandel et al. 2014, Deb and Konai 2014, Keskin 2015). Recent studies
have been shown that geocell reinforcement can be significantly more effective than a planar
reinforcement, in improving the behaviour of foundation beds under static and repeated loads
(Moghaddas Tafreshi and Dawson 2010a, b). The three dimensional geometry of geocell i.e., the
superior confinement offered by the geocells in all directions, allows the soil in the cells to
develop a passive resistance that increases the soil’s bearing capacity and decreases the settlement
of the foundation bed.

Sireesh et al. (2009) carried out a series of laboratory scale model tests on a circular footing
supported by reinforced soil with single layer of geocell overlying clay bed with a continuous
circular void. They reported that substantial improvement in performance can be obtained with the
provision of geocell mattress, of adequate size, over the clay subgrade with void and beneficial
effect could be obtained when the geocell mattress spread beyond the void at least a distance equal
to the diameter of the void. Thakur et al. (2012) investigated the performance of single
geocell-reinforced recycled asphalt pavement (RAP) bases, reporting that the geocell-reinforced
RAP bases had much smaller permanent deformations and smaller vertical stresses than
unreinforced base.

Geosynthetic inclusions would be most effective if used in the zone significantly stressed by
the loading surface (e.g., footing or tire wheel) — which may be over a depth of 1 or 2
width/diameters beneath the footing/tire wheel — i.e., over a depth of approximately 0.6 — 2 m for
typical footing widths and over a depth of 0.3 — 0.6 m for typical tire wheel widths. Since, the
heights of commercially produced geocells are usually standard and manufacturers of geocell
produce them at heights less than 200 mm (available cell depths produced by two key
manufacturers in Europe and the USA), using a 0.6 to 2 m single thick layer of geocell beneath the
footing and tire wheel is not possible for field construction. Even if it were, such a thick geocell
layer would likely make compaction of cell-fill extremely difficult (Thakur et al. 2012),
consequently decreasing the performance of a thick single layer of geocell. Hence, the use of
several layers of geocell (say, three or four) each with a thickness < 200 mm and with vertical
spacing between successive layers of geocell is a practical alternative and could be a beneficial
means of reinforcing the soil beneath a loading surface. Although it might be anticipated that more
geocell layers in a foundation bed reduce the deformations, but there is much detail of the use of
multiple geocell layers under repeatedly applied loads which would have application, potentially,
to pavement foundation (or machine support) systems.

Hence, in the current research, the overall goal was to demonstrate the benefits of introducing
multi-layered geocell reinforcement to address weak spots in pavement foundations (e.g., at trench
reinstatements). Cyclic loading conditions were selected as these are of particular concern for
pavement (or machine foundation) problems where localized soil reinforcement might be
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appropriate. Thus a total of 19 independent cyclic plate load tests (plus 10 repeated tests) of a
pavement foundation supported on unreinforced soil or soil reinforced with geocell were
performed in a test pit measuring 2000 x 2000 mm in plane and 700 mm in depth using a 300 mm
diameter rigid steel plate. Testing was arranged so as to determine the parameters controlling best
usage. The various parameters studied in this testing program include the optimal depth of the top
geocell layer, the optimal vertical spacing between successive layers of geocell, the effects of the
number of geocell layers on settlements of loading surface and the effects of the geocell layers on
the stress profile with depth of foundation bed.

2. Test materials
2.1 Soil

Granular soil passing through the 38 mm sieve with a specific gravity of 2.68 (G, = 2.68) was
used as backfill soil in the testing program. It was sourced from a local quarry and satisfies the
criteria and limitations recommended in ASTM D 2940-09. The grading of this soil is presented in
Fig. 1(a) (ASTM D422-07). According to the Unified Soil Classification System (ASTM D
2487-11), the sand is classified as well graded sand with letter symbol SW. According to the
modified proctor compaction tests (ASTM D 1557-12), the maximum dry density was about 20.62
kN/m’®, which corresponds to an optimum moisture content of 5.7% (see Fig. 1(b)). The angle of
internal friction (p) of sand obtained through triaxial tests at a wet density of 19.58 kN/m’
(corresponding to 90% of maximum dry density) was 40.5°. This soil was used to fill the geocell
and to place between the geocell layers.
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Fig. 1 Grain size distribution curve and compacted curve for backfill soil
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2.2 Geocell

The geocell used in the current study was fabricated from, non-woven geotextile, comprising
continuous polypropylene filaments, thermo-welded to form an imperforated “honeycomb”
arrangement (Fig. 2). This type of geocell reinforcement, when filled with soil or other mineral
material, provides confinement chambers due to the frictional and passive resistance developed at
the soil-geocell interfaces. It prevents the lateral displacement of infill, thus increasing the bearing
pressure and hindering the subsidence of foundation beds. To achieve the maximum performance
of geocell reinforcement (i.e., full mobilization of the frictional and passive resistance at the
soil-geocell interfaces), the geocell pockets must be expanded at its maximum sizes in width and
length.

According to the manufacturer, the strength and stiffness of the geocell joint is higher or similar
to that of the geocell wall material (i.e., geotextile). The engineering properties of the geotextile
from which geocell is formed and the geometry of the geocell, as listed by the manufacturer, are

R S SR

e

Fig. 2 A close view of expanded geocell spread in the test pit

Table 1 The engineering properties of the geotextile used in the tests

Description Value
Type of geotextile Non-woven
Material Polypropylene
Mass per unit area (gr/m?) 190
Thickness under 2 kN/m* (mm) 0.57
Thickness under 200 kN/m* (mm) 0.47
Tensile strength (kN/m) 13.1
Strength at 5% (kN/m) 5.7
Effective opening size (mm) 0.08
Height of cells, 4, (mm) 100

Geocell pocket size (Width and length of cells), d (mm) 110
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presented in Table 1. Maximum Geocell pocket size (d = 110 mm) and height of geocell (4, = 100
mm) were kept constant. The ratio of the maximum geocell pocket size (d = 110 mm) to diameter
of loading plate (D = 300 mm) is, thus, 0.37 (d/D = 0.37). Dash et al. (2001) in their studies on
strip footings supported by geocell-reinforced sand reported that the bearing capacity of footing
increases with decrease in pocket size, due to the overall increase in confinement effect of geocell
pockets and rigidity of the mattress. As the pocket size increases, the confinement reduces and
hence the soil freely moves out of the pockets leading to smaller load carring capacity. They
recommended d/D ratio less than 0.8 times of footing width to ignore local effects and to deliver
good performance improvement. Rajagopal et al. (1999) have also observed similar influence of
the pocket size on the behaviour of geocell-reinforced sands. It should be noted that for the small
footing diameter relative to the size of the geocell, local effects might be created by the position of
the cell walls relative to the footing. However, the d/D ratio adopted may not the optimum value
and a change in d/D might change the results. The effect of d/D could be investigated in future
studies.

3. Experimental program
3.1 Model test setup

The stress on RSC corresponding to 40 mm of settlement is found to be 70% greater than that
of OSC diameTo investigate the performance improvement in the deformation and the stress
profile of pavements supported by layers of geocell, a full scale model test of a standard plate load
was conducted in an outdoor test pit. The test pit, measuring 2000 mm x 2000 mm in plan, and
700 mm in depth, was excavated in natural ground to construct the geocell layers and to install the
pressure cells. The schematic cross-section of the test set-up of the foundation bed containing
geocell layers, the loading plate model, loading system and data measurement system (dial gauges
and soil pressure cells), the geometry of the test configurations, and location of three soil pressure
cells, is shown in Fig. 3.

Reaction Beam
-

<— Ball Screw System

Dial Gauge

Supporting Beam ~
to Fix Dial Gauge

<— Hydraulic Jack

2 *Loading plate

Fig. 3 Schematic cross-section of the test set-up (not to scale), “SPC 17, “SPC 2”, and “SPC 3”
indicate the location of three soil pressure cells
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A hand operated hydraulic jack imposed by a manually-operated pump and supported against a
strong reaction frame applied loads on a steel rigid circular plate (as a loading surface) of 300 mm
diameter and 25 mm in thickness located on the centre of the trench surface. An additional 10 mm
thick rubber base was attached at the bottom of the loading plate to simulate the rubber tire contact
with the ground surface. Although, the distributed pressure by a tire wheel passage might be rather
different from the distributed pressure by rigid plate load with an additional 10 mm thick rubber
base, but it can deliver useful results in the absence of flexible tire wheel load test (Kim and
Tutumluer 2005, ASTM D 1195-09 2009). However, this limitation in the present work isn’t
expected to be very influential on the outcomes and the effect of flexible tire wheel could be also
investigated in future studies. Also, the hydraulic jack applied loading on the pre-calibrated load
cell with a capacity of 4000 kg and an accuracy of + 0.01% full scale which was located between
the loading shaft and circular plate (soil surface) and connected to a load cell reader.

To measure the vertical stress inside the foundation bed, it was instrumented with three full
bridged, 50 mm diameter diaphragm-type soil pressure cells (SPC). These had an accuracy of
0.1% of full range of 1000 kPa according to the manufacturer. The top soil pressure cell
(abbreviated to “SPC 1”), middle soil pressure cell (“SPC 2”), and bottom soil pressure cell (“SPC
3”) are located at 190 mm, 350 mm, and 510 mm beneath the center of loading plate (Fig. 3). The
instruments were connected to digital converters and the output data was recorded in mV and then
converted to real stress units using established calibrations for the sensors. To ensure an accurate
reading, three pressure cells were calibrated prior to each test series. Since the pressure cells are
located at the middle of soil layers (see Fig. 3, the soil layers between to geocell layers), to
simulate the real test condition and to obtain the calibrations for the pressure cells, a 300
mm-diameter and 200 mm-high cylinder container made of very soft textile was filled with the
backfill soil and each cell was placed, in turn, in the middle. Thereafter, by placing the container
with the pressure cell in the middle, in a compression machine, the pressure cells were calibrated
for different levels of cyclic applied pressure. Also, to measure the movement of the plate,
throughout the tests, three linear dial gauges with an accuracy of 0.01% of full range (100 mm)
were attached to a reference beam and their tips placed about 10 mm inwards from the edge of the
plate. Also, a photograph of the test installation prior to testing, showing the reaction beam, load
plate, hydraulic jack and three dial gauges is presented as Fig. 4.

Fig. 4 Photograph of test installation prior to loading include reaction beam, load plate, hydraulic
jack and three dial gauges
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3.2 Compaction of backfill layers

In order to compact the layers of the foundation including unreinforced soil and geocell-
reinforced layers, a walk-behind vibrating plate compactor, 450 mm in width, was used. In all the
tests, the compactor passed over the backfill at ten levels being 0, 60, 160, 220, 320, 380, 480, 540,
640, and 700 mm from the level of the base of the loading plate. To achieve the required density of
backfill layers, in all tests, the soil layers and the soil that filled the geocell pockets were
compacted at an optimum moisture content of 5.7% with two and three passes, respectively so that
the compactive effort, and consequently compaction energy, was kept the same for all passes of
the compactor. To better assess the layers’ compaction, three sand cone tests in accordance with
ASTM D 1557-12 (2012) were conducted in some installations and after layer compaction, to
measure the densities and moisture content of compacted soil layers and the density of the soil
filled into the geocell pockets. The density values measured in the three cone tests revealed a close
match with maximum differences in results of only a rather small 1-1.5%. The average measured
(recovered) moisture content of the layers was between 5.2% and 5.7%. To prevent loss of
moisture from the backfill during the load test, the exposed backfill was covered to a distance of
1.8 m from the circumference of the bearing plate with a waterproof paper. The average measured
dry densities (average of three sand cone tests) of unreinforced soil and the soil filled in geocell
pockets after compaction of each layers were about 18.52 kN/m’ (approximately 90% of
maximum soil dry density) and 18 kN/m’ (approximately 87% of maximum soil dry density),
respectively.

3.3 Loading pattern

The loading arrangements were chosen to represent the tires of typical trucks on a pavement.
While general traffic loading will not be applied to the geocell-aggregate layers but millions of
times to overlying asphalt layers, such loading will be applied for a few traffic passages during
construction and this will, likely, be the most demanding time for the reinforced foundation. In
addition, AASHTO T 221-90 (2010) and ASTM D 1195-09 (2009) recommend application a few
load cycles using repetitive static plate load tests of flexible pavement for use in evaluation and
design of airport and highway pavements. It is this loading which was simulated in the work
described here by distributing wheel loads over an equivalent circular area at the appropriate tire
pressure (Brito et al. 2009).

Hence, in order to simulate the effect of wheel loading, unloading and reloading were imposed
through the plate at a rate of 1.5 kPa per second. The maximum applied pressure of 800 kPa was
chosen to replicate that of a heavy vehicle half-axle with “Super-Single” tire, as used on a common
heavy trailer (6 axles and a mean pressure 792 kPa) (Brito et al. 2009). In Test Series 1 and 4 (see
Table 2), the maximum applied pressure of 800 kPa was divided into two stages being 400 and
800 kPa to simulate half and full traffic loadings. For each stage, fifteen loading and unloading
cycles were applied as shown in Fig. 5. Preliminary repeated load tests (which are not reported in
the paper) showed that (regardless of the number of geocell layers), with increase in the number of
load cycles, the rate of change of loaded surface settlements reduces, so that their response has
become, approximately, stable within fifteen load cycles at the low level of cyclic pressure (400
kPa). The interest was to establish the likelihood of such a response being disturbed by a greater
cyclic pressure (800 kPa). Overall, this implies that a large number of cyclic load applications
were not essential. Also, in order to save time in Test Series 2 and 3 (see Table 2), only one load
cycle for each of the six cyclic pressures (150, 300, 400, 600 kPa) was applied on the loading
plate.
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Fig. 5 Pattern of repeated load on loading plate

4. Test parameters and testing program

The geometry of the test configurations for the multi-layered geocell is shown in Fig. 3. In
addition, Table 2 gives details of all the test series done in this study. Test Series 1 provided
reference, unreinforced, performance data. In the case of the geocell reinforced bed, three series of
tests (Test Series 2, 3 and 4) were conducted by varying the depth of the first layer of geocell
reinforcement beneath the loading surface (u), the vertical spacing of the geocell layers (#4), and the
number of geocell layers ().

The width of the geocell layers (b) and the depth to the top of the first geocell layer below the
loading surface (1) are expressed in non-dimensional form with respect to loading plate diameter

Table 2 Scheme of the cyclic plate load tests for unreinforced pavement and multi-layered geocell-reinforced

pavement
Test No. of
series Type of test N u/D h/D tests Purpose of the tests
To quantify the
1 Unreinforced 142" improvements due to
reinforcements
- 0,0.1,0.13,0.17 *
2 1 b b b > 9+4
0.2,0.25,0.3,0.6, 1 To arrive at the optimum values of
- Geocell 0.15,0.2, . w/D and h/D
3 rcinforced 2 02 0.25,04,08 2
4 1,2, 02 0.2 410" To investigate the effect of the
3,4 number of geocell layers

*The tests which were performed two or three times to verify the repeatability of the test data
**In order to save time, only one load cycle of 150, 300, 400, 600 kPa pressure were applied
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(D = 300 mm) as, b/D and w/D. In line with the findings of Moghaddas Tafreshi and Dawson
(2012), Dash et al. (2003), Yoon et al. (2008) and Thakur et al. (2012), the parameter b/D was
held constant in all the tests at 5/D = 5. The variable parameter, /4, is used to describe the vertical
spacing between the bottom of the previous layer of geocell and the top of the next layer. It is
expressed in non-dimensional form with respect to loading plate diameter (D) as #/D, whereas the
height of geocell layers (A,) is expressed in dimensional form equal to 100 mm.

Note that, for the unreinforced installation (Test Series 1) and the geocell reinforced installation
with one layer of geocell (Test Series 4), the top, middle, and bottom soil pressure cells (“SPC 17,
“SPC 27, and “SPC 3”) are installed. In order to prevent damage to the soil pressure cells, for the
reinforced bases with two layers of geocell (Test Series 4), only the middle and bottom soil
pressure cells (“SPC 2” and “SPC 3”), and for the reinforced bases with three layers of geocell
(Test Series 4), only the bottom soil pressure cells (“SPC 3”) are installed. For the reinforced bases
with four layers of geocell (Test Series 4) and for the Test Series 2 and 3, no pressure cells are
installed.

In order to assess the utility of the apparatus, the accuracy of the measurements, the
repeatability of the system, the reliability of the results and finally to verify the consistency of the
test data, many of the tests described in Table 2 were repeated at least twice. The results obtained
revealed a close match between results of the two or three trial tests with maximum differences in
results of around 6-8%. This difference was considered to be small and is subsequently neglected.
The consistency of the results demonstrates that the procedure and technique adopted can produce
repeatable tests within the bounds that may be expected from geotechnical testing apparatus. It
should be noted that after each plate load test, including the repeat tests, all the backfill from the
test pit was removed and installed again by the explained procedure in Section 3.2.

5. Results and discussions

The performance improvement due to the provision of geocell reinforcement in the plate
settlement and the distributed pressure at depth of the pavement foundation beds is represented
here using two non-dimensional improvement factors:

(1) Improvement in the loading surface settlement (PRS: Percentage Reduction Settlement)
which compares the total (peak) and residual plastic settlements of the geocell
reinforcement bed to that of the unreinforced bed at the same applied cyclic pressure and
the same load cycle. PRS uses for total settlement (abbreviated to “PRS,,,~) and for
residual plastic settlement (abbreviated to “PRS,cis”).

(2) Improvement in the loading surface settlement (PES: Percentage Enhancement Settlement)
which compares the resilient settlement of the geocell reinforcement bed to that of the
unreinforced bed at the same applied cyclic pressure and the same load cycle.

(3) Improvement in the distributed pressure at depth of the pavement foundation bed (PRP:
Percentage Reduction Pressure) which compares the distributed pressure at depth of the
geocell reinforcement bed to that of the unreinforced bed at the same applied cyclic
pressure and the same load cycle. They are defined as follows

PRSz(l—MJ*IOO 1)

SMIH”E[IL
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Sgeocell
PESresiL = (—_lj*loo (2)
SunreinA
qgeocell
PRP:El——j*loo 3)
qunrein.

Where Syuein and Sgeocen are the values of plate settlement (it could be the total, residual plastic
or resilient settlements) of the unreinforced bed and the geocell reinforced bed at the same applied
cyclic pressure and the same load cycle, respectively. AlSO Guurein and Ggeocenr are the values of the
distributed pressure at depth of the geocell reinforcement bed to that of the unreinforced bed at the
same applied cyclic pressure and the same load cycle, respectively.

5.1 The optimum value of ulD ratio

The optimum value of the u/D ratio is obtained from Test Series 2 in Table 2. The tests are
done for different depths of placement of a single layer of geocell reinforcement (N = 1), below the
loading plate («/D). In these tests, only one load cycle was applied at the surface of loading plate.
Fig. 6 shows the variation of the percentage reduction in total settlement (PRS,,.;) and in residual
plastic settlement (PRS,.s;z) With u/B ratio at different amplitudes of cyclic load (= 150, 300, 400,
600 kPa). From this figure, it is found that the percentage reduction in total and residual
settlements (PRS,; and PRS,.) initially increasing when u/B increases from zero, up to
approximately u/D = 0.2-0.25, but that, thereafter, the value of PRS,,,, and PRS,.; decrease with
depth of placement, irrespectively of amplitude of cyclic load. The increase in performance
improvement until /D = 0.2-0.25 could be due to the surface soil layer, above the geocell
reinforcement, acting as a cushion, preventing the direct contact of the loading plate base with the
cell walls and distributing the footing pressure more uniformly over the cellular geocell. The other
probable reason that these u/D values are optimal is that at smaller cover thicknesses, the soil mass
above the geocell reinforcing layer provides insufficient overburden to generate the required
friction resistance at the interface between the geocell layer and the soil. Insufficient confining
pressure on the top geocell layer beyond the footing edges is also possible at low depth ratio
values. The similar findings for footings has been reported by Sitharam and Sireesh (2005), Yoon
et al. (2008) and Moghaddas Tafreshi and Dawson (2010a, 2012). As the value of u/D increases
beyond 0.2-0.25 (toward 1), the top geocell layer moves to be out of the zone where it can most
successfully interrupt the applied stress field and, hence, the PRS,,.; and PRS,.; values decrease (i.e.
total and plastic settlements increase). Finally, as expected, with increase in /D ratio to about one,
the geocell layer lies almost entirely outside of the significantly stressed zone under the loading
plate, the influence of reinforcement thus becomes negligible, and the overall response approaches
that of an unreinforced pavement foundation. For example, from Fig. 6(b) at 600 kPa amplitude of
applied load, the PRS,., values are about 41%, 46%, 67%, 61%, 19%, and 3% for u/D equal to 0,
0.1, 0.2, 0.3, 0.6, and 1, respectively. This example shows that the maximum reduction in plastic
settlement (i.e. the minimum value of plastic settlement) occurs at a u/D value of approximately
0.2.

Although the optimum u/D value might be a function of loading plate size, the height of geocell
layers, the geocell pocket size, type of soil and the number of geocell layers, in the present study,
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Fig. 6 Variation of PRS;,,; and PRS, .4 with u/D ratio at different amplitudes of cyclic load

in all the subsequent plate load tests, the geocell reinforcement was placed at u/D = 0.2. Yoon et al.
(2008), in their studies using a circular plate of diameter (D) 350 mm resting on sand reinforced
with multiple layers of ‘Tirecell” (made from treads of waste tires), reported a similar finding for a
u/D ratio (u/D = 0.2). Therefore, in the present study, use of u/D ratio of 0.2 appears defensible.

5.2 The optimum value of h/D ratio

The optimum value of the A/D ratio is the subject of Test Series 3. The tests are done for
different vertical spacing of the two layers of geocell (4/D ratio). The variation of the percentage
reduction in total settlement (PRS,,.,;) and in residual plastic settlement (PRS, ;) with A/B ratio at
different amplitudes of cyclic load (= 150, 300, 400, 600 kPa) are shown in Fig. 7. In these tests,
only one load cycle was applied. From this figure, it has been seen that with an increase in A/D
ratio, regardless of the amplitude of cyclic load, the percentage reduction in the total and residual
settlements (PRS,,.; and PRS,.,) increase (i.e., the total and residual plastic settlements decrease)
with increase in 4/D to, approximately, 0.2. Then, with further increase in 4/D ratio to 0.4 and 0.8,
the values of PRS,,.; and PRS,.; decrease. The reduction in settlements with 4#/D of 0.2 compared
with an /4/D of 0.15 could be attributed to the behaviour of the competent soil layer between the
first and the second geocell layer that may be due to the effect of a soil “cushion” spreading the
load over a larger area of the second geocell layer. On the other hand, at small thicknesses (e,g.,
h/D of 0.15 in the performed tests), it provides effective load spreading without deforming much
laterally as it is confined by the geocell reinforcement above and below. However, if the
reinforcing layers become too widely spaced, then the material between the geocell layers can be
displaced, weakening the overall response. Generally, from Fig. 7, it is of interest to note that the
percentage reduction in the total and residual settlements (PRS),; and PRS,.) are higher at higher
amplitudes of cyclic load. The reason is that the reinforcing efficacy increases with increase in the
penetration of loading surface as a consequence of the increase in the level of applied cyclic load.
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Yoon et al. (2008) in their studies on circular plate with a diameter of 350 mm resting on sand
reinforced with multiple layers of their ‘Tirecell’, reported that the effective placement of
‘Tirecell” reinforcement was best at a vertical spacing of reinforcement layers of 0.2 times the
plate diameter. It is of interest to note that, in spite of differences between the present study and
the studies of Yoon et al. (2008) in the footing size, the soil properties, type of 3D reinforcement,
and the geometric dimensions of the reinforcement, and the type of loading (they used the
monotonic loading whereas this study also investigates unloading) the optimum values of u/D and
h/D from the present study are consistent with those reported by Yoon et al. (2008).

Likewise, Fig. 7 shows a decrease in PRS,,,; and PRS,.; values (corresponding to an increase in
the total and residual plastic settlements), regardless of the amplitudes of cyclic load, with
increasing 4/D beyond the optimum value. It would be expected that, when the value of 4/D
reaches a thickness of 0.8-1 times the loading plate diameter, the second geocell layer would be,
largely, outside of the zone of significant stress due to the surface loading, so that its influence on
foundation bed behavior would become negligible and the behavior of a reinforced system with
two layers of geocell would tend to that of a reinforced system supported by a single layer of
geocell. The results of experimental studies conducted by Abu-Farsakh et al. (2008) and Chen et
al. (2013) indicated that the vertical spacing of planar reinforcement layers needs to be less than
0.5 times of footing width to prevent the failure between reinforcement layers from occurring.
Note that, the optimum vertical spacing of geocell layers beneath the loading surface, for three and
four layers of geocell, might be a little different but its investigation is left for future studies.

6.3 The effect of the number of geocell layers on the settlement of loading plate

Fig. 8 illustrates the response of the pavement system in Test Series 4 (see Table 2) under the
applied stress through all the cycles of loading and unloading. In this Test Series, thirty loading
and unloading cycles were applied. Fifteen first cycles and fifteen second cycles were applied
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to the loading plate with amplitudes of 400 and 800 kPa, respectively. As seen in Fig. 8, for both
the unreinforced and geocell reinforced bases, an initial, rapid total settlement (loading stage) and
rapid residual plastic settlement (unloading stage) during the first load applications is followed by
secondary settlement at the next load cycles (i.e., second, third, fourth,....., and fifteenth load
cycle) that develops at a slower rate. Both the total (peak) and residual plastic settlements caused
by the first cycle of applied load form a large portion of the final settlement after all cycles.
Overall, in most of the tests performed on the unreinforced and the geocell reinforced foundation,
the initial, rapid settlement that took place due to the first cycle of loading gave rise to between
25% and 70% of the accumulated residual plastic settlement. This ratio decreases from the
unreinforced system to the geocell reinforced system. The actual proportion appears to depend on
the mass of geocell and on the magnitude of the applied cyclic load.

Fig. 8 shows that for the unreinforced pavement system, the total and residual settlements tend
to increase with the number of load cycles, particularly at higher levels of cyclic loads (i.e., 800
kPa). For the reinforced bases, regardless of the number of geocell layers, the rate of change of
both peak and the residual settlements of the loaded surface reduces as the number of load cycles
increases, so that their response has become, approximately, stable after fifteen load cycles (of
both 400 and 800 kPa applied load), particularly for the reinforced bases with three and four layers
of geocell. Also, it may be clearly observed that, as the number of geocell layers increases (i.e., the
increase in the depth of the reinforced zone beneath the loading surface), owing to much stiffer,
less peak settlement and less residual plastic settlement cause when compared with the
unreinforced case, irrespective of the amplitude of applied cyclic load. For example, at 800 kPa
amplitude of applied load and at load cycle number of 15, the residual settlement values are about
41.03, 33.02, 23.10, 17.43, and 15.39 mm for unreinforced bed, and geocell reinforced bed with
one, two, three and four layers of geocell, respectively. Thakur et al. (2012) reported similar
finding of the total and residual deformations with height of single geocell-reinforced bed. This
behaviour might be attributable to the energy absorbance properties of geocell reinforced system
that is able to exhibit a higher capacity to absorb energy than soil alone under cyclic loading and
tends to decrease the stress and shocks transferred into the depth of the backfill.

The settlement reduction demonstrates that the geocell layers performed well in decreasing the
soil settlement under cyclic loadings. The significant observed improvements in performance of
the multi-layered geocell reinforced bed compared to that of the unreinforced bed might be
attributed to the following reasons:

e The geocell reinforcement keeps the encapsulated soil from being displaced from directly
beneath the applied load by confining the material by hoop action in the cell walls and
behaves as a more rigid mattress, thereby increasing the shear strength of the composite
system. The load redistribution that occurs within the confined zone involves a
three-dimensional interaction between the infill materials and the cellular structure which
spreads the applied load over an extended area, instead of directly at the point of contact,
and provides a composite slab with high flexural stiffness and load support capabilities
within the geocell reinforcement — consequently leading to an improvement in the overall
settlement performance (Thakur et al. 2012, Moghaddas Tafreshi and Dawson 2010b).

e Vertical stress applied to the infill induces a horizontal active pressure at the perimeter of
the cell. The infill wall interface friction transfers load into the cell structure which, in turn,
mobilises resistance in surrounding cells and the geocell layers more rapidly attenuates the
vertical applied stress in the soil perhaps because it is able to provide an anchorage effect on
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both sides of the loaded area known as “Vertical stress dispersion effect” (Zhou and Wen
2008, Zhang et al. 2010). Likewise, when the depth of the plate settlement increases the
deformed shape of the geocell reinforcement, consequently the geocell reinforcement can
provide a further tension force due to membrane effect (Hufenus et al. 2006, Zhang et al.
2010).

In order to investigate clearly the performance of the geocell reinforcement in decreasing the
total and residual settlements and increasing the resilient settlement (i.e., elastic rebound, defined
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as the difference between the settlement under loading and under the corresponding unloading
condition) of a geocell reinforced soil base, due to increase in the number of geocell layers
compared to the unreinforced one, the values of percentage reduction settlement (PRS,,., and
PRS,.iq) and percentage enhancement resilient settlement (PES,..;;) are calculated at load cycle
number of 5, 10, and 15, for the applied cyclic load level of 800 kPa. The variation of these three
parameters, PRS,ui, PRS,esia, and PES,.q; with the number of geocell layers (V) are shown in Fig.
9. Generally, from this figure, it is of interest to note that the values of PRS 1, PRS)esia. and PES, .
increase steadily with increase in the number of load cycles. This indicates that the reinforcing
efficacy increases with increase in the number of load cycles (i.e., increase in loading surface
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settlement), but the enhancement rate becomes insignificant with further increase in the number of
load cycles (see Fig. 8).

Also, it can be seen that the values of PRS;yu;, PRS,eia, and PES,.; increase steadily with
increase in the number of the geocell layers. The reason is that more geocell layers considerably
increases the stiffness of the reinforced bases compared to the unreinforced base. The rate of
reduction in total and residual settlement and the rate of enhancement in resilient settlement of
load surface can also be seen to reduce with increase in the number of geocell layers. Furthermore,
one can anticipate that the improvement rates will become almost insignificant with increase in the
number of geocell layers. General reason is that the zone of soil influenced by the loading extends
to a depth of about 1-2 times the loading surface. Therefore, marginal performance improvement
would be expected when the number of geocell layer increases to 4-5 layers. Similar results have
been reported by Yoon et al. (2004) and Ghosh et al. (2005) regarding small improvements in
settlement of footings and in bearing pressure of footings due to additional layers of planar
reinforcement. Also, Sitharam and Siresh (2005) and Sitharam et al. (2007) have observed the
marginal performance improvement when the height of a geocell increased to around 1.8 times of
the diameter of a circular footing supported on a reinforced clay bed.

As can be seen from Fig. 9(c), at the last cycle (15th cycle) of loading and unloading of the
applied load level of 800 kPa, the percentage enhancement resilient settlement (PES, ;) are about
115%, 130%, 139%, and 145% for the reinforced bases, respectively with one, two and three
layers of geocell compared to the unreinforced pavement base. Overall, the tests results reveal that
the multiple geocell reinforcement improves the resilient behavior in addition to the reduction of
the accumulated plastic and total settlement of the pavement foundation. This behaviour might be
attributable to the restraining the soil against lateral movement with locking-up of the geocell
framework, the energy absorbance properties of geocell reinforced system that is able to exhibit a
higher capacity to absorb energy than soil alone under cyclic loading and tends to decrease the
stress and shocks transferred into the depth of the backfill. A similar resilient response was
reported for a recycled asphalt pavement base by Thakur er al. (2012) with height of single
geocell-reinforced bed where the geocell significantly increased the proportion of deformation.

5.4 The effect of geocell layers on pressure distribution

The variation of measured pressure inside the unreinforced and the multi-layered geocell
reinforced beds at the three levels of 190 mm (“SPC 1”°), 350 mm (“SPC 2”), and 510 mm (“SPC
3”) beneath the center of loading plate (see Fig. 3), at 15™ load cycle of applied pressures of 400
and 800 kPa are given in Fig. 10. The readings of the three pressure cells show that, the pressure
measured by the top soil pressure cell (“SPC 1”°), may only be affected by the first layer of geocell
(N = 1). On the other hand, the presence of the second or third layer of geocell has no significant
effect in reducing the pressure at the depth of 190 mm (the point between first and second layers of
geocell). Similarly, the pressures measured by the middle and bottom soil pressure cells (“SPC 2
and “SPC 3”) are affected, respectively, by the first two layers (N = 1, 2) and by the first three
layers (N =1, 2, 3), respectively. Thus, the stress at any depth is only affected by the construction
above it and never by that below.

The results in Fig. 10 depicts that, the pressure transferred to a depth of 510 mm beneath the
centre of loading plate, as measured by the bottom soil pressure cell (“SPC 3”), considerably
decreases relative to the unreinforced bed, by distributing the load over a wider area as a
consequence of the increase in the number of geocell layers, regardless of the level of applied load.



Improvement of pavement foundation response with multi-layers of geocell reinforcement 389

For example, from this figure at 15th load cycle of applied pressure of 800 kPa, the pressure
values transferred to a depth of 510 mm are about 328, 190, 157, and 130 kPa for unreinforced bed,
and geocell reinforced beds with one, two and three layers of geocell, respectively. This example
provides clear illustration how the rate of reduction in the pressure distributed in a given depth of
foundation bed reduces with increase in the number of geocell layers (). This figure also
indicates that the pressure transferred inside the foundation bed significantly reduces with depth,
irrespective of the number of geocell layers and magnitude of applied load. For example, for
foundation bed containing three layers of geocell (V = 3) at applied pressure of 400 kPa, the
pressure measured at depths of 190, 350 and 510 mm are about 308, 95 and 39 kPa, respectively.

The effect of the amplitude of applied cyclic pressure on the pressure distributed in depth of
foundation bed is clear from Fig. 10. As expected, the increase in the load value causes a direct
increase in the vertical pressure for both unreinforced and geocell reinforced systems, irrespective
of the number of geocell layers. Consider, for example, the vertical pressure for the geocell
reinforced bed with two layers of geocell (N = 2). The pressure values at the level of 350 mm (SPC
2) beneath the center of loading plate are about 97 and 274 kPa for applied loads of 400 and 800
kPa, respectively. This example shows that the pressure transferred to this depth varies non-
linearly with level of applied pressure (the measured pressure grew by a factor of 2.83 whereas the
level of applied pressure only doubled). This pattern is observed irrespective of applied pressure or
of soil pressure cell depth.

In order to evaluate clearly the performance of the multiple layers of geocell reinforcement in
decreasing the pressure transferred through the pavement foundation compared to the unreinforced
pavement one, the values of percentage reduction pressure (PRP) measured by three pressure cells
(“SPC 17, “SPC 27, and “SPC 3”) at the first (1st) and last (15th) cycle of loadings of two levels of
applied cyclic loads (= 400 and 800 kPa) are illustrated in Table 3.The data presented in this table
and Fig. 10 demonstrate the performance of geocell layers, as anticipated, in reducing the pressure
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Table 3 The percentage reduction pressure (PRP) measured by three pressure cells (“SPC 17, “SPC 2”, and
“SPC 3”) at the first cycle of loading (1st load cycle) and last cycle of loading (15th load cycle) of
two levels of applied cyclic loads (= 400 and 800 kPa)

The values of percentage reduction pressure, PRP (%)

Applied cyclicload o eycle “SPC1” “SPC2” “SPC3”
(kPa) N=1 N=1 N=2 N=1 N=2 N=3
400 1 17.5 143 29.1 19.7 40.8 60.6
15 20.2 222 33.7 28.6 43.6 57.8
1 14.2 26.4 32.7 18.2 375 53.1
800 15 17.4 30.4 407 214 43.9 56.1

transferred through the pavement foundation. For instance, the readings of “SPC 3” show that,
with increase in the number of geocell layers from one layer to three, the vertical stress transferred
to a depth of 510 mm beneath the center of loading surface significantly decrease, irrespective of
the amplitude of cyclic load. For example, at the end of the load cycle (cycle number 15) of the
applied pressure of 800 kPa, the stress measured at 510 mm depth is reduced about 21.4%, 43.9%,
56.1% for the reinforced pavement bases, respectively with one, two and three layers of geocell
compared to the unreinforced pavement base. Thus as reinforcing geocell layers are added, the
effective load spreading continues to improve, consequently delivering a better performance, as
compared with unreinforced base. On the whole, the results show that multiple geocell layers,
particularly the use of three and four layers of geocell, are able to limit the soil surface
deformation and the soil pressure through the depth of the reinforced pavement foundation.
Consequently an increase in road life may be anticipated under the same heavy traffic loading. The
values of PRP in Table 3 also show that, a large portion of the final pressure, transferred to a depth,
when the first cycle of loading is applied and then a further, smaller increase over the next cycles
of loading, thereafter stabilizing to a constant value. This pattern is observed irrespective of
applied pressure or of cell depth.

Generally, more stress reduction appears, when a vertical stress is transferred on the geocell
layers. The layers of geocell when install at an optimum location inside the foundation bed, keep
the stressed zone under the loading surface from being displaced away from the applied load by
confining the material, preventing from spreading laterally, increasing the shear strength of the
composite system, and thereby causing the confined composite to behave as a more rigid mattress
(Koerner 2012, Zhou and Wen 2008, Zhang et al. 2010). This mechanism, known as “confinement
effect” in literacy of soil reinforcement, allows the replaced layer to act like a large mat that
spreads the applied load over an extended area, instead of directly at the point of contact, and
provides a composite slab with higher flexural stiffness (Moghaddas Tafreshi and Dawson 2010a,
b, Thakur et al. 2012), high modulus, and load support capabilities within effective zone —
consequently decreasing the distributed pressure at depth in the foundation bed. Putting this
another way, the geocell layers more rapidly attenuates the vertical applied stress in the soil
perhaps because it is able to provide an anchorage effect on both sides of the loaded area known as
“Vertical stress dispersion effect” (Zhou and Wen 2008, Zhang et al. 2010).
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6. Conclusions

A series of cyclic circular plate load tests were conducted to investigate the effects of
geocell-reinforced layers as potential pavement foundation improvement techniques. Benefits were
assessed in terms of decreased settlement of pavement system (i.e., total, residual plastic and
resilient settlements) and reduced pressure profile. Based on the results obtained, the following
conclusions can be extracted:

(1)

2)

3)

4)

)

(6)

Both the optimum depth of the topmost layer of geocell beneath the loading surface, and
the optimum vertical spacing of geocell layers should be approximately 0.2 times loading
plate diameter.

Installation of the geocell layers in the foundation bed, increases the resilient behavior in
addition to the reduction of the accumulated plastic and total settlement of the pavement
foundation due, in part, to better load spreading of the composite system and to better
energy absorbance properties of geocell. Under the last cycle of loading at 800 kPa, the
percentage reduction in residual settlement (PRS,.;) are about 19%, 43%, 57%, and 63%
and the percentage enhancement in resilient settlement (PES, ;) are about 115%, 130%,
139%, and 145% for the reinforced bases, respectively with one, two and three layers of
geocell compared to the unreinforced pavement base. This implies that the geocell layers
act to protect the pavement from rutting due to high accumulated residual plastic
settlements.

The rate at which further settlement then accumulates is much slower than under the first
few cycles of loading. Its occurrence appears to depend on both the mass of reinforcement
and the magnitude of the cyclic load applied to the loading plate. At the low level of cyclic
load (400 kPa), under fifteen load cycles applied to the loading plate, plastic shakedown
(i.e., resilient response condition) occurs in all installations, irrespective of the
reinforcement mass beneath the loading surface. At the high level of cyclic load (800 kPa),
for the test performed on the unreinforced pavement foundation, the surface settlement is
relatively large and non-stabilizing at the end of cyclic loading. For the tests performed
with a high reinforcement mass (N = 3, 4), plastic shakedown occurs. When using the low
reinforcement mass (N = 1, 2), the rate at which settlement accumulates under cyclic
loading is significantly reduced. Shakedown was not experienced during the testing (15
cycles) but is anticipated after further cycling.

Under cyclic loading, use of the geocell layers has significant effect in reducing the stress
distributed down into the pavement foundation. Under the last cycle of loading at 800 kPa,
the stress measured at 510 mm depth is reduced about 21.4%, 43.9%, 56.1% for the
reinforced pavement bases, respectively with one, two and three layers of geocell
compared to the unreinforced pavement base.

With increase in the amplitude of cyclic load, the pressure transferred to a given depth
varies non-linearly, irrespective of the applied pressure and the number of geocell layers.
The pressure values at the level of 350 mm measured about 97 and 274 kPa for applied
loads of 400 and 800 kPa, respectively. The measured pressure grew by a factor of 2.83
whereas the level of applied pressure only doubled.

Since the tests results are obtained for only one type of soil, one type of geocell with one
pocket size and one size of load diameter (300 mm), generalization may be needed,
therefore, before these findings may be directly applied in practice. Thus, future tests with
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different materials (soil and geocell) and different sizes of load diameter would be very
useful and could be used to validate the present findings. Although, the results provide
considerable encouragement for the use of multiple layers of geocell reinforcement for
addressing localized soft pavement foundation conditions, but economic assessments of
multilayered geocell reinforcement, at commercial scale would need to be performed to
assure users of the applicability of the findings in every situation.
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Nomenclature

b Width of the both geocell and rubber-soil mixture layers
C, Coefficient of uniformity
C. Coefficient of curvature
D Loading plate diameter
Dy Effective grain size (mm)
D3 Diameter through which 30% of the total soil mass is passing (mm)
Dgy Diameter through which 60% of the total soil mass is passing (mm)
G, Specific gravity of soil
d Geocell pocket size
® Angle of shearing resistance of soil being reinforced
u Embedded depth of the geocell
he Height of geocell layers
h Vertical spacing of the geocell layers
N Number of geocell layers
SPC Soil pressure cell
SPC 1 Top Soil Pressure Cell

SPC2 Middle Soil Pressure Cell
SPC 3 Bottom Soil Pressure Cell





