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Abstract:

This paper reports full scale experiments, under simulated heavy traffic, of geocell and EPS (expanded polystyrene)
geofoam block inclusions to mitigate the pressure on, and deformation of, shallow buried, high density polyethylene
(HDPE) flexible pipes while limiting surface settlement of the backfilled trench. Geocell of two pocket sizes and EPS of
different widths and thickness are used. Soil surface settlement, pipe deformation and transferred pressure onto the pipe
are evaluated under repeated loading. The results show that using EPS may sometimes lead to larger surface settlements
but can alleviate pressure onto the pipe and, consequentially, result in lower pipe deformations. This benefit is enhanced
by the use of geocell reinforcement which not only significantly opposes any EPS-induced increase in soil surface
settlement, but further reduces the pressure on the pipe and its deformation to within allowable limits. For example, by
using EPS geofoam with width 0.3 times, and thickness 1.5 times, pipe diameter simultaneously with geocell
reinforcement with a pocket size 110x110 mm? soil surface settlement, pipe deformation and transferred pressure around
a shallow pipe were respectively, 0.60, 0.52 and 0.46 times those obtained in the fully unreinforced buried pipe system.

This would represent a desirable and allowable arrangement.

Keywords: Geosynthetics, buried pipe, EPS block, geocell layer, pipe diameter change, pressure, soil surface settlement

1. Introduction
The pressure acting on buried pipes is significantly influenced by relative settlements between soil prisms
above and adjacent to the pipe. This relative settlement may have a positive or a negative influence on the

pipe behaviour due to the phenomenon of arching (Marston and Anderson, 1913; Marston, 1930), inducing
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shear stresses between the soil prisms above and adjacent to the pipe that may increase or decrease the load
that reaches the pipe, whether it originates from the self-weight of overburden soil or from static and cyclic
surface surcharge loadings.

For rigid pipes, the deformation of the pipe crown is generally insignificant and thus the settlement of the
soil immediately above the pipe is less than that of the adjacent soil prisms. This differential settlement of the
soil gives rise to a concentration of pressure on the pipe crown due to the downward shear stress generated on
the central soil prism by the adjacent, settling, soil prisms, and is called the negative arching effect (Fig. 1).

For flexible pipes, due to the relatively large downward deflection of the pipe crown, the settlement of the
central soil prism above the pipe can often be greater than that of the adjacent soil prisms and, consequently,
the pressure acting on the pipe crown reduces as shear stress is mobilized when the adjacent soil prisms act to
partially support the central soil prism; an effect called positive arching (Fig. 1).

Hence, in order to reduce the stress carried by the pipe, it may be desirable to induce more settlement in
the central prism compared with the two adjacent prisms (i.e. to enhance positive arching). This may be
encouraged by the use of compressible low-density material such as sawdust, leaves, wood waste, straw
bales, compressive soil, polystyrene beads placed in the central prism, above the pipe, during trench
installation (e.g. as suggested by McAfee and Valsangkar, 2004; Kang et al., 2008a,b). Due to their low
density, overburden loading is reduced, while the greater compressibility can reduce deflection of the buried
pipe by inducing upward shearing stress on the two sides of central soil prism.

McAffee and Valsangkar (2004) conducted a testing program using a large-scale consolidometer and
direct shear testing apparatus, to measure the compressibility and shear strength parameters of compressible
fill materials (e.g. sawdust, wood chips, and hay) commonly used in such an application. Kang et al. (2008b)
investigated the potential benefits of soft/low-density material, with moduli of elasticity ranging from 345
kPa for polystyrene beads to 2756 kPa for bales of hay, and the optimum geometry of their use around the
deeply buried pipe, using finite element model. They reported a reduction in the vertical pressure on the pipe
crown due to this innovative extension of a narrow zone of the soft material.

Neither engineering properties, compaction, nor mechanical characteristics of these materials (sawdust,
leaves, wood chips, straw bales and polystyrene beads) are commonly difficult to determine and control in
principle although, usually, their uniformity when compacted in a trench, is not reliable. Amongst the low-
density materials, expanded polystyrene (EPS) geofoam (available in block form) is more uniform with fairly

reliable engineering properties and its stress-strain behaviour is controllable and predictable. Thus, the use of
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expanded polystyrene (EPS) geofoam blocks as a compressible inclusion has sparked interest in several
different geotechnical applications such as road embankments, reinforced walls, buried pipes and culverts
(Duskov, 1997; Zou et al., 2000; Zarnani and Bathurst 2007; Farnsworth et al., 2008; Hatami and Witthoeft,
2008; Barrett and Valsangkar, 2009; Horvath, 2010; Newman et al., 2010; Bartlett et al., J. 2015; Witthoeft
and Kim, 2015; Keller, 2016; Meguid et al., 2017a,b).

Several researchers have focused on the use of expanded polystyrene (EPS) geofoam as a compressible
inclusion to protect buried pipes and culverts (e.g., Vaslestad et al. 1994; Sun et al. 2005, 2009; Kim et al.
2010; Witthoeft and Kim, 2015; Anil et al., 2015; Beju and Mandal, 2017). Sun et al. (2009) investigated the
pressure reduction on concrete culverts with EPS panels in various configurations using both instrumented
field tests and numerical analyses. Their results encouraged the use of EPS geofoam block to effectively
reduce the vertical pressure on rigid culverts. To identify the applicability of such compressible inclusions,
Kim et al. (2010) conducted a series of model tests on corrugated steel pipes with a diameter of 200 mm. The
vertical pressure acting on the pipe crown under three static surcharges of 49, 98, and 147 kPa to the backfill
surface was measured. The results revealed that the vertical pressure acting on the pipe covered by one layer
of EPS geofoam panel with a thickness of 50 mm (0.5 times the pipe diameter) could reduce by up to 73%, at
an optimal width of EPS panel which equalled 1.5 times the pipe diameter. Witthoeft and Kim (2015)
performed a numerical analysis to study the benefit of expanded polystyrene (EPS) geofoam panels placed
over a buried pipe under the same three static surcharges. They found that EPS geofoam panel as
compressible inclusions over a buried pipe with thickness of 50 mm and width of 1.5 times the pipe diameter
delivered the greatest effectiveness in reducing the pressure acting on the pipe due to positive arching action.
Anil et al. (2015) investigated the benefit of EPS geofoam blocks, with thicknesses of 30 and 50 mm, to
protect pipes with diameter of 220 mm, manufactured from steel and composite materials from sudden
impact loads such as rock falls. Impact load and accelerations on the pipes with time were measured. Their
findings show that the installation of 50 mm thick geofoam with 80 mm thick sand (as cover) was generally
successful in reducing the effects of impact loads in terms of dissipating impact effects on the pipe and of the
measured acceleration and displacements of the pipe.

Even though using EPS geofoam block as compressible inclusions over a buried pipe has been observed
to reduce the vertical stress acting on the pipe, yet its effect on pipe deformation has not been clearly reported

in the literature. Potentially, the use of an EPS block over a buried pipe could cause disadvantages like low
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surface modulus of elasticity and high deformation of the central soil prism - consequently leading to an
increase in the soil surface settlement. This has not, previously, been investigated.

Soil-filled geocells can provide a three-dimensional cellular reinforcement. Many authors (Dash et al.,
2007; Madhavi Latha and Rajagopal, 2007; Leshchinsky and Ling, 2012, 2013; Tanyu et al., 2013;
Moghaddas Tafreshi et al., 2013, 2016; Hegde and Sitharam, 2015a; Indraratna et al., 2015; Biabani et al.,
2016; Trung Ngo et al., 2016; Oliaei and Kouzegaran, 2017; Dash and Choudhary, 2018; Satyal et al., 2018)
have shown that a geocell layer, due to the frictional and passive resistance developed at the soil-geocell
interfaces, appears to derive substantial anchorage from both sides of the loaded area and, as a result,
decreases soil surface settlement and increases bearing capacity. Thus, the use of geocell reinforcement in the
buried pipe system, beneath the loading surface might not only considerably negate the tendency of an EPS
block to increase soil surface settlement, but it could also cause more reduction in the transferred pressure
over the pipe. Other researchers have studied the potential use of EPS blocks on buried pipe, particularly
under static loading (e.g. Vaslestad et al. 1994; Kim et al. 2010; Witthoeft and Kim, 2015; Beju and Mandal,
2017), and the geocell reinforcement of soil over pipes buried under rubber-soil mixtures and subjected to
static and repeated loading (e.g. Tavakoli Mehrjardi et al., 2012, Hegde and Sitharam, 2015b), yet there is a
lack of investigation into the protection of pipes buried in trenches (that are then trafficked repeatedly) by the
combined use both of EPS block and geocell reinforcement. It is the aim of this paper to address this
combination under repeated loading as a potential means of providing pipe protection and a trafficable

ground surface over the pipe where positive arching is operative.

2. Goals

Many buried pipes in shallow or deep trench backfill are made of flexible material, such as uPVC
(unplasticized polyvinyl chloride) and HDPE (high density polyethylene). Thus, to increase the required
serviceability period and to protect the pipe from the applied stress induced by static and repeated loading at
the ground surface, special attention must be given to the backfill arrangements. The overall goal of the
current study was to investigate the beneficial, simultaneous, use of EPS geofoam block and geocell
reinforcement in backfill over pipes subjected to simulated repeated loading of heavy traffic by full scale
modelling. It was expected that the EPS geofoam block, together with the geocell reinforcement, would
reduce pipe deformation and transferred pressure to the buried pipe while limiting the trench settlement to an
acceptable value. Thus a total of 14 independent tests (plus 17 repeated tests) were performed on a buried

pipe in unreinforced and geocell-reinforced soil, with and without EPS geofoam blocks.
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It should be noted that in the testing program, only one type of pipe, one type of geocell, one type of soil
and one density of EPS block were used. The results should, therefore, have direct applicability, qualitatively,
to the applications envisaged and could have wider application for buried pipe installation, but will need
adjusting for different soil properties, different density of EPS geofoam block and different geosynthetic
properties in such cases.

3. Test material
3.1. Soils

In order to simulate likely usage conditions, yet not to introduce too many variables, a granular soil was
used around the two sides of the pipe and to cover the crown. It was also used to cover the EPS block and to
fill the geocell pockets (in geocell-reinforced installations), as shown in Fig. 2. The soil has a maximum grain
size and mean grain size of 20 mm and 4.3 mm, respectively and a specific gravity of 2.66 (Gs=2.66).
According to the Unified Soil Classification System (ASTM D 2487-11), this soil is classified as well-graded
sand with letter symbol “SW” which satisfies the grain size limits for pipe backfill materials according to
ASTM D 2321-08. Based on the modified proctor compaction, following ASTM D 1557-12, the maximum
dry unit weight and the optimum moisture content of this soil were determined as about 20.42 kN/m® and
5.1%, respectively. The angle of internal friction (¢) of the soil, obtained by consolidated undrained triaxial
compression tests of specimens at a wet unit weight of 19.72 kN/m® and a moisture content of 5%
(corresponding to 92% of maximum dry unit weight, similar to the compacted unit weight of soil layers in
backfill) was 40.5°. To simulate the natural ground that would provide the bedding and the two vertical sides
of the trench, a soil with grain sizes between 0.08 and 20 mm and with medium cohesion was used.
According to the Unified Soil Classification System (ASTM D 2487-11), this soil is classified as well-graded
sand with clay (SW-SC).
3.2. Geocell reinforcement

The geocell used is a particular 3D geosynthetic formed from strips of non-woven polymeric geotextile
thermo-welded into a form of non-perforated cellular and honeycomb-like system. Table 1 tabulates the
engineering properties of this geotextile to form the geocell, as listed by the manufacturer. In all geocell-
reinforced tests, the geocell layer was used in two pocket sizes of 55x55 mm? or 110x110 mm? and one
height of 100 mm. When spread out, it occupied an area of 1250x1250 mm? in plane (5 times the loading

plate in each direction), centred on the axis of loading. An isometric view of the geocell spread below the soil
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surface at optimum depth is shown in Fig. 3. According to the manufacturer (Treff, 2011), the strength and

stiffness of the geocell joint is higher than or similar to that of the geocell wall material (i.e. geotextile).

3.3. Pipe

With regard to technology development and the increasing use of polyethylene pipes in urban drainage
and sewerage system, polyethylene pipes complying with BSI 4660 (2000) for underground services were
used. Initially, several pipes obtained from different manufacturers were subjected to a variety of test
evaluations so as to verify the suitability for the testing programme described herein. On this basis, a high
density polyethylene pipe (HDPE 100), designed to withstand a pressure of 4 bar, having an outer diameter
(D) of 250 mm, a wall thickness (t) of 4 mm and, thus, a Standard Dimension Ratio (SDR) = D/t =40 was
selected. Based on the manufacturer (Gostaresh Co.), this pipe has an elastic modulus of 1000 MPa, a
Poisson's ratio of 0.3 and a weight per unit length of 4.83 kg/m. A pipe length of 1740mm, approximately
equal to the length of the trench in the full scale model test (see Section 4.1) was chosen.
3.4. EPS geofoam block

Expanded Polystyrene (EPS), commonly called “geofoam”, is formed into compressible low-density
cellular plastic blocks. In the current study, EPS geofoam blocks with different thicknesses, different widths
(as a ratio of pipe diameter, D) and with density of 38 kg/m® were evaluated by the testing program.
Unconfined uniaxial compressive testing (ASTM D 1621-00) was performed on 200 mm cubic specimens of
EPS. The stress-strain response, plotted as Fig. 4, contains four parts: an initial linear response, yield, linear
work hardening and, finally, non-linear work hardening — a similar response to previous studies (e.g. Stark et
al., 2004). The elastic limit and compressive strength of EPS geofoam are defined as the stress at 1% and
10% strain, respectively (Horvath, 1994). Using this definition, the elastic limit, compressive strength and
elastic modulus of EPS material block are 23.88 kPa, 207.27 kPa and 2.39 MPa, respectively. It should be
noted that lower density EPS blocks (e.g., lower than 20-25 kg/cm?®) are much more compressible than higher
density ones, since both elastic modulus and compressive strength reduce with decrease in EPS density
(Horvath, 1996). Because limiting the trench settlement to an acceptable value is one of the aims of this
study, thus the combination of geocell reinforcement with higher density EPS geofoam blocks is better than
using lower density EPS blocks to limit settlement of the backfill under heavy repeated loading. By
considering the quality and durability of the EPS material, the maximum available EPS density of 38 kg/m?®
was selected.

4, Model Test



182
183

184
185
186
187
188
189
190
191
192
193
194

195
196
197
198
199
200
201
202
203
204
205

206

207
208
209
210

A full scale model test was used to provide realistic test conditions. The test equipment comprises a

model test trench, a loading system and a data measurement system, shown, schematically, in Fig. 5.

4.1. Test trench

The full scale model of the test trench containing the pipe, geocell layer and EPS block was prepared in a
test pit with plan dimensions of 2200 mm x 2200 mm and depth of 1000 mm. The test trench was constructed
750 mm wide (X direction) and 750 mm deep (Y direction), as shown in Fig. 5, and 1750 mm long. The
trench width was selected to meet the recommendations of BSI (1980), ASTM D2321-08 and AASHTO
(2010). The BSI (1980) and ASTM D2321-08 recommend the minimum trench width as D+300 mm and
1.25D+300 mm (where D is the pipe diameter in mm), respectively. According to AASHTO (2010), the
minimum width of the trench should be the greater of 1.5D+305 mm and D+406 mm. The maximum buried
depth of the pipe was selected as two times the pipe's diameter (2D=500 mm), as proposed by Moghaddas
Tafreshi and Tavakoli Mehrjardi (2008), being an optimized value of burial depth for a pipe embedded in

geogrid-reinforced soil.

4.2. Loading System and simulated traffic load

The load system includes a loading frame, a hydraulic cylinder and a controlling unit. The loading frame
consists of two heavy steel columns and a horizontal strong reaction beam spanning the width of the test pit,
which supports the hydraulic actuator. The hydraulic cylinder and controlling unit may produce monotonic or
repeated loads with the capability of applying a stepwise controlled load to a maximum capacity of 100 kN.
In order to simulate the loads imposed by traffic, loading, unloading and reloading were imposed through a
circular plate located at the centre of the trench surface. In all tests, 150 cycles of repeated loading with
amplitude of 800 kPa and frequency of 0.33 Hz were applied to the loading plate. The diameter of the loading
plate (250 mm) and the maximum applied pressure of 800 kPa were chosen to replicate that of a heavy
vehicle half-axle (40 kN) as used on a common heavy trailer (mean tyre pressure 792 kPa) as recommended

by Brito et al. (2009).

4.3. Data measurement system
The data measurement system was developed to read and record the applied repeated load, loading plate
settlement, pipe deformation and soil pressure automatically. An S-shaped load cell, with an accuracy of

+0.01% and a full-scale capacity of 100 kN, was placed between the hydraulic jack and loading plate to
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precisely measure the applied repeated load. To measure the average settlement of the loading plate during
loading, unloading and reloading, two linear variable differential transducers (LVDTs) with an accuracy of

0.01% of full range (100 mm) were attached to opposite edges of the loading plate.

To measure the pipe deformation during the test, six LVDTs with the accuracy of 0.01% of full range
(75 mm) were installed inside the pipe. Two steel U channel profiles were placed inside the pipe to make a
solid base on which to fix the LVDTs (by magnet base/rod) that measured horizontal (Dn) and vertical (Dy)
deflections at the different points of the pipe (Fig. 6a-b). The first steel U channel was rested inside the pipe
to measure the vertical (Dy) deflections. It was only connected via a flexible plastic screw so as to prevent its
horizontal displacement but to allow it to record the horizontal (Dy) deflection while minimizing its influence
on pipe deformation. Although, this might influence the horizontal (Dn) deflection, it seems should have the
same effect in all tests. Five LVDTSs were installed to measure the vertical deflection of the pipe crown (Dy)
in the middle of the pipe length and along the pipe's axis at distances of 150, 300, 450 and 600 mm from the
mid-point of the pipe’s length. In some tests, one additional LVDT was installed to measure the horizontal
deflection of the pipe at the mid-point of the pipe’s length. Fig. 6a-b provides a photograph and a schematic
of the LVDTs inside the pipe in the middle and along the pipe's axis, defining the horizontal (Dn) and vertical

(Dv) pipe deflection meanings.

The soil pressure around the pipe was monitored and measured by two soil pressure cells (abbreviated to
SPC.C and SPC.S) with a diameter of 50 mm and an accuracy of 0.01% of their full range of 1 MPa. Similar
soil pressure cell with diameter of 50 mm was used by Palmeira and Andrade (2010) to investigate the
behaviour of buried pipes in geosynthetic reinforced backfill. Pressure cell “C” (SPC.C) was installed on the
crown of pipe to measure the vertical soil pressure, while pressure cell “S”, (SPC.S) was installed at the
springline of the pipe to measure the lateral soil pressure as shown in Fig. 5 and Fig. 6¢c. To calibrate the
pressure cells, a 300 mm-diameter and 200 mm-high cylindrical container made of very soft textile was filled
with soft and fine soil and the cell placed in the middle. Although, the use of soft soil around the cell’s
diaphragm instead of the actual granular backfill soil might have influenced the soil pressure measurements,
to prevent damage of the diaphragm of the soil pressure cell caused by granular backfill soil with maximum
grain size of 20 mm, the manufacturer recommends the use of soft soil around the pressure cell. Thereafter by
placing the container in a compression machine, the cells were calibrated for different levels of applied
pressure. Ideally, cell diameter should be many times the maximum particle size of the soil (Weiler and

Kulhawy, 1982, suggest 10 times, other authors as much as 50 times!) — an impractical requirement for these
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tests. To overcome this difficulty, following the advice of Palmeira and Andrade (2010), sand-filled bags

were used to spread any loads, coming from coarse particle asperities, to the cell diaphragm.

4.4. Test preparation and procedure

In order to compact the backfill layers over the pipe (Fig. 5), a walk-behind vibrating plate compactor,
450 mm in width, was used. In all the tests, the unreinforced soil layers at an optimum moisture content of
5% and wet unit weight of 19.72 kN/m?® were prepared and compacted at thickness of 50 and 75 mm,
respectively by one and two passes of compactor (see Table 2), depending on the thickness of EPS block. To
achieve the required density of the soil that filled the pockets of the geocell layer, it was compacted with four
passes of the compactor, irrespective of geocell pocket size (see Table 2). Thus the compaction energy, and
consequently the compactive effort, was kept the same for all passes of the compactor. The depth of influence
of the compactor is reported by the manufacturer to be between 50-100 mm, so additional compaction of the
bottom layers due to compaction of the top layer will be significant impact and could be ignored. The soil
mass around both sides of the pipe was carefully compacted by dropping a tamper with weight of 5 kg on a
rigid steel plate with dimension of 240x240 mm from a height of 300 mm, three times, on the soil surface at
two levels of horizontal pipe diameter and pipe crown. It provided a wet unit weight of soil approximately 17
kN/m? (see Table 2). Dropping the tamper more than three times caused no significant increase in soil unit
weight.

To have a better assessment of the backfill compaction, in some installations and after backfill
placement, the unit weight of unreinforced layers and the soil inside the pockets of geocell layer were
measured according to ASTM D 1556-07 (Table 2). The measurements showed that the unit weight of the
unreinforced layers is greater than that inside the geocell pockets due to compaction difficulty of soil inside
the geocell pockets. This is a problem observed by previous researchers (Thakur et al., 2012; Tavakoli
Mebhrjardi et al, 2013; Moghaddas Tafreshi et al., 2013). The densities measured in several compacted layers

in each series of tests, revealed a close match between the unit weight values obtained from cone tests and the
required unit weight values with maximum differences in results of =2-3%. This difference seems to be small

for geotechnical applications. Table 2 shows the average measured dry densities of unreinforced soil and the
soil filled in the geocell pockets after compaction of each layers. As the backfill was placed and compacted,

the two pressure cells on the crown and at the springline of the pipe were installed.
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When the backfill was complete, the loading plate was exactly set at the centre of backfill and two
LVDTs were installed to record the settlement at the loaded surface. Fig. 7 illustrates a photograph of pipe

and test installation prior to loading.

5. Test program

The test configurations and their geometry for buried pipes in both unreinforced and geocell-reinforced
backfill, with and without EPS blocks, as considered in these investigations, is shown in Fig. 8. In addition,
Table 3 gives details of the test series performed in this study. In the case of the backfill without any EPS
block, two series of tests (Test Series 1 and 2 (Fig. 8a-b)) were conducted under unreinforced and geocell-
reinforced conditions. The width of the geocell layer (b) and the depth to the top of the geocell layer below
the footing (u) were held constant (for Test Series 2 and 4) respectively at 5 and 0.2 times the loading plate
diameter (optimum values as determined by Moghaddas Tafreshi et al, 2013; 2014). The thickness of the
geocell layer inside the backfill was held constant in all the tests at 100 mm. The performance of the EPS
blocks on the behaviour of pipe, buried under both unreinforced and geocell-reinforced backfills, is the
subject of Test Series 3 and 4 (Fig. 8c-d). In these two Test Series, the effect of EPS block thickness (he) and
EPS block width (w) as two dimensionless parameters of he/D and w/D were investigated.

Several of the tests listed in Table 4 were repeated, at least twice. By this means the apparatus, data
collection accuracy/consistency, system repeatability and reliability of the results could be assessed. The
findings reveal a high similarity between results of the replicate tests, with a difference between results
always less than 5% - an acceptably small, and negligible, difference in geotechnical testing. It was
concluded that the combination of equipment and test procedure permits repeatable results to be obtained.

6. Results and discussion

In this section, the test results obtained from the full scale model are presented with a discussion
highlighting the effects of the various parameters. The presentation of all the result figures would have made
the paper lengthy, so only a selection is presented. Note that the deflections of the pipe are presented as
vertical (ADy) and horizontal (ADy) diameter changes as a proportion of the original pipe diameter, D (i.e.
ADy= Dv/D and ADy= Di/D), expressed as a percentage.

6.1. The typical trends of test results

Fig. 9a-b shows the typical trends of the vertical pipe crown displacement (ADy) and the soil surface

settlement (SSS) with the number of load cycles during the repeated loading. As seen in this figure, the rate

of increase in ADy (or SSS) decreases as the number of load cycles increase. It illustrates that, in this
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condition of tests and due to 150 load cycles with frequency of 0.33 Hz, the variation of ADy and SSS
becomes approximately stable and it can be anticipated to reach a fully stabilized condition with only a few
additional cycles of load. This may be attributed to the early process of reorientation of particles in the side
fill of the pipe and beneath the loading, causing local side fill stiffening, but which ceases relative rapidly
allowing the system to reach elastic stability (Faragher et al., 2000) (i.e. a shakedown condition).

The pressure-SSS or pressure-ADy plots derived from these tests are shown in Fig. 9c-d. Although initial
plastic strain occurs, it is clear that for repeated loads on the soil surface, a steady response condition was
approximately achieved when the load path formed a closed hysteresis loop, indicating only a small amount
of energy lost in the system. The other fact seen in Fig. 9, associated with the general behavior of the buried
pipes subjected to repeated loads, is the large proportion of the pipe deformation/soil surface settlement at the
end of the first pulse compared with its total pipe deformation/soil surface settlement due to many, later, load
cycles. Again, this helps to support the conjecture that the first pulse is largely causing compactive action on,
i.e. large plastic strain in, the surrounding soils. In this case, 30 or 27% of the total AD, or SSS, respectively,
occurs during the first cycle.

Fig. 10 demonstrates the typical variation of pressure on the pipe crown (as measured by SPC. C), with
the number of load cycles and its hysteresis curve, for the same test condition as in Fig. 9. As seen in Fig.
104, the rate of increase in pressure reduces with increase in the number of load cycles and a stable condition
was achieved at only 50 cycles (approx.). Indeed, after only a single cycle of load approximately 70% of the
final pressure has been imposed. This observation, alongside the occurrence of a closed hysteresis loop (Fig.
10b) much more rapidly than in Fig. 9c-d, suggests that pipe bedding and side fill compaction is completed
easily but that full compaction of the fill above the pipe requires more effort.

6.2. The influence of geocell reinforcement (no EPS block in the backfill)

Fig. 11 compares the response of the buried pipe in the unreinforced and geocell-reinforced systems
(Test Series 1 and 2 in Table 3) through 150 cycles of repeated loading. Both Soil Surface Settlement (rut
depth on soil surface) and vertical and horizontal pipe diameter changes are smaller when the geocell is in
place, evidence of beneficial stiffening and load-spreading abilities of the geocell installation under repeated
loading. As seen in Fig. 11a, the soil surface settlement of the reinforced installation, at the last load cycle
decreased by 25% to 45%, respectively, for small and large pocket geocell installations (compared to the

unreinforced installation).
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Fig. 11b plots the changes in vertical and horizontal diameter of pipe (ADy and ADy) against the load
cycles and illustrates a decrease in the vertical diameter of the pipe (i.e., negative ADy) and an increase in
horizontal diameter of the pipe (i.e., positive ADy) as the load cycles increase. From Fig. 10b, the values of
ADy of the pipe at the end of load cycling for unreinforced and geocell-reinforced tests with small and large
geocell pocket sizes were obtained as 8.74%, 7.12% and 6.35%, respectively. Also, the corresponding values
for ADpare 7.12%, 6.73 and 6.12%. These values indicate an improvement in ADy by about 27.4% and ADn
by about 14.04% due to the large pocket geocell reinforcement. Thus, the competent performance of the
geocell reinforced system in reducing the pipe deformation is evidenced as well as that in decreasing the soil

surface settlement.

To gain a better assessment of the pipe deformation, the variation of the pipe's vertical deflection at its
crown, along the pipe's longitudinal axis (at distances of zero, 150, 300, 450 and 600 mm from the middle of
pipe’s length) at the end of load cycling is presented in Fig. 11c. The zero-value on the horizontal axis of this
figure indicates the point on the crown beneath the center of the loading surface and the axis indicates the
distance along the pipe's axis from zero point. As expected, the deflection of the pipe's crown decreases away
from the centre of loading for both unreinforced and reinforced systems. From Fig. 11c, for the buried pipe in
unreinforced backfill, the vertical deflection of pipe (AD,) at the distances of zero, 150, 300 and 450 mm
from the middle of pipe length are about 8.74%, 6.52%, 3.89%, 1.63% and 0.23%. The corresponding values
for geocell-reinforced system with small pocket size are about 7.12%, 5.56%, 3.62%, 1.28% and 0.19% and
for geocell-reinforced system with large pocket size are about 6.35%, 4.86%, 3.18%, 1.16% and 0.15%. It
indicates that using the geocell layer beneath the soil surface, rendered the buried pipe system considerably
protected. As can be seen in Fig. 11c, there was a non-linear variation of pipe crown deformation along the
pipe's longitudinal axis, and it converges to an insignificant value over 600 mm from the centre of the loaded
area. Fig. 11c also implies that the length of pipe is large enough that behaviour at the centre of the pipe’s

length can be assumed to be unaffected by the two pipe ends.

Fig. 11d demonstrates the variation of the measured pressure on the crown (SPC. C) and at the springline
of the pipe (SPC. S) with load cycles, for both unreinforced and geocell-reinforced systems. The readings
show that, in the last cycle of loading, the transferred stress on the crown (measured at SPC ‘C’) and at the
springline of the pipe (measured at SPC. ‘S’) are about 75% and 92% of the values in the unreinforced
installation, respectively, for large pocket size geocell and 86% and 95% for small pocket size geocell. These

ratios imply that lateral pressure at the springline of the pipe (SPC. S) is not remarkably affected by the
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geocell reinforcement (the factor is about 0.92-0.95). However, Fig. 11d indicates that the observed reduction
in pipe deflection in Fig. 11b could be attributed to a lower transferred pressure on the pipe crown. Thus,
horizontally, a much stiffer arrangement has resulted. It is assumed that this reflects improved load spreading
achieved by the geocell which is spreading load away from the crown (with a matching reduction in
deflection there) and spreading it somewhat to the pipe margins. There, it is assumed, passive, horizontal
earth pressure is now developed by smaller pipe deflections than before, due to the better compacted soil that
has resulted from the increase in vertical load that has been spread to it. The improvement in the behaviour of
pipes due to provision of reinforcement is in the line with the finding of Moghaddas Tafreshi and Khalaj

(2008) and Tavakoli Mehrjardi et al. (2012), Hegde and Sitharam (2015b).

Fig. 11 shows that the 110x110x100 mm geocell installation delivers greater benefit, for all tests, than
does the 55x55x50 mm geocell arrangement. It proved impossible to achieve as great a density of pocket
infill in the small pockets as in the large (see Table 2) - despite preparing and compacting the infill soil in the
same manner. Probably, the greater number of vertical pocket sides found in the smaller geocell than in its
larger ‘brother’ offered a greater hindrance to compaction. A further factor may be the greater number of
(inevitable) break-ups between otherwise interlocked soil particles. These reductions in density and in stone-
stone interaction are unavoidable, as noted by previous authors (Thom, 2008; Tavakoli Mehrjardi et al.,
2013). Thus, for the later tests (Series 4 = geocell-reinforceds with EPS blocks), the larger geocell
(110%110%x100 mm pockets) was used.

On the basis of the foregoing, the following reasons are suggested for the improved performance when

geocell is present:

e The honeycomb structure of a geocell layer imposes a hoop stress on soil in a pocket, preventing it
from being sheared away from the load. Hence, overall, there is an effective increase in shear
strength of the composite system with a consequential reduction in soil surface settlement (Tavakoli

Mehrjardi et al., 2012; Thakur et al., 2012; Moghaddas Tafreshi et al., 2014).

e The soil in the geocell is, relative to the unreinforced soil, stiff in bending due to its increased
confinement. Therefore, it acts to redistributes stress more widely. In turn this reduces the vertical
stress applied to the underlying soil in the central area so that the stress applied to the pipe is also
reduced. In its turn this leads to a reduction in pipe deformation compared to the unreinforced

situation.
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6.3. The influence of EPS block
The effect of EPS block on the trench settlement and behaviour of the buried pipe in the unreinforced and
geocell-reinforced systems was investigated in Test Series 3-4 (Table 3). In these tests the effect of width and

thickness of EPS block were examined.

6.3.1. The influence of EPS block width in unreinforced and geocell-reinforcement installations

To investigate the influence of EPS block width on the pipe behaviour in unreinforced and geocell
reinforced backfills, the first row of Test Series 3 and 4 were performed. For unreinforced installations, four
widths of EPS (D, 1.5D, 2D and 2.5D (Fig.12)) and for geocell-reinforced installation three widths (D, 1.5D
and 2.5D (Fig. 13)) were examined for a fixed EPS block thickness of 0.6D (h.=0.6D). The results of all the
unreinforced tests (i.e. the backfill was installed with EPS block but the geocell layer was not used at the top
of the backfill) and geocell-reinforced tests (i.e. the backfill was installed with EPS block) are presented in
Fig. 12 and Fig. 13, respectively, showing soil surface settlement (SSS), vertical diameter change (ADy) and

pressure variation under 150 repetitions of loading.

Figs. 12a-b and 13a-b reveal that for both unreinforced and geocell-reinforced installations, with increase
in the number of load cycles, the amount of soil surface settlement (SSS) and vertical diameter change (ADy)
of the pipe steadily increase, with a large proportion of the total SSS and ADy (as recorded after all cycles
(N=150)) occurring during the first cycle of loading (N=1). For example, the ratio of SSS during the first load
cycle (N=1) to that accumulated by the last cycle (N=150) changes from 27% to 36%, regardless of
unreinforced and geocell reinforced installations. Also, the corresponding values for ADy are from 35% to

46%.

Figs. 12a and 13a also illustrate that, with increase in the width of EPS block, the amount of SSS
increases. As seen in Fig.12a, an EPS block in the unreinforced installation (without any geocell-
reinforcement) does make the SSS behaviour worse. e.g. for the EPS block with widths of 2D and 2.5D,
unstable conditions with large settlement of 88.8 and 88 mm occur at load cycles 5 and 75, respectively,
(long before reaching load cycle of 150). For the EPS block with widths of D and 1.5D, excessive settlement
could be expected with further loading cycles unless soil permanently bridges over the blocks.

According to the results presented in Section 6.2 and Fig. 11, it is expected that a geocell installation over
the EPS block could help to attenuate the soil settlement and rectify the negative aspects of an EPS block on
soil surface settlement. As shown in Fig.13a, using the geocell layer leads to stabilizing settlement behaviour

under repeated loading, irrespective of the EPS block width. Generally, from Fig.12a and 13a the negative
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effect of EPS block on soil surface settlement for unreinforced and reinforced backfill is evident although its
extent is curtailed by the geocell.

In contrast to the undesirable effect of EPS block on the soil surface settlement (Figs. 12a and 13a), Figs.
12b-d and 13b-d illustrate the beneficial influence of EPS block inclusion on reduction of vertical diameter
change (AD,) of the pipe at the center and also along the pipe's longitudinal axis, plus the soil pressure
around the pipe when the backfill was installed with an EPS block, whether geocell-reinforced or not.

Figs. 12b-c and 13b-c show that the best performance in reducing the vertical deformation of the pipe
along the longitudinal axis, belongs to the installation of EPS block with a width of 1.5D over the pipe, which
had a value of ADy at the end of load cycle and in the middle of pipe, in unreinforced and geocell-reinforced
installations, respectively 5.25% and 3.98%. It is noticeable that, corresponding AD, values for the
unreinforced and geocell-reinforced installations with no EPS block, were respectively 8.74% and 6.34%.
Likewise, Figs. 12c and 13c depict that the pipe deformation on the pipe crown, along the pipe's longitudinal
axis, declines non-linearly to an insignificant value.

Comparing the results in Figs. 12d and 13d show that the geocell-reinforced installation containing EPS
block with a width of 1.5D delivers the best performance in soil pressure reduction around the pipe, as its
value at the end of load cycle is obtained at about 92.2 kPa and 45.4 kPa, respectively at the crown (SPC. C)
and at the springline (SPC. S).

In order to have a clear and direct investigation of the influence of EPS block on the behaviour of
unreinforced and geocell reinforcement systems, the variation of soil surface settlement (SSS), vertical
diameter change (ADy) of the pipe and pressure acting on the crown of pipe with EPS block width (w/D) at
the last load cycle are shown in Fig. 14.

For unreinforced and geocell-reinforced backfill, the soil surface settlement (SSS) value increases as the
width of EPS block is increasing (see Fig. 14a). It could be attributed to the compressibility of the EPS block
and also to an increase in its flexibility in the direction of the horizontal diameter of pipe with increase in the
width of EPS block; as a result, more bending and deflection in the middle of block and more settlement
beneath the loading surface will be experienced.

The variation of the vertical diameter change (ADy) of the pipe and the pressure acting on the crown of
pipe with w/D ratio are the subject of Fig. 14b-c, respectively. As seen in these parts of the figure, when an
EPS block is installed above the pipe, the value of ADy and the pressure over the pipe decreases, regardless of

EPS width, for both unreinforced and reinforced systems when compared with no-EPS block installations.
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This can be attributed to placing EPS block as an additional compressible inclusion above the pipe that can
induce more settlement in the soil-EPS prism above the pipe compared to the soils adjacent to the soil prism.
Therefore, the more upward shear strength on the two side of soil prism surface would be mobilized which
can reduce the pressure on the pipe’s crown, consequently the value of ADy decreases (see Fig. 1).

From this figure it has also been found that with an increase in w/D ratio to about 1.5, the value of ADy
and the pressure acting on the pipe crown decrease down to the minimum value, after which, with increase in
w/D ratio, their values increase, irrespective of whether unreinforced or geocell-reinforced. The value of ADy
in unreinforced and geocell-reinforced installations that included an EPS block was 5.25% and 3.98%,
respectively, at the end of load cycling. These values are respectively about 0.60 and 0.46 times the value of
fully unreinforced backfill, which is 8.74%. In a similar way, the measured pressure acting on the pipe crown
at the end of load cycling was about 113 kPa and 92 kPa, respectively for the unreinforced and geocell-
reinforced installations that included an EPS block, and these values are respectively about 0.47 and 0.38
times the value when fully unreinforced (=243 kPa). Kim et al. (2010) in their studies on buried pipes under
EPS geofoam inclusions (with no geosynthetics reinforcement) under three applied static surcharges, reported
an optimum value of 1.5D for width of EPS block that gives a 73% reduction in vertical pressure acting on
the pipe. The greater reduction in vertical pressure reported by Kim et al. (2010), compared to that observed
in current study, might be attributed to the loading type (static versus repeated loadings), thickness and
density of EPS block.

As seen in Fig. 14, an EPS width of 1.5D gives the minimum value of ADy and pressure on pipe, but there
was no significant difference in ADy and soil pressure when an EPS width of 1D was used (the difference is
less than 2.5% in value of ADy and less than 9% in value of soil pressure for reinforced installation). The
small reduction in ADy and soil pressure when the EPS width changes from 1 to 1.5 times the pipe diameter
suggests that an optimal width of an EPS is approximately 1 to 1.5 times the pipe diameter among the other
EPS block widths. As shown in Fig. 14, with the increase in w/D beyond the optimal width of EPS (i.e. 1.5
times the pipe diameter), not only is no further improvement generated, but it also counteracts the beneficial
effect of an EPS block, as negative influence of pipe behaviour would be expected with increase in the width
of an EPS block further than 2.5 times the pipe diameter. This could be attributed to diminishing the arching
effect over the pipe due to the use of a wider EPS width which extends the soil prism over the pipe (Kim et

al. 2010; Witthoeft and Kim, 2015).
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6.3.2. The influence of EPS block thickness in unreinforced and geocell-reinforcement installations

To investigate the influence of EPS block thickness on the pipe behaviour, Test Series 3 and 4 (second
row of each series in Table 3) with a fixed ratio of EPS block width to pipe diameter of 1.5 (w=1.5D as
optimum value) were performed. For unreinforced installations three thicknesses of 0.1D, 0.3D and 0.6D
(Fig.15) and for geocell-reinforced installations three thicknesses of 0.3D, 0.4D and 0.6D (Fig. 16) were
examined. The results of all the unreinforced and geocell-reinforced tests with and without EPS block, for

150 cycles of loading, are shown in Figs. 15 and 16, respectively.

Figs. 15a and 16a illustrate the variations of soil surface settlement with number of load cycles for
unreinforced and geocell-reinforced installations with and without EPS block. As seen in these figures, for all
tests with an EPS block above the pipe, the SSS value is larger than when there is no EPS block. They also
indicate that, with increase in the thickness of EPS block, the settlement of the loading surface increases,
irrespective of unreinforced and geocell-reinforced installations. This is due to the compressible nature of the
EPS inclusions inside the backfill, over the pipe, leading to increased the soil surface settlement. Moreover,
referring to Fig. 16a, the geocell effect in decreasing SSS values, when compared with the corresponding no-

geocell SSS values in Fig. 15a, is remarkable.

The variation of vertical (ADy) and horizontal (ADy) diameter changes of the pipe, vertical diameter
change (ADy) of the pipe along the pipe's longitudinal axis, and pressure around the pipe with number of
load cycles for unreinforced and geocell-reinforced installations, are respectively the subjects of Figs. 15b-d
and 16b-d. From these figures, reduction in pipe deformation and pressure around the pipe due to the positive
influence of EPS block inclusion can be observed for both unreinforced and geocell-reinforced systems. As
seen, pipe deformation and vertical pressure on the pipe reduce with an increase in EPS block thickness. This
is because, when the soil prism over the pipe contains thicker EPS, then the EPS compression causes more
settlement (see Figs. 15a and 16a) relative to the two adjacent soil prisms, which results in a positive arching
effect (see Fig. 1). In contrast, a thin EPS layer (e.g. here h.=0.1D) is not large enough to generate sufficient
differential deformation in the soil prisms over the pipe — and so the arching support is not developed. Similar
results under applied static load on trench surface have been reported by Beju and Mandal (2017) on vertical
pressure reduction on a buried pipe with increase in EPS geofoam thickness. However, as before, the internal
benefits of reduced stress on, and deformation of, the pipe are bought at the cost of increases in the settlement

of the loading surface settlement (Figs. 15a and 16a).
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In addition, an interesting observation that can be made from Figs. 15d and 16d (also observations in Figs.
10a, 11d, 12d and 13d) is that the pressure around the pipe reaches a maximum value during the first load
cycles but then tends to decrease to a somewhat smaller value. The reason for this cannot be determined with
certainty, but is likely due to rearrangement of the bedding around the pipe, perhaps as the polymeric pipe

slowly creeps under load.

To gain a better understanding of the effect of EPS block thickness on the soil surface settlement (SSS) of
unreinforced and geocell-reinforced systems, the increase of SSS with EPS block thickness (he/D), at the last
load cycle, are shown in Fig. 17a. As can be seen, an increase in the thickness of EPS block in the range of 0-
0.3D, results in a slow increase in the SSS value, while increasing the EPS block thickness beyond 0.3D
results in the rate of enhancement increasing considerably, for both unreinforced and reinforced installations.
For example, in unreinforced installation, the SSS value at load cycle 150 are about 52.4, 55.2, 57.2 and 85.6
mm respectively for EPS thicknesses of 0, 0.1D, 0.3D and 0.6D. The SSS value increases about 9.2% when
the thinnest EPS block (he=0.3D) is inserted, while it increases by some 49.7% when the EPS thickness
changes from 0.3D to 0.6D. For geocell-reinforced systems, the rate of increase in SSS value for variation of
EPS block thickness between 0.3D and 0.6D is, similarly, substantially greater than when EPS block
thickness changes from zero to 0.3D.

Figs. 17b and 17c represent, respectively, the variation of the vertical diameter change (ADy) of the pipe
and the pressure acting on the crown of pipe, both with he/D ratio, at the last load cycle. As can be seen, the
EPS block is able to significantly improve the pipe behaviour, as with increase in EPS thickness, both ADy
and pressure on the pipe crown decrease, whether reinforced with geocell or not. This performance
improvement seems to be a result of the increase in upward shear strength mobilized on the two side of soil
prism surface above the pipe, due to increase in soil surface settlement (Figs. 1 and 17a) which can reduce the
pressure on the pipe crown, consequently leading to a decrease in the value of ADy. However, as shown in
Fig.17, the rate of decrease in the value of ADyand pressure on pipe when changing in EPS block thickness
from zero (no EPS block) to 0.3D, is far greater than when changing from 0.3D to 0.6D, irrespective of
reinforcement, suggesting that the soil arching effect is induced even by low thickness of compressible EPS.
7. Discussion of results
EPS Geofoam block has been suggested as compressible inclusion for use over buried pipes by several
authors (Vaslestad et al., 1994; Kim et al. 2010; Witthoeft and Kim, 2015; Anil et al., 2015; Beju and

Mandal, 2017). The majority of the studies have been only focused on the effect of EPS block geometry on
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pressure reduction over pipe. As yet, there is no clear report in the literature regarding the effect of EPS block
on pipe deformation and soil loading surface settlement. Yet limiting the soil settlement (rut depth on soil
surface) and the pipe deformation must also be considered as essential requirements for a safe and effective
backfill trench and buried pipe system. Furthermore, the recommendations of the previous literature are not
quantitatively consistent. For example, Vaslestad et al. (1994) recommended using an EPS block with a
minimum width larger than 1.5 times the pipe diameter while Kim and Yoo (2005) showed that no significant
load reduction was achieved for the EPS panel width of greater than 1.5 times of the pipe diameter.

Table 4 compares the values of soil surface settlement (SSS), vertical diameter change of pipe (ADy) and
pressure on the pipe crown for different backfill installations, at the last cycle of loading. For real pipe
installation, AASHTO (2010) recommended limiting the vertical diameter change of a pipe (ADy) to 5% as
the criteria to avoid snap-through buckling to the pipe. For surface settlement (ruts) AASHTO (1993)
recommends a limit of 30-70 mm for unsealed low volume roads. Given that the test results presented here
show that the majority of the settlement at the surface occurs in the first 50 cycles or so, this deformation is
likely to be caused by construction traffic when an unsealed surface is present. Where a bound surface is to
be placed over the top of the trench fill before such settlement has been induced, less rutting is permissible,
but the results presented do not give information about the settlement can then be expected. Doubtless the
bound material will provide better bridging over the trench than would unbound materials, but the degree of

assistance provided and its reliability in the long term would need further study.

For the different test conditions considered here and the summarized results in Table 4, the following

discussion could be useful:

(1) For the tests with no EPS block, the benefits of geocell over the unreinforced situation are clear for all
measurements, soil surface settlement (SSS), vertical diameter change of pipe (ADy) and pressure on pipe.
The geocell reinforcement is able to significantly reduce SSS, ADy and pressure on pipe by about 43%,
27.4% and 24.7%, respectively, compared with unreinforced installations but, even so, the value of ADy is

never in the range of allowable recommended value by AASHTO (2010).

(2) Among all the unreinforced installations with EPS block, both the values of ADy and pressure on pipe
take their minimum values (5.25% and 113 kPa respectively for ADy and pressure on pipe) for the use of EPS
block with thickness of 0.6D (h.=0.6D) and width of 1.5D (w=1.5D) while the SSS value increases to 85.62
mm which is greater than that obtained for the unreinforced installation with no EPS block. However, it

shows that this geometry of EPS block did not satisfy the defined criteria by AASHTO (1993; 2010) for ADy
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and SSS. Thus, if pipe deformation with no consideration on soil surface settlement (e.g. beneath untrafficked
soil) is of primary concern then the use of EPS block with h,=0.6D and w=1.5D in backfill has the most

benefit which protects the pipe from snap-through buckling AASHTO (2010).

(3) When geocell reinforcement and EPS are combined, a marked benefit in reduction of both AD, and
pressure on pipe are evident, but it results in a larger, soil surface settlement (SSS) compared with the geocell
reinforcement-only case. Based on the results in Table 4, using geocell reinforcement and EPS block with
he=0.6D and w=1.5D could minimize AD, and pressure on pipe at values of 3.98% and 92 kPa, respectively,
while SSS values is minimized at 31.53 mm using EPS block with h.=0.3D and w=1.5D. Also, Table 4
shows that the use of EPS block with h.=0.3D and w=1.5D shows only a little additional enhancement of
ADy in comparison with EPS block with he=0.6D and w=1.5D while not only does ADy remain less than the
5% criteria of AASHTO (2010), but it is also economical to halve the use of EPS — a material more

expensive than the soil and geocell reinforcement.

Thus, from the results described, using an EPS block with h.=0.3D and w=1.5D over the pipe in a
geocell-reinforced installation, delivered the most acceptable soil surface settlement and pipe deflection
design among all the installations. However, of course, an economic evaluation would need to be added to

this technical assessment in order to confirm its cost-effectiveness and to arrive at a final decision.

7. Summary and conclusions

The maintenance and the serviceability periods of buried pipes impose major cost to utility companies.
For this reason, the long-term functionality and safety of buried pipe systems is a critical requirement when
the system is subjected to heavy traffic loading. In this study, a series of full scale tests on buried pipes
subjected to simulated heavy traffic loading were conducted to investigate the beneficial, simultaneous, use
of EPS geofoam block and geocell reinforcement in backfill over pipes on the reduction of soil surface
settlement (rut), pipe deformation and soil pressure acting on the pipe. The parameters studied in the testing
program included the pocket size of the geocell reinforcement, the width and thickness of EPS block. Based
on the results obtained from the present study, the following conclusions can be derived:

(1) The rate of increase in soil surface settlement (SSS), pipe deformation (ADy and ADp) and pressure
around the pipe decrease as the number of load cycles increase. A stable condition (for these parameters)

could be achieved by installation of the geocell layer and EPS block with appropriate width and thickness.
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(2) Large proportions of the total, final, pipe deformation, soil surface settlement and pressure on pipe
occurred during the few first load cycles.

(3) The beneficial performance of a geocell mat with large pockets (100mm) on the buried pipe system with
and without EPS block was evident. Adding just geocell above the pipe decreased the vertical pipe
diameter deflection, soil surface settlement and pressure on pipe crown, respectively, by about 27%, 43%
and 25%, but did not deliver a pipe deformation that satisfied the AASHTO (2010) specification.

(4) The use of EPS block over the pipe increased the soil surface settlement, but decreased the pressure
transferred onto the pipe and the deformation of pipe for both unreinforced and geocell-reinforced
installations.

(5) When adding just EPS block (of thickness 0.6D and width 1.5D) above the pipe, minimum values of ADy
= 5.25%, vertical pressure on pipe crown = 113 kPa and soil surface settlement = 85.62 mm were
obtained, indicating that neither of the AASHTO (1993 and 2010) criteria have been satisfied.

(6) For the simultaneous installation of EPS geofoam block and geocell reinforcement in backfill, the geocell
reinforcement significantly negates the tendency of an EPS block in increasing the soil surface settlement,
and also provides more reduction in pipe deformation and pressure acting on pipe.

(7) When adding both geocell and EPS block (of thickness 0.6D and width 1.5D) above the pipe, vertical
pipe diameter change and pressure on pipe were 3.98% and 92 kPa, respectively. Also, soil surface
settlement was minimized at 31.53 mm by using an EPS block with thickness of 0.3D and width of 1.5D
but shows little increase, regarding pipe deformation although the criteria of AASHTO (1993 and 2010)
were thereby satisfied.

(8) Overall, for the range of performed tests and to minimize the use of EPS block from an economical point-
of-view, this study suggests the use of geocell-reinforced backfill with an EPS block with h.=0.3D and
w=1.5D over the pipe would provide a practical and beneficial solution to protect the pipe and ground
surface under heavy traffic loads.

(9) For all installations, a non-linear variation of pipe crown deformation along its longitudinal axis was
observed. The pipe deformation converged to an inconsiderable value over 600 mm distance from the
centre of loaded area which evidenced, adequately, the length of pipe used in experimental model.

This study can provide insight into the behaviour of the buried pipes protected by geocell reinforcement,
in addition to EPS block, subjected to heavy traffic load. Clearly, this is a preliminary study and full

application should only be made after considering the limitations and trying a large size model to confirm the
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results of this study. The tests results are obtained for only one type of pipe (HDPE pipe with 250 mm
external diameter), one type of geocell material, one density of EPS block, one trench width and depth (i.e.
one burial depth of pipe) and one type of backfill soil. Hence, it should be noted that the test results applied in
this paper might be limited to the size and type of the trench and pipe, soil properties, geocell material and
EPS density (which affects its mechanical characteristics such as the strength and elasticity modulus). Hence
additional investigations to confirm the results of this study should be considered in future studies. Thus the
proposed results should be applied cautiously by considering the above limitations. Also, the economical
assessment of EPS blocks, together with geocell layer should be one of the crucial parts of a practical project,

but this was not investigated in the current research.
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Nomenclature

Gs specific gravity

@ soil angle of internal friction

d geocell pocket size

h height of geocell

D Pipe diameter and diameter of loading surface
b width of geocell layer

u embedded depth of geocell layer below the loading surface
he thickness of EPS block

w width of EPS block

SPC.C soil pressure cell on pipe crown

SPC. S soil pressure cell at springline of pipe

Z=2D embedment depth of pipe

Dy change in vertical diameter

Dy change in horizontal diameter

ADy- D/D vertical diameter change

ADp- Dn/D  horizontal diameter change

SSS soil surface settlement
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pipe deformation in longitudinal axis, and (d) Soil pressure on crown and at springline of pipe (SPC. C and SPC.
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Fig. 12. The effect of EPS block width in unreinforced installation on (a) SSS, (b) ADy, (C) pipe deformation in

longitudinal axis, and (d) Soil pressure on crown and at springline of pipe (SPC. C and SPC. S)

821



822

823

37

Soil Surface Settlement, SSS (mm)

Diameter Cahnge (%)

80

70

60

50

40

30

20 1. - Unrein.
& Geocell-Rein.
-o- EPS (he=0.6D, w=D)+Geocell

10 1 - EPS (he=0.6D, w=1.5D)+Geocell
-~ EPS(he=0.6D, w=2.5D)+Geocell
Oy
0 25 50 75 100 125 150 175
Number of Load Cycles
(@)
Distance along the Pipe Axis (mm)
0 150 300 450 600 750
O v e

-2

-4

-6
- Unrein.

-8 - Geocell-Rein.
-o- EPS (he=0.6D, w=D)+Geocell
-o- EPS (he=0.6D, w=1.5D)+Geocell
-~ EPS (he=0.6D, w=2.5D)+Geocell

-10

©

10

Vertical Diameter Change, AD, (%)

- Unrein.

& Geocell-Rein.

-o- EPS (he=0.6D, w=D)+Geocell
-0- EPS(he=0.6D, w=1.5D)+Geocell
- EPS (he=0.6D, w=2.5D)+Geocell

250

200

150

100 £

50 e

-50

-100 §

-150

-200

Pressure on Crown and at Springiline on pipe, (kPa)
o

-250

-300

25 50 75 100 125 150 175
Number of Load Cycles

(b)

-5 Unrein.

-&- Geocell

-o- EPS (he=0.6D, w=D)+Geocell
-0- EPS (he=0.6D, w=1.5D)+Geocell
- EPS (he=0.6D, w=2.5D)+Geocell

Springline

Number of Load Cycles

(d)

Fig. 13. The effect of EPS block width in unreinforced installation on (a) SSS, (b) ADy, () pipe deformation in

longitudinal axis, and (d) Soil pressure on crown and at springline of pipe (SPC. C and SPC. S)
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Fig. 15. The effect of EPS block thickness in unreinforced installation on (a) SSS, (b) ADy, and ADy, (C) pipe

deformation in longitudinal axis, and (d) Soil pressure on crown and at springline of pipe (SPC. C and SPC. S)
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Table 1. The engineering properties of the geotextile used in the tests (reported

by manufacturer- See acknowledgment)

Description Value

Type of geotextile Non-woven
Material Polypropylene
Areal weight (g/m?) 190
Thickness under 2 kN/m? (mm) 0.57
Thickness under 200 kN/m? (mm) 0.47

Tensile strength (KN/m) 131

Strength at 5% (KN/m) 5.7
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Effective opening size (mm) 0.08
832
Table 2. Densities of soil for unreinforced and geocell-reinforced layers after compaction (ASTM D
1557-12)
Type of layer Average dry unit weight (kN/m?3)
Unreinforced soil layer above pipe crown ~]18.78*
Unreinforced soil layer in the both sides of the pipe ~16.2%*
Geocell-reinforced layer (110x110x100 mm) Between 18.2 and 18.4
Geocell-reinforced layer (55x55x100 mm) Between 17.5 and 17.8
*approximately 92% of maximum dry unit weight — see Sec. 3.1
*approximately 80% of maximum dry unit weight
833
Table 3. Scheme of the tests on buried pipe and parameters considered (z=2D, D=250 mm)
: Geocell - .
Test Test Reinforcement Size Thickness of Width of EPS Block No. of Tests
Series | Configuration Status (mmxmm) EPS Block (he) (W)
1 Unreinforced 1+1**
No EPS Block 50%50
) Qeocell- 2+3%*
reinforced 110x110
***0.6D D, 1.5D, 2D, 2.5D 4+4**
3 Unreinforced
0.1D, 0.3D, -
0.6D 1.5D 2*+3
EPS Block
4 ***0.6D D, 1.5D, 2.5D 3+3*
Geocell-
. 110x110
reinforced 0.3D, 0.4D, -
0.6D 1.5D 2*+3
* Number indicates number in series which includes tests also listed in other rows
**The tests which were performed two or three times to verify the repeatability of the test data. For example, in test
Series 2, a total of 5 tests were performed, including 2 independent tests plus 3 replicates.
***the tests in which the horizontal diameter changes were not recorded.
834

Table 4. The soil surface settlement (SSS), vertical diametric change (ADv), Pressure over pipe for unreinforced and

geocell-reinforced installations with and without EPS block at the last cycle of loading

With EPS block
N Nogps | he | 06D | 06D | 06D | 06D | 01D | 03D | 04D
Test condition
block w
D 1.5D 2D 2.5D 15D | 15D 1.5D
SSS (mm) 52.42 78.2 | 85.62 | 88.2* | 88.8** | 55.2 57.2
Pressure over
Pipe (kPa) 243 125 113 170 196 178 131
Geocell- SSS (mm) 29.91 42.88 | 45.75 60.2 3153 | 34.21
reinforced AD, (%) 6.35 408 | 398 | - | 504 | -~ | a52 | 431
110x110 Pressure over
mm Pipe (kPa) 183 101 92 108 112 102
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*the SSS value at load cycle of 75

**the SSS value at load cycle of 5
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