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Abstract: The induced trench installation method is applied by placing material with high compress-
ibility on rigid pipes to reduce the earth pressures acting on them. Although the performance of this
method for rigid pipes has been investigated, research on thermoplastic pipes is very limited. In
this study, induced trench installation (ITI) and embedded trench installation (ETI) of large-diameter
thermoplastic pipes subjected to high fill stresses were investigated by numerical analysis. The
numerical model has been verified by considering the field experiments, and a series of analyses
were carried out by placing Expanded Polystyrene Foam (EPS Geofoam) in ITI and ETI models.
Pipe stresses and deflections were evaluated by considering the pipe diameter, stiffness, and backfill
properties. The ITI and ETI models in thermoplastic pipes reduced the stresses acting on the pipes
and increased the positive arching regardless of the deflection of the pipe. For pipes with an inner
diameter of 0.762 to 1.524 m under 30 m of fill stress, approximately 1.5 to 3.0% deflection occurred.
In the ETI model, the horizontal earth pressure in the spring line of the pipe decreased from 65 to
40% depending on the backfill type, and an approximately uniform stress distribution was formed
around the pipe.

Keywords: thermoplastic pipe; numerical analysis; EPS Geofoam; soil arching; embedded trench;
induced trench

1. Introduction

Thermoplastic pipes are infrastructure elements that change shape under soil stress,
and pipe deflection is considered the primary design criterion. Although it has many
advantages, such as low cost, lightweight, ease of mobilization, and corrosion resistance,
the usability of thermoplastic pipes under high fill stresses is very limited.

The most important feature that makes the behavior of thermoplastic pipes different
from rigid pipes is that the interaction with the backfill affects the structural behavior of
the pipe. The structural performance of the thermoplastic pipe is affected by the pipe’s
rigidity (material property, profile geometry, and diameter) and the type of backfill material
surrounding the pipe, its stiffness and placement quality, etc. [1]. The pipe–soil interaction
response affects soil stresses around the buried pipes, pipe deflections, and pipe wall strains.
The type of backfill soil used to surround the pipes influences pipe behavior considerably.
Backfill is placed around and over a thermoplastic pipe, and as the soil pressure increases,
the pipe deflects vertically and expands laterally into the backfill soil. The lateral expansion
of the pipe mobilises passive resistance in the soil that combines with the pipe’s inherent
stiffness to resist further lateral expansion and, consequently, further vertical deflection.
The magnitude of the deflection and the stress depends not only on the pipe’s properties
but also on the properties of the backfill soil. The magnitude of deflection and stress must
be kept safely within the thermoplastic pipe’s performance limits. Excessive deflection may
cause a loss of stability, while excessive compressive stress may cause wall crushing or ring
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buckling. Numerous experimental studies and numerical analyses have been carried out
examining the pipe–soil interaction for various types of thermoplastic pipes [1–20].

High embankments impose significant earth stresses on buried infrastructures. Be-
cause the stiffness of the buried pipe is generally not the same as that of the backfill, the
magnitude of vertical stress on a deeply buried pipe depends on the arching (positive or
negative) that develops over the pipe. When high embankments are required for rigid cul-
verts, the installation methods typically used are positive projection or induced trench and
embedded trench installations. The induced trench installation (ITI) and embedded trench
installation (ETI) models require a compressible soft zone such as EPS Geofoam above
or surrounding the pipe (Figure 1). The ITI method for rigid culverts buried under high
embankments has been used since the early 1900s. Numerous research studies have been
conducted on the soil–structure interaction of EPS Geofoam using laboratory tests and field
instrumentation [21–32]. Numerical analyses were also performed to better understand
method uncertainties [10,22,24,25,27,31,33–45].
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Figure 1. (a) Embedded trench installation (ETI). (b) Induced trench installation (ITI) Santos et al. [43].

The ITI and ETI models reduce vertical stress on the culvert by including a lower-
density material (compressible soft zone) to increase positive arching. Compressible ma-
terial in the ITI and ETI models for the culvert causes differential settlement of the soil
column directly above the pipe relative to the adjacent soil. The earth load from the soil
column directly above the culvert is partially supported by the shear forces developed on
the soil interface with adjacent soil columns, thereby resulting in some of the load being
redistributed to the adjacent fill (Figure 1). Vaslestad et al. [26] observed soil stresses on
four rigid culverts buried using an ITI model with EPS Geofoam in Norway from 1988 to
1992. At the end of 20 years, the average measured earth pressure above the crown of the
pipe ranged from 23 to 25% of the overburden pressure for installations with granular
backfill material and about 45% for the ones with cohesive backfill material. The ITI model
using Geofoam to reduce earth pressure has also been used on concrete culverts below high
fill (see [22,46,47]).

For circular pipes, Vaslestad et al. [48] studied a condition where the pipe was inserted
into a zone of soft material. Kang [49] concluded that, based on many parametric studies,
surrounding the pipe with a soft zone was the most effective way of reducing earth
pressures [49]. According to the numerical analysis of the embedded trench installation
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(ETI) model, Kang et al. [10] suggested the optimum soft zone geometry for deeply buried
PVC pipes. Recent studies claimed that the ITI method [38,43] does not mitigate the earth
pressure at the spring line and the invert of the structures. Therefore, creating a soft zone
around the pipe was recommended, known as an ETI model.

Simplified arching theories assume that shear strength is fully mobilized at the vertical
boundaries of the soil prism on the pipe [50,51], but the degree of positive soil arching
depends on the magnitude of the relative settlement. The induced trench method can
increase the degree of positive soil arching on a buried thermoplastic pipe regardless of pipe
deflection. As a result, a significant reduction in pipe deflections can be achieved. A buried
thermoplastic pipe installed in the conventional method deflects vertically downwards
under soil load. Since the displacement of the pipe crown is more than the side backfill soil,
differential settlements occur in the soil medium above the pipe crown level. Differential
settlements lead to the development of a positive soil arching within the soil medium,
and as a result, a smaller vertical stress than geostatic stress reaches the thermoplastic
pipe. Being a low-stiffness material, EPS deforms more than the soil adjacent to the
thermoplastic pipe and, therefore, causes larger differential settlements in the soil medium
above the pipe. When the thermoplastic pipe is buried in the ITI and ETI methods using
EPS Geofoam, as shown in Figure 1, there will be an additional vertical settlement in the
pipe crown, and positive arching will be increased regardless of the pipe deflection. For
this purpose, there are a limited number of laboratory tests and numerical analyses studies
in the published literature on the ITI and ETI models using EPS Geofoam surrounding the
thermoplastic pipes [10,27,36,39,49,52–59]. Kang et al. [36] pioneered studies about PVC
pipes protected by embedded trench installation using EPS Geofoam, investigating the
optimum compressible zone geometry for a deeply buried thermoplastic pipe using finite
element analyses. Akınay; Kılıç and Akınay [52,55] investigated the effects of using EPS
Geofoam compressible inclusion by performing full-scale laboratory tests on the responses
of a buried small-diameter, lined, corrugated wall HDPE pipe to deflections, soil stresses,
and settlements around the pipe. EPS Geofoam with 10 and 15 kg/m3 nominal densities
were selected as the compressible material, and five different pipe compressible inclusion
configurations were designed for the laboratory test program. It was reported that the
induced trench installation (the single EPS panel above the pipe crown) offered the best
solution regarding pipe performance and cost efficiency. Embedded trench installations
(one EPS saddle above the pipe crown and one below the pipe invert) significantly reduced
the soil stresses around the pipe and improved the pipe behavior [59]. Azizian et al.
and Moghaddas Tafreshi et al. [60–62] investigated through full-scale laboratory tests
the efficacy of using EPS alone or in combination with other geosynthetics (i.e., geogrid
or geocell) in protecting the high-density polyethene (HDPE) pipe buried in a shallow
trench against repeated surface loads. Moghaddas Tafreshi et al. [61] showed that using
EPS with a density of at least 30 kg/m3, combined with geocell over the HDPE pipe,
provided the best solution in terms of both pipe performance and trench surface settlements.
However, since design concerns (i.e., burial depths and load types) are different, the optimal
configuration proposed by [61] is not deemed suitable for the induced trench installation of
the thermoplastic pipe under high embankment fills.

In this current study, induced trench installation (ITI) and embedded trench installation
(ETI) models in large diameter (0.762 m to 1.524 m inner diameter) thermoplastic pipes
subjected to high fill stresses were investigated by numerical analysis. The study evaluated
the effects of crushed stone, sand, and clay backfill material on the pipe deflections and
stresses by considering the pipe diameter, rigidity, and thermoplastic material type (HDPE
and PVC). Using EPS Geofoam as compressible material, the ETI and ITI models proposed
by [10] were used for the soft zone geometry. The numerical model of the [63] field
experiment was created in [64] and verified by comparing the calculated stress and pipe
deflections with the field measurements. According to the results, using EPS Geofoam in
the ITI and ETI models for thermoplastic pipes increased positive arching independent of
the pipe deflection. As a result, the ETI model in the thermoplastic pipe with EPS Geofoam
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completely changed the distribution of stresses affecting the pipe. The positive arching
increase caused a decrease in the vertical stress acting on the pipe crown, and the stress was
transferred to the adjacent soil. Since the stresses were concentrated on the pipe spring lines,
these regions had increased vertical and horizontal stresses. With increasing lateral stress
resulting from positive arching, the pipe showed peaking and moved vertically toward the
EPS Geofoam. As a result of this movement, the pipe shortened in the horizontal axis, and
thus the stresses on the spring line of the pipe decreased from the at-rest state toward the
active state. As a result of using EPS Geofoam with the ETI method in the thermoplastic
pipes, a significant reduction in horizontal stresses occurred.

2. ORITE Project Field Experiment

ORITE (Ohio Research Institute for Transportation and the Environment) and ODOT
(Ohio Department of Transportation) conducted a comprehensive soil experimentation
program to identify the behavior of PVC and HDPE pipes buried under high fills [63].
Under the scope of the testing program, pipes used a negative projection installation in
narrow and shallow trenches dug in native soil. As a backfill material, sand and crushed
stone (Cr. S.) materials were used at 86, 90, and 96% relative compaction levels. Following
the backfill, the embankment fill was constructed at two heights (6.1 and 12.2 m) using
native soil. The pipe installation plan and directions for the cross-sections are shown in
Figure 2. Test pipe installation conditions are summarized in Table 1 [63]. Compaction
was not used on the mid 1/3 section of the bedding layer to maintain thermoplastic pipe
seating in the bedding layer. In addition, bedding material was prepared at different
thicknesses. Letters A, B, C, D, E, and F, listed under the pipe type section in Table 1,
indicate the pipe wall profile. Sargand et al. [63] provided more details about pipe wall
profiles. In this project, native soil was used as embankment fill material. The liquid
limit of the soil was 27.2%, and the plastic limit was 16.5%. The Unified Soil Classifi-
cation System (USC) classifies this as low-plasticity clay (CL). After embankment con-
struction, consolidated–undrained (CU) triaxial compression tests were conducted on
soil samples taken, and shear strength parameters (c and ϕ) were determined for sand
and crushed stone used as backfill material. In addition, sieve analysis, compaction, one-
dimensional compression, and consolidated–drained (CD) triaxial compression tests were
conducted [65]. The field study data and evaluations based on this study were published in
many periodicals [63,66–74]. More information on the work performed in the field test can
be obtained from these articles.

Table 1. Field test pipe properties and installation conditions.

Pipe
No

Pipe
Material

Pipe
Diameter

(mm)

Wall Type
(1)

Ring
Stiffness (2)

(kPa)

Backfill
H

(m)

Bedding
Thickness

(mm)Type RC
(%)

2 PVC 762 A 45.15 Cr. S. 96 12.2 150

4 PVC 762 B 97.45 Sand 86 6.1 150

5 PVC 762 B 97.45 Cr. S. 96 12.2 150

8 HDPE 762 C 73.31 Sand 96 12.2 150

14 HDPE 1067 E 61.69 Sand 96 12.2 80–230

17 HDPE 1524 F 34.42 Cr. S. 96 12.2 80–230
(1) [63] for details. (2) Initial values. Cr. S.—Crushed Stone. RC—Relative compaction.
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3. Materials and Method
3.1. Numerical Modeling Method

The A-A′, B-B′, and C-C′ sections in Figure 2 were used to create numerical models
in the [64] finite element program. The medium-density finite element mesh consisted of
15-node triangular elements (Figure 3).
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Numerical analyses were conducted by considering the loading stages suitable for
burial and embankment construction in the field experiment. The numerical model was
verified by comparing the calculated results with the field measurements.

3.2. Soil and Pipe Parameters

In the analyses, embankment fill and backfill around the pipe and local soil were
modeled by considering the Hardening Soil (HS) Model, using the uncoupled flow rule
and the elastoplastic Mohr–Coulomb failure criteria. The material parameters of the soils
are presented in Table 2.

Table 2. Hardening Soil (HS) Model parameters for the soils.

Soils γn
(kN/m3)

E50
(MPa)

Eref
50

(MPa)
Eref

ur
(MPa)

c
(kPa)

ϕ

(◦)
Ψ

(◦)

Cr. S. (96% RC) 22.19–23.81 90 89.2 267.6 69 45 15

Sand (86% RC) 17.70–18.3 9.7 9.5 28.5 0 37 7

Sand (96% RC) 19.35–19.95 36 35.5 106.5 0 45 15

Bedding Cr. S. 18 - 32 96.0 20 40 10

Bedding Sand 16 - 6.3 18.9 0 33 3

Native Soil Clay 20.4 - 20 60.0 34.5 24 0

Embankment Fill Clay 20.4 - 5.21 15.6 34.5 15 0

The reference secant modulus (Ere f
50 ) of backfill (sand, Cr. S) and local soil was

calculated from Equation (1) below by considering the secant modulus (E50) obtained
from triaxial compression tests [63]. The reference unloading–reloading module (Ere f

ur ) is
Ere f

ur = 3× Ere f
50 and the reference pressure pref = 100 kPa was taken into account [64].

E50 = Ere f
50

(
cCosφ− σ′3Sinφ

cCosφ + pre f Sinφ

)m

(1)

The thermoplastic pipe wall was elastically modeled, and the parameters of the pipes
are presented in Table 3. A and B are PVC; the others are HDPE.

Table 3. Parameters of pipe types.

Pipe Profile Types A B C E F

Pipe diameter (m) 0.762 0.762 0.762 1.067 1.524

Pipe Rigidity (kN/m/m) 302 650 490 413 230

Normal Stiffness, EA(kN/m) 32,620 35,550 8335 11,960 18,190

Flexural Stiffness, EI (kNm2/m) 2.490 5.390 4.050 9.360 15.220

Equivalent Thickness, d (m) 0.030 0.043 0.076 0.097 0.100

Poisson’s Ratio, ν 0.300 0.300 0.450 0.450 0.450

3.3. Interface Parameters

Angles of interface strength adopted for the local soil trench wall-backfill interface,
pipe-backfill interface, pipe-EPS interface, and the EPS-backfill interface and corresponding
interface strength reduction factors (Rinter) are given in Table 4. Interface strength reduction
factors were obtained from the literature review [75–77].
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Table 4. Parameters of interface strength and corresponding interface reduction factors.

Parameter Local Soil-Backfill Pipe-Backfill Pipe-EPS EPS-Backfill

ϕinter (◦) 24 20 (1) 14 (2) >30 (3)

Rinter (-) 1.00 0.67 1.00 1.00

ϕinter angle of interface strength; Rinter interface strength reduction factor (1) [75], (2) [76], (3) [77].

3.4. Verification of the Numerical Model

Numerical analyses were performed for all pipes shown in the plan in Figure 2 [78].
However, for verification analysis within the scope of the article, only the results for Pipe
4 (A-A′ section) and Pipe 14 (B-B′ section) were compared with field measurements and
presented in Figure 4.
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on the pipe spring line in Pipe 4. (b) Horizontal and vertical deflection in Pipe 4. (c)Vertical stress on
the pipe crown and horizontal stress on the pipe spring line in Pipe 14. (d) Horizontal and vertical
deflection in Pipe 14.

In the field test, after the pipe was placed in the trench, it was compacted by placing a
backfill layer around it. To consider the effect of the compaction process on the pipe in the
numerical analysis, the loads indicated in Table 5 were applied laterally to the pipe sidewall
(Figure 3b). Thus, the deflection of the pipes during the backfill phase could be modeled
more realistically. The magnitude of the point loads was determined by trial and error,
considering the relative compaction values. Since the 6.1 m and 12.2 m embankment fills
built over the negatively projected pipes were also placed by compaction, the embankment
fill construction was modeled by applying a distributed load of 6 kN/m in the first fill layer
and 12.5 kN/m in the other fill layers. After the trench backfill was completed in 11 steps,
the 6.1 m- and 12.2 m-thick embankment was constructed in 15 and 22 steps, respectively.
The values up to zero shown on the horizontal axis in Figure 4 show the trench backfill
of the pipe placed with negative projection and then the backfill construction (6.1 m or
12.2 m).

Table 5. Loads acting on the pipe sidewall (Loads are in kN units).

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6

Pipe 4 1.0 0.9 1.4 1.0 - -

Pipe14 1.5 1.5 1.5 1.5 1.5 1.5
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It was seen that the calculated deflection for both pipes was in approximate agreement
with the field measurements, but the horizontal and vertical stresses were greater than
those measured. In Figure 4a, there was a difference of roughly 25 kPa in stresses between
numerical analysis and field measurement for Pipe 4. In comparison, a difference of 17 kPa
in vertical stresses and 45 kPa in horizontal stresses occurred in Pipe 14 in Figure 4c, and
the horizontal stress exceeded the vertical stress after 8.5 m of fill. In addition, it was seen
that the measured vertical and horizontal stresses are quite close to each other. The vertical
and horizontal stresses calculated from the analyses are close. Under the applied stress,
positive arching occurred with vertical deflection of the pipe. As a result of the decrease in
the vertical stresses, an increase in the horizontal stresses occurred.

In the verification analysis, approximately similar pipe deflections were considered.
In Figure 4b, the vertical deflection was more compatible with the measurements, while
the horizontal deflection was slightly higher. In Figure 4d, both the vertical and horizontal
deflection values were more consistent with the measurements.

The response of a pressure cell as an inclusion within a soil medium depends on the
interaction between the cell and soil, which is controlled by many factors such as soil type
and grain size, cell type, cell-to-soil stiffness ratio, aspect ratio, membrane deflection, instal-
lation procedure, etc. [79–82]. Therefore, instead of the values by the field measurement,
the percentage changes concerning the values calculated in the Reference installation in
Figure 5 were utilized in the discussion of calculated stresses.
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3.5. Use of EPS Geofoam with Thermoplastic Pipes under High Fill Stresses

A series of finite element analyses were carried out using [64] software to investigate
the effects of using EPS Geofoam as a compressible material for the ITI and ETI models for
the thermoplastic pipe that was exposed to high fill stresses. Consequently, in the model
shown in Figure 3, the fill height was increased from 12.2 m to 30 m. Before analyses
were conducted, the material was added to the numerical model in the geometries shown
in Figure 5. The fill construction was carried out in 30 stages in the study by adding fill
layers of 1 m. The reference is taken to be a pipe without EPS and is shown in (Figure 5a),
the ITI model is represented as a pipe with EPS on top (Figure 5b), and the ETI model
(Figure 5c) is a pipe completely wrapped in EPS. The EPS geometry given in the ETI model
was determined by considering the study of [10]. D indicates the inside diameter of the
pipe.

The effects of backfill type were also investigated by considering crushed stone (Cr. S),
sand, and clay around the pipe. Hardening Soil (HS) model material parameters for backfill
soils are presented in Table 6. First of all, analyses were conducted for crushed stone, sand,
and clay backfill (Reference) around the pipe; then, the analyses were repeated using EPS
with a density of 15 kg/m3 (EPS15) using the ITI model and ETI model, respectively. In the
analyses, the stresses and vertical and horizontal deflections at the crown of the pipe, in the
spring line, and invert were all evaluated.
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Table 6. HS model parameters for backfill soils.

Backfill Parameters Cr. S Sand Clay

Natural unit volume weight, γn (kN/m3) 22 17.7 20.4

Reference mean sec ant module, Ere f
50 (MPa) 18 9.5 5.2

Reference unloading− reloading module, Ere f
ur (MPa) 54 28.5 15.6

Cohesion, c (kN/m2) - - 34.5

Shear strength angle, ϕ (◦) 40 37 15

Dilatancy angle, ψ (◦) 5 7 -

Exponential power for the stress–level dependency of stiffness, m (-) 0.5 0.5 0.8

3.6. EPS Geofoam

This study used EPS Geofoam with a density of 15 kg/m3 (EPS15). Axial strain–
axial stress and axial strain–volumetric strain relationships for EPS15 were determined
by performing a uniaxial compression test [52]. The uniaxial monotonic compressive
behavior of EPS15 was idealized by three linear segments (Figure 6a). The first segment
was the secant line between the origin and 1% axial strain: the slope of the initial tangent
modulus [83]. The second segment was the secant line between 2 and 6% axial strains: the
slope of the transitional tangent modulus. The third segment was the secant line between
6 and 30% axial strains: the slope of the plastic tangent modulus [55]. The abscissa of the
intersection point of the first and the second segments was determined to be 1.45% axial
strain for EPS15. For the curve given in Figure 6a, the slopes of the linear segments (i.e.,
moduli) were determined to be E1 = 3560 kPa, E2 = 470 kPa, and E3 = 170 kPa for EPS15.
The Poisson’s ratios for the three linear segments were determined using the axial strain–
volumetric strain relationships given in Figure 6b. The Poisson’s ratios were determined to
be v1 = 0.189, v2 = 0.007, and v3 = 0.040 for EPS15, respectively.
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4. Numerical Analyses Result and Discussion
4.1. Pipe Diameter Effect

To examine the effect of pipe diameter on stresses, HDPE pipes of 1.524 m in diameter
—specified as F type—and 0.762 m in diameter—specified as C type–were considered and
are shown in Tables 1 and 3. Stresses around the pipe are shown for the ITI model in
Figure 7 and for the ETI model in Figure 8. In Figures 7 and 8, the left and right sides show
the values for the pipe with a diameter of 1.524 m and 0.762 m, respectively. Table 7 shows
the calculated stresses in the pipe crown, invert, and spring line under a 30 m fill.
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According to the analyses (in Table 7, Figures 7 and 8), the effect of diameter is
examined by considering HDPE as the pipe material. The calculated stresses in the 1.524 m
diameter pipe were generally higher than the 0.762 m diameter pipe. In the ITI and ETI
models, uniform vertical stress occurred in the pipe crown across the width of the EPS,
but the stresses in the spring line and invert were larger in the ITI model than in the ETI
model. Thus, the importance of the geometry of the compressible region around the pipe
was revealed. In the ITI model, a compressible zone was only created on top of the pipe,
which caused greater stresses on the pipe spring line and the invert in comparison to the
ETI model.
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Table 7. Stresses (in kPa) under the HDPE pipe diameter effect for 30 m embankment.

1.524 m (F) (HDPE) 0.762 m (C) (HDPE)

Crown Spring Line Invert Crown Spring Line Invert

Reference

Cr. S 267 331 248 267 235 209

Sand 326 348 287 316 254 256

Clay 397 366 370 379 297 338

ITI model

Cr. S 195 197 216 156 154 178

Sand 207 224 246 176 185 224

Clay 248 280 334 237 257 301

ETI model

Cr. S 163 151 134 138 97 121

Sand 171 167 147 153 113 136

Clay 209 222 205 206 193 207
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It was determined that the ETI model reduced the stresses acting on the pipe and
caused a more uniform stress distribution around it. When comparing the stresses act-
ing on the 1.524 m and 0.762 m diameter pipe, the larger diameter pipe was approxi-
mately 20%, 15%, and 35% higher at the crown, invert, and spring lines, respectively. A
similar study conducted by [58] that considered HDPE pipes with 0.2, 0.3, and 0.40 m
small diameters stated that there was a 10% increase in vertical and horizontal stresses
as the diameter increased. The type of backfill soil around the pipe also affected the
stresses. As can be seen from Figures 7 and 8, high stresses occurred in clay, sand, and
crushed stone backfills, respectively. Uniform stress distributions in thermoplastic pipes
have been obtained in experimental and numerical analyses examining the soil–EPS–pipe
interaction [1,10,11,17,18,26].

4.2. Pipe Stiffness Effect

The stiffness of the thermoplastic pipe is vital for the pipe to maintain its shape under
the stresses caused by the embankment construction and for the performance of the pipe
under stress. To examine the effect of the pipe stiffness on stresses, PVC pipes with stiffness
values of 650 kN/m/m (type B pipe) and 302 kN/m/m (type A pipe) were used and are
shown in Table 3.

The Type B pipe is called PS-650, and the type A pipe is called PS-302. One is roughly
double the rigidity of the other. Figures 9 and 10 show the changes in stresses around the
pipe in the ITI and ETI model, respectively. The left side of the graphics shows PS-650, and
the right side shows PS-302. Table 8 shows the calculated stress values on the pipe crown,
invert, and spring line for the 30 m embankment.

Table 8. Stresses (in kPa) under the PVC pipe stiffness effect for 30 m embankment.

PS-650 (B) (PVC) PS-302 (A) (PVC)

Crown Spring Line Invert Crown Spring Line Invert

Reference

Cr. S 307 269 247 280 290 252

Sand 341 271 281 314 294 275

Clay 392 294 348 350 306 312

ITI model

Cr. S 158 168 197 167 169 187

Sand 178 192 236 184 196 218

Clay 235 252 298 225 243 282

ETI model

Cr. R 138 103 122 123 100 118

Sand 152 116 135 133 111 153

Clay 194 179 185 184 156 198

In the analyses examining the pipe stiffness effect, the stresses acting on the crown
and spring line in the reference pipe were 8 to 10% and 4 to 8% higher than in PS-650 and
PS-302, respectively. Stresses determined at the pipe invert were very close to each other.
With the EPS Geofoam, the stresses acting on the pipe decreased regardless of pipe stiffness.
The stresses calculated in pipes with twice the stiffness between them were very close
(Figures 9 and 10 and Table 8). Similarly, ref. [54] stated that the stresses obtained using EPS
Geofoam in HDPE pipes where one was eight times the stiffness of the other were at similar
levels. It shows that a low-stiffness pipe can be used safely with EPS Geofoam. The type of
backfill around the pipe also affects the stresses. As can be seen from Figures 9 and 10, high
stresses occurred in clay, sand, and crushed stone backfills, respectively. Uniform stress
distributions in thermoplastic pipes have been obtained in experimental and numerical
analyses examining the soil-EPS-pipe interaction [1,10,11,17,18,26].
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4.3. Pipe Material (HDPE–PVC) Effects

To examine the effects of HDPE and PVC material on stresses for 0.762 m diameter
thermoplastic pipes, the analyses conducted on the C-type HDPE pipe and the B-type PVC
pipe shown in Table 3 were compared. The stresses around the pipe are shown for the ITI
model in Figure 11 and for the ETI model in Figure 12. The left side of the graphic shows
the HDPE pipe, and the right side shows the PVC pipe. Table 9 presents the calculated
stresses on the pipe crown, invert, and spring line for a 30 m embankment.
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Figure 10. In the ETI model, stresses in PS-650 and PS-302 pipes for 30 m embankment.

Table 9. Stress on HDPE and PVC pipes with 0.762 m diameter for the 30 m embankment (in kPa).

HDPE (C Type) PVC (B Type)

Crown Spring Line Invert Crown Spring Line Invert

Reference

Cr. R 267 235 209 307 269 247

Sand 316 254 256 341 271 281

Clay 379 297 338 392 294 348

ITI model

Cr. R 156 154 178 158 168 197

Sand 176 185 224 178 192 236

Clay 237 257 301 235 252 298

ETI model

Cr. R 138 97 121 138 103 122

Sand 153 113 136 152 116 135

Clay 206 193 207 194 179 185
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It can be seen from Figures 11 and 12 that the stresses acting on the PVC pipe at the
crown, spring line, and invert of the pipe are higher in the reference than in the HDPE
pipe. Similar results were obtained in the study of [84], in which HDPE and PVC pipes
were examined. When the stresses presented in Table 9 were considered, it was determined
that there was a difference of 15 to 18% at the pipe crown, 7 to 10% at the pipe spring line,
and about 3% at the invert level of the pipe in the ITI and ETI models, respectively. This is
because the stiffness of the HDPE pipe is lower than the PVC pipe. The HDPE pipe deflects
more, causing further development of positive arching. As a result, less stress affects the
HDPE pipe.
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In the ITI and ETI models, it was seen that the stresses acting on the crown of the
HDPE and PVC pipe were very close to each other, depending on the backfill type (Table 9).
The stresses affecting the different parts of the pipe are approximately similar. In the ITI
and ETI models, the most significant difference between the stresses acting on both pipes
was around 10%. Thus, if EPS is used with a pipe with lower rigidity, it shows the expected
performance of a rigid pipe. Especially in the ETI model, approximately uniform stress
distribution around the pipe (crown, spring line, and invert) was obtained using EPS.
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Figure 12. In the ETI model, stresses on the HDPE and PVC pipes for the 30 m embankment.

Numerical analyses were conducted for the thermoplastic pipe buried using EPS in
the ITI and ETI models by considering the diameter, stiffness, and material type (HDPE
and PVC). In the analysis, the effects of the backfill material (crushed stone, sand, and clay)
on the stresses around the pipe were determined (Figures 7–12). As can be seen, the lowest
stress affecting the pipes due to diameter, stiffness, and thermoplastic material type (HDPE
and PVC) effects were calculated for crushed stone, sand, and clay backfills, respectively.
As expected, the highest stress values occurred in the clay backfill. It has been stated in
many studies investigating the effects of backfill material stiffness that this changes the
pipe behavior [1,10,26,36,49]. It is known that loads acting on thermoplastic pipes are a
function of soil–structure interaction and depend on the relative stiffness of the soil. Under
soil load, vertical deflection occurs in the pipe. Thus, passive stress support develops on the
pipe sides, and the circular deformation tendency of the pipe leads to positive arching on
the pipe, which decreases the soil load on the pipe. Therefore, as the modulus of elasticity
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of the backfill material increased, the pipe deflected more in the vertical direction and
expanded less in the lateral direction. As a result, smaller horizontal stresses occur, and
arching factors decrease as backfill stiffness increases.

Using EPS Geofoam in the ETI model around the pipe, there was a decrease in the
stresses relative to the reference depending on the type of backfill material. For crushed
stone, sand, and clay backfills, this reduction was approximately 65%, 60%, and 50%,
respectively.

When the variation of the vertical stresses in Figures 7–12 is examined, it is seen that
there is a decrease in the vertical stress along with the EPS but a rapid increase in the
vertical stress occurring from the endpoint of the EPS. This is because with the positive
arcing caused by the compression of the EPS on the pipe, the stresses are transferred to
the adjacent soil prism, and the stresses are concentrated in this region. In the absence of
EPS (in the reference and ITI model), a non-uniform stress distribution occurs acting on the
pipe spring line. However, approximately uniform stress distribution around the pipe was
obtained when the pipe spring line was covered with EPS (ETI model).

4.4. Horizontal and Vertical Arching

Horizontal and vertical arching factors are generally used to calculate soil stresses on
buried pipes. These factors determine the stresses acting on the pipe due to the pipe–soil
interaction. While the arching factors used for rigid pipes are the ratio of the total earth
pressure to the prism load, they are calculated with different parameters in thermoplastic
pipes. The reason for this is that deformations occurring in thermoplastic pipes significantly
affect the stresses in the soil. The equations proposed by [85] and presented in Equations (2)
and (3) were used in calculating these factors. Therefore, it was essential to determine the
arching factors to predict the stresses in the soil. In these equations, the arching factors of a
buried pipe under load are calculated by considering the ring stiffness. Elastic solutions
were made by [71] to perform these calculations, and equations were developed.

Through the numerical analysis made within the scope of this article, horizontal and
vertical stresses occurring around the pipe are known. Thus, the values for the vertical
arching factor (VAF) and horizontal arching factor (HAF) were determined as the ratio of
backfill load to prism load. The equations used in these calculations are given below:

VAF =
We

PL
=

2Nsp

PL
(2)

HAF =
Wh
PL

=
Nc + Ni

PL
(3)

The expressions in the equations above are as follows:
We = total vertical load, Wh = total horizontal load, PL = Prism load, Nsp = soil stress

on the pipe in the horizontal axis, Nc = total soil stress on the pipe crown, and Ni = total
soil stress at the bottom of the pipe.

Figures 13 and 14 show VAF and HAF ratios depending on embankment height (H/D
ratio) for 0.762 m PVC and 1.524 m diameter HDPE pipes, respectively. While VAF and
HAF were high in the reference—the situation where EPS was not used—arching values
decreased in the ITI and ETI model using EPS. The highest VAF and HAF value in clay
backfill was calculated in both models and compared to the others.

In Figure 13, for the models using EPS with 0.762 m diameter PVC pipe, VAF values
were very close to crushed stone and sand backfills. In the ITI and ETI models, VAF
decreased to 0.3 and 0.2, respectively, and to 0.4 and 0.34 in clay backfill. HAF decreased to
0.3 and 0.25 in the ITI and ETI model for crushed stone and sand backfills and to 0.36 and
0.30 in clay backfill, respectively. In Figure 14, the VAF values for crushed stone and sand
backfills were very close to each other in the 1.524 m diameter HDPE pipe. In the ITI
and ETI models, VAF decreased to 0.3 and 0.25, respectively, and to 0.4 and 0.34 for clay
backfill. HAF decreased to 0.3 and 0.25 in the ITI and ETI models for crushed stone and
sand backfills and to 0.45 and 0.36 in clay backfills, respectively. As the H/D ratio increased,
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the VAF and HAF values decreased, so as the embankment height increased, the vertical
and horizontal stresses acting on the pipe decreased. VAF and HAF curves are similar
regardless of backfill type and start from high values decreasing with the increase in the
H/D ratio and becoming relatively horizontal. The largest pipe diameter considered in the
numerical analysis was 1.524 m. The VAF and HAF values for large-diameter pipes are
higher than for small-diameter pipes. According to the analysis results, the highest and
lowest VAF and HAF values were obtained for clay and crushed stone backfill, respectively.
With the increase in the H/D ratio in the ETI model, VAF and HAF values are the lowest
for all three backfill types.
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4.5. Vertical and Horizontal Deflections

In Figures 15 and 16, vertical and horizontal deflections are presented for 0.762 m
diameter PVC and 1.524 m diameter HDPE pipes, respectively. In the reference, the
highest deflection was obtained with clay, sand, and crushed stone backfill, respectively.
In Figure 15, the lowest deflections were obtained with the 0.762 m diameter PVC pipe
in the ITI model compared to the reference. Horizontal deflection decreased from 3.9 to
1.4%, from 5.7 to 1.5%, and from 7.5 to 0.2%, respectively, for crushed stone, sand, and clay
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backfills. The vertical deflections decreased from −4.5 to −1.4%, from −6.2 to −1.5%, and
from −8.1 to −0.3%. The deflections obtained in the ETI model were greater than in the ITI
model. In Figure 16, the lowest deflections were obtained with the 1.524 m diameter HDPE
pipe with the ITI model compared to the reference. Horizontal deflections decreased from
2.62 to 0.70%, from 4.40 to 0.92%, and from 6.85 to 1.00%, respectively, for crushed stone,
sand, and clay backfills. The vertical deflection values decreased from −4.77 to −1.7%,
from−6.7 to−1.88%, and from−9.32 to−0.25%. The deflections obtained in the ETI model
were greater than in the ITI model.
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As shown in Figures 15 and 16, vertical and horizontal deflections due to the increase
in embankment height are considerably higher in the reference than in the ITI and ETI
models. When the thermoplastic pipe is buried according to the ETI model, active soil
wedges at the sides of the pipe are induced, leading to a significant reduction in horizontal
stresses that act on the pipe spring line. Contrary to the stresses, horizontal and vertical
deflections in clay backfill are smaller than in crushed stone and sand backfill. This is
because the EPS Geofoam material on the sidewall of the pipe is more compressed in the
clay than in the sand and crushed stone (the greater horizontal stress has been transferred
onto the clay backfill). As a result of this interaction, the pipe showed peaking behavior.
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Reduction in horizontal stress in the pipe spring line is controlled by compression of the
EPS zone that covers the side of the pipe.

Various institutions and standards or codes have presented recommendations for
the deflection limit of thermoplastic pipes. The German Code recommends the limiting
value for pipe deflection to be 6% [86], AASHTO to be 6.15% [87], and both CCPA and PPI
recommend it to be 7.5% [88,89]. It is seen that the deflections in the ITI and ETI models,
corresponding to the reference model stress for a 30-m-high embankment, were much
smaller than the allowable design limits (Figures 15 and 16).
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Fang et al. [17] conducted field experiments to examine the effect of the degree of
compaction of the backfill material on the mechanical behavior of HDPE pipes. As a
result of the experiments, they stated that the backfill density in the haunch region of
the pipe has the most significant effect on the deflections of the pipe. In HDPE pipes in
a well-compacted fill, the most critical area of the outer pipe wall is the spring line. In
loose soil placement around the pipe, deformations are concentrated in the crown or invert
regions. They emphasized that the pipe’s response to loose backfill is related to the size
of the loose-backfill region and the region’s location and that the area of the loose-backfill
region is more critical than the size.
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According to experimental and numerical analyses conducted to examine the mechan-
ical behavior of HDPE pipes under different loading conditions by [18], pipe properties
(diameter, stiffness, etc.) affected the response of the pipe to the backfill material. It has been
stated that with the increase in the burial depth of the pipe, the pipe deflections increased,
and the decrease in the rigidity of the soil around the pipe caused large deflections in it. In
addition, it was emphasized that the deflections that occur in a particular region of the pipe
will not be limited only to that region but will also affect other parts of the pipe. Creating
a uniform stress distribution around large-diameter thermoplastic pipes buried with ETI
under high fill stresses will also contribute to maintaining the overall stability of the pipe.

4.6. Effect of Using EPS Together with Thermoplastic Pipe

The stress values determined around the reference pipe were less than the 30 m fill
stress (30 × 20 = 600 kPa) with a unit volume weight of 20 kN/m3. This shows that some
positive arching develops due to the vertical deflection of the thermoplastic pipe under the
applied stress. However, when EPS Geofoam is used in the ITI and ETI models, the stresses
determined at the pipe crown are smaller than the reference. It can be said that the use of
EPS Geofoam material together with the pipe increases positive soil arching regardless of
pipe deflection and has a positive effect on pipe behavior.

The uniform placement of the backfill material around the pipe affects the local and
general stability of the pipe. While using mechanical tools to place and compact the backfill,
care was taken not to damage the pipes. The backfilling process was controlled to prevent
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excessive and asymmetrical deformation. Non-uniform stresses around the pipe can cause
non-uniform deformation, local bending, and damage by exceeding the performance limits.
Brachman et al. [1] emphasized that pipe deflection and strain vary according to the type
of backfill material and the compaction equipment’s efficiency, especially the uniform
placement of the backfill around the pipe. Buried pipe with EPS Geofoam in the ETI model
will not require very controlled backfill placement, and more uniform stress distribution
will be created around the pipe than in the ITI model.

According to Ma et al. [31], the flexible pipe at the low embankment thickness will
deform elastically and form the soil arching itself without the necessity of any soft inclusions.
However, under high embankment fills, the use of EPS at the top of thermoplastic pipes
can help with load reduction and safe design.

In Santos et al. [43], it is stated that the ITI method provides a better reduction in stress
and deflection around the corrugated steel pipe crown, while the ETI method provides a
better reduction in soil stress around the pipe spring line.

5. Conclusions

In this study, induced trench installation (ITI) and embedded trench installation
(ETI) models for large-diameter thermoplastic pipes subjected to high fill stresses were
investigated by numerical analysis. The study evaluated the effects of crushed stone, sand,
and clay backfill on the stresses and pipe deflections by considering the pipe diameter,
rigidity, and thermoplastic material type (HDPE and PVC). The responses of such a system
(i.e., pipe–EPS–backfill soil system) are controlled not only by pipe–EPS geometry and
soil characteristics but also by the stiffness of the EPS material. However, in this study,
EPS stiffness was not considered. As a result of the analyses, the following results were
obtained:

1. In ETI and ITI models in which the EPS material was used with thermoplastic pipe,
positive soil arching increased regardless of the vertical pipe deflection. There was
a decrease in the stress in the regions where the EPS Geofoam material was placed.
Stress was uniformly distributed across the EPS Geofoam in the pipe crown; however,
significant increases in stresses occurred from the edge point of the EPS. Creating a
compressible zone on the pipe in the ITI model caused greater stress at the pipe spring
line and pipe invert than in the ETI model. Thus, the importance of the geometry
of the compressible region to be formed around the pipe was highlighted. It was
determined that the ETI model reduced the stresses acting on the pipe and caused a
more uniform stress distribution around the pipe;

2. The effects of diameter in HDPE pipes were investigated, and it was determined that
the increase in pipe diameter increased the stresses acting on the pipe. Similar stress
increases were determined in the ITI and ETI models. When the HDPE pipe diameter
increased by approximately twice in the ETI model, there was an approximately 20%,
15%, and 35% increase in stress calculated at the crown, invert, and spring lines,
respectively. The type of backfill soil around the pipe also affected the stresses. High
stresses occurred in clay, sand, and crushed stone backfills, respectively;

3. The stiffness effect was examined in the PVC pipe, and higher stresses were observed
on the pipes with higher rigidity. In the ITI and ETI models, the stress acting on the
pipe decreased regardless of pipe stiffness. The stresses calculated in pipes whose
stiffnesses differed by a factor of two were very close. Thus, it was determined that it
is appropriate to use the lower rigidity pipe with EPS Geofoam (especially in the ETI
model) under the higher fill stresses;

4. HDPE and PVC pipes were taken into account to examine the effects of pipe material
on stress in thermoplastic pipes. It was determined that the stresses affecting the PVC
pipe were higher than the HDPE pipe. This is because the stiffness of the HDPE pipe is
lower than the PVC pipe. The HDPE pipe deflects more, causing further development
of positive arching and resulting in less stress affecting the HDPE pipe;
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5. The use of EPS in the installation of thermoplastic pipes greatly affected the VAF and
HAF values. When the thermoplastic pipe was buried according to the ETI method,
active soil wedges at the sides of the pipe were induced, leading to a significant
reduction in the horizontal stresses that act on the pipe wall. Reduction in horizontal
stress in the pipe spring line was controlled by compression of the EPS zone that
covers the side of the pipe;

6. The VAF and HAF values were compared. The highest values were determined in
clay, sand, and crushed stone backfills when comparing the reference to the ITI and
ETI models, respectively. With the increase in the H/D ratio in the ETI model, VAF
and HAF values decreased to almost the same values for all three backfill types. This
situation shows that clay backfill can be used instead of the sand and crushed stone
material used as traditional backfill with the ETI model;

7. The induced trench methods significantly affected thermoplastic pipe deflections due
to the interaction between the thermoplastic pipe, EPS, and the backfill. The results
showed that using EPS meant that arching increased regardless of pipe deflection
caused by relative soil settlements compressing the EPS with either the ETI or ITI
method for thermoplastic pipe and, consequently, lower pipe deflections;

8. In applications subjected to high fill stresses, burying the large-diameter thermoplastic
pipes with EPS Geofoam material significantly reduces the stresses affecting the pipe
deflections. In this study, reductions in the stresses acting on the pipes were calculated
for the ETI model and found to be up to 62% at the pipe crown, 53% at the invert, and
65% at the spring line.

These results were determined based on numerical analyses. Both thermoplastic pipe
and EPS are polymer-based materials; they are subject to time-dependent deformations (i.e.,
creep) under loads. Therefore, the authors strongly recommend that the time-dependent
response of such a system be investigated by long-term field tests. In addition, in the design
of ITI and ETI thermoplastic pipes containing EPS Geofoam as a compressible inclusion,
numerical analyses should also be performed to take into account the time-dependent
deformation (i.e., creep) behavior of HDPE, PVC, and EPS.
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