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Abstract

During pipe installation, compacting soil at pipe sides causes an initial pipe deformation which is known as the ‘‘peaking” effect. How-
ever, in conventional pipe design codes, only pipe deformation caused by vertical overburden is considered while the ‘‘peaking” effect is
ignored. In this study, a full-scale test was conducted on a Grade X52 steel pipe with a diameter of 600 mm to investigate the impacts of
both soil compaction and vertical overburden on pipe deformation. Soil compaction and external load were found to elongate and
shorten the vertical pipe diameter, respectively. The ‘‘peaking” effect was observed during the installation procedure accompanied by
the highest pipe stress measured at the pipe crown. Then, a two-dimensional finite element model was created and validated based on
the calculated pipe stresses from the experimental study. A parametric study was performed thereafter to numerically study the impacts
of soil water content, pipe wall thickness, compaction pressure, and lift thickness on pipe responses due to soil compaction and external
load. An increase in the ‘‘peaking” effect is observed with increasing soil water content and compaction pressure, while an increase in pipe
wall thickness or lift thickness would cause a decrease in the ‘‘peaking” effect.
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1 Introduction

For buried pipes, the design criterion is usually set as a
pipe deflection of 5% pipe diameter or a stress equal to the
material yielding stress (Moser & Folkman, 2001; CSA,
2019). Therefore, experiments have been performed to
study pipe deformation under external load. Chapman
et al. (2007) investigated the deformation of polyvinyl chlo-
ride (PVC) pipes under static surcharge. The authors found
that both the load transferred to a buried pipe and the pipe
vertical deflection decrease with increasing degree of soil
compaction because of improved arching effect. Tafreshi
and Khalaj (2011) observed a similar tendency with respect
to the pipe deflection of high-density polyethylene (HDPE)
pipes under both static and cyclic loads. Chaallal et al.
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(2015a) conducted field tests on buried pipes made from
HDPE, PVC and metal. The results indicate that the verti-
cal pipe deflection decreases significantly when the soil
cover depth increases from 0.5D to 1.0D, where D is the
pipe diameter. Only insignificant decrease in pipe deflection
is observed when the cover depth further increases to 2.0D.
This observation is consistent with that reported by
Arockiasamy et al. (2006). Randeniya et al. (2020) experi-
mentally investigated the impact of soil water saturation
on buried cast iron pipe responses when subjected to both
internal and external loads. The smallest pipe deformation
was observed at soil water saturation of 65% because the
soil stiffness is the highest on the dry side of optimum soil
water content.

Design codes such as ALA (2001) and CSA (2019)
assume that a buried pipe is vertically compressed and
horizontally expanded under soil and external loads acting
above it. However, experimental results indicate that
ehalf of KeAi Communications Co. Ltd.
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Table 1
Pipe parameters for different wall thicknesses.

t(mm) EpA(10
3 kN/m) EpIp(kN � m2/m) Unit weight(kN/m/m)

3.2 1266.68 0.57 0.48
6.4 2533.36 4.59 0.97
12.7 5066.72 35.85 1.88
19.0 7580.13 120.03 2.82
25.4 10 133.44 286.77 3.75

Notes: A is the cross-sectional area (=pDt); Ip is the moment of inertia per
unit length of pipe wall (=t3=12); Unit weight is the pipe weight per unit
length of pipe wall considering the density of steel equals to 7850 kg/m3.
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during the pipe installation procedure, a flexible pipe is ver-
tically elongated and horizontally compressed under soil
compaction pressure. This behavior is termed as ‘‘peaking”
effect, which has been experimentally observed on pipes
made from PVC, HDPE, and steel-reinforced HDPE
(Masada & Sargand, 2007; Wang et al., 2016; Zhou
et al., 2017; Prabhu et al., 2021). Further, in some cases,
the vertical pipe diameter is still elongated when subjected
to external load. For plastic pipes buried in highly com-
pacted sand, the vertical pipe diameter was still enlarged
under the surface surcharge of 70 kPa (Rogers et al.,
1995; Fleming et al., 1997). For a 762 mm diameter steel
pipe buried at 0.3 m cover depth, the total pipe stress at
the outer crown was still tensile under the axle load of 90
kN (Zhang & Wong, 2022).

Numerical simulation is cost-effective and has been
applied in studying soil- pipe interaction problems. For
example, pipe and soil responses due to relative soil pipe
movement have been numerically investigated (Chaloulos
et al., 2015; Robert & Thusyanthan, 2018; Dong et al.,
2021; Sheil et al, 2021). Researchers also take advantages
of numerical tools to study pipe behaviors due to soil com-
paction and external load. McGrath (1998) conducted finite
element analysis using Culvert ANalysis and DEsign
(CANDE) (Musser et al., 1989) to study the installation
induced pipe deformation. The author applied horizontal
point loads at pipe sides to simulate the lateral earth pres-
sure induced by soil compaction. This method has been
adopted by Elshimi and Moore (2013) and Zhou et al.
(2017). However, this method does not physically reflect
the loading–unloading effect on soil and pipe deformation.
Later, Wang et al. (2017, 2020) investigated the impact of
soil compaction on buried steel-reinforced HDPE pipes
using the hardening soil (HS) model proposed by Schanz
et al. (2000). HS model can simulate the lateral earth pres-
sure locked inside soil after removing compaction pressure,
and the results indicate that the vertical pipe deflection
increases with increasing compaction pressure. However,
the potential impact of soil water content has not been
addressed. In reality, soil water content varies with temper-
ature and precipitation and its effect cannot be ignored since
soil stiffness and strength can be modified (Wong et al.,
2021). Based on numerical simulation results, Zhang and
Wong (2023b) observed that, under external load, the max-
imum pipe stress of a X52 steel pipe increases followed by a
decrease with the increasing soil water content.

Chaallal et al. (2015b) numerically evaluated the defor-
mation of buried HDPE pipes under static loading. The
vertical pipe deflection and the pipe strain decrease with
increasing soil cover depth and degree of soil compaction.
Similar behavior was observed by Bryden et al. (2015)
based on a numerical investigation on fiber reinforced plas-
tic pipes. Neya et al. (2017) numerically studied the impact
of dynamic load on the response of a buried steel pipe
assuming both soil and pipe are elastic materials. The pipe
stress was found to decrease with the increasing cover
depth, truck moving speed, and soil stiffness.
The above-reviewed literatures are mainly concentrated
on plastic pipes made from HDPE and PVC, instead of
steel pipes which have been widely used worldwide. For
example, according to the Alberta Energy Regulator
(AER, 2013), steel pipes account for 86% of the buried
pipes in Alberta, Canada. Also, the previous studies mostly
address the effect of a single impact factor, either soil com-
paction or external load, on pipe deformations. In this
study, experimental and numerical tools are applied to
investigate steel pipe behavior under both soil compaction
and external load. In the next section, material parameters
and experimental details are presented. A 0.6 m diameter
pipe made from Grade X52 steel was buried and tested in
a soil pit. A static loading test was performed after pipe
installation at a cover depth of 0.6 m. Then, a two-
dimensional numerical model was generated and validated
based on the experimental data. Thereafter, a series of
parametric studies were performed to investigate the
impact of factors including soil water content, pipe wall
thickness, compaction pressure, and soil lift thickness.
Finally, main conclusions are summarized based on the
experimental and numerical results. The works presented
in this paper provide some insights into the pipe behavior
under the combined effect of soil compaction and external
load.
2 Materials

2.1 Grade X52 steel pipe

A Grade X52 steel pipe with an outer diameter (D) of
600 mm was instrumented and tested in a rigid soil pit.
The length and wall thickness (t) of the pipe are 5.2 m
and 12.7 mm, respectively. The Young’s modulus of X52
steel Ep is 210 GPa, and the yield strength is 360 MPa.
Other geometrical and mechanical parameters are listed
in Table 1. Pipes with different wall thicknesses will be
numerically tested later to study the differences in pipe
behavior caused by pipe wall thickness or rigidity.
2.2 Backfill properties

Soil collected from a construction site near the Univer-
sity of Calgary main campus was used as the backfill
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material. Soil particle size distribution curve for the test soil
is presented in Fig. 1 based on a sieve analysis test. The cal-
culated coefficients of curvature Cc and uniformity Cu are
0.80 and 4.72, respectively. Plastic and liquid limits of
16.7% and 21.9% respectively were experimentally deter-
mined. The soil is classified as silty sand as per the Unified
Soil Classification System (ASTM, 2017). Based on a proc-
tor compaction test, the standard proctor maximum dry
density and optimum water content were determined to
be 1891 kg/m3 and 13.5%, respectively.
2.2.1 Soil constitutive model

In this study, the HS model was adopted to evaluate the
soil-structure interaction due to soil compaction, because it
can simulate the stress locked in soil after removing com-
paction pressure (Wang et al., 2017). As illustrated by
Schanz et al. (2000), the HS model has the capabilities of
(1) modeling the reduction in soil modulus and plastic
shear behavior under deviatoric stress, and (2) simulating
the hardening behavior of plastic volumetric deformation
when subjected to isotropic compression. To fulfill these
purposes, the model consists of two yielding criteria, i.e.,
a shear yield surface governing the plastic shear deforma-
tion under deviatoric stress, and a cap yield surface govern-
ing the plastic volumetric deformation under isotropic
compression (see Fig. 2). A non-associated flow rule is used
for the shear yield surface, while an associated flow rule is
used for the isotropic compression yield surface.

In triaxial conditions, the shear hardening yield surface
(f ) is expressed as a function of deviatoric stress (q) and
plastic shear strain (cp):

f ¼ qa
E50

q
qa � q

� 2q
Eur

� cp; ð1Þ

where qa is the asymptotic value of the shear strength (=qf
Rf
);

qf is the ultimate deviatoric stress derived from the Mohr–

Coulomb failure criterion (= c0 cot/0 � r0
3

� �
2 sin/0
1�sin/0); c0 and

/0 are the effective cohesion and friction angle, respectively;
Rf is the failure ratio (default value = 0.9); q ¼ r0

1 � r0
3,
Fig. 1. Particle size distribution curve for the silty sand (Zhang & Wong,
2023b).
where r0
1 and r0

3 are the maximum and minimum principal
stresses, respectively; and E50 and Eur are the stress-
dependent stiffness moduli for primary loading and
unloading–reloading conditions, respectively. The shear
yield surface evolves with the hardening parameter cp,
and moves toward the Mohr–Coulomb failure line (see
Fig. 2). The Mohr–Coulomb failure criterion is bounded
by a linear line and mathematically expressed as follows:

1

2
r0
1 � r0

3

� � ¼ 1

2
r0
1 þ r0

3

� �
sin/0 þ c0 cos/0: ð2Þ

The stress-dependent soil moduli for primary loading
and unloading–reloading are expressed as follows:

E50 ¼ Eref
50

c0 cos/0 þ r0
3 sin/

0

c0 cos/0 þ 100 sin/0

� �m

; ð3Þ

Eur ¼ Eref
ur

c0 cos/0 þ r0
3 sin/

0

c0 cos/0 þ 100 sin/0

� �m

; ð4Þ

where Eref
50 is the primary secant modulus at 50% strength at

a reference confining pressure (r0
3) of 100 kPa; Eref

ur is the
unloading–reloading modulus at a reference confining pres-
sure (r0

3) of 100 kPa; and m is a constant describing the evo-
lution of soil modulus with r0

3.
To describe the shear hardening behavior, a non-

associated flow rule is used such that the rate of plastic vol-
umetric strain is related to that of plastic shear strain:

_�pv ¼ _cpsinw0; ð5Þ
where w0 is the mobilized dilatancy angle and can be calcu-
lated when /0 and dilatancy angle w are given.

Note that the unloading–reloading shear behavior also
requires a Poisson’s ratio mur as the shear modulus is a func-
tion of Eur and mur:

Gur ¼ Eur

2 1þ murð Þ : ð6Þ

mur is usually taken as 0.2 for soil materials (Schanz

et al., 2000; Wang et al., 2017). Eref
50 and m can be deter-

mined using the experimentally determined E50 at various
confining pressures. As recommended by Schanz et al.

(2000), Eref
ur is taken as 3 Eref

50 .
To describe the volumetric strain due to isotropic com-

pression, a cap yield surface is adopted to enclose the elas-
tic domain (see the ellipse in Fig. 2). The cap yield surface is
mathematically described as follows:

f c ¼
q2

M2
þ p02 � p2p; ð7Þ

where �q is a measure of the deviatoric stress
(= r0

1 þ a� 1ð Þr0
2 � ar0

3, with a ¼ 3þ sin/0ð Þ= 3� sin/0ð Þ.
�q ¼ q in the triaxial condition as r0

2 ¼ r0
3); M is an auxiliary

model parameter that relates to the at-rest lateral earth
pressure coefficient K0 (=1 � sin /0); p0 is the mean effective

stress (= r0
1 þ r0

2 þ r0
3

� �
=3); and pp is the preconsolidation

pressure in the isotropic condition.



Fig. 2. Shear and cap yield surfaces for HS model. p0 and q are measures of mean effective and deviatoric stresses, respectively.

Y. Zhang et al. / Underground Space 15 (2024) 44–58 47
Further, the hardening law relates _pp to the rate of plas-

tic volumetric strain in isotropic compression _�pcv :

_�pcv ¼ 3K0

1þ 2K0ð ÞEref
oed

pp þ c0 cot/0

pref þ c0 cot/0

� ��m

_pp: ð8Þ

The volumetric deformation in the HS model is con-
trolled by the tangent stiffness in the primary oedometer
loading test Eoed, which is also stress dependent and in a
similar form to those of E50 and Eur:

Eoed ¼ Eref
oed

c0 cos/0 þ r0
1 sin/

0

c0 cos/0 þ 100 sin/0

� �m

; ð9Þ

where Eref
oed is the reference oedometer stiffness at the verti-

cal compression pressure of 100 kPa; and r0
1 is the vertical

compression pressure. Schanz et al. (2000) and Brinkgreve

et al. (2012) suggest assuming Eref
oed ¼ Eref

50 .

2.2.2. Soil parameters

Soil parameters were determined experimentally based
on confined undrained triaxial compression tests. Unsatu-
rated samples were compacted at water contents varying
from 9% to 16.5% such that the soil water saturation
increased from 45% to 93%. This water content range cov-
ers both the dry and wet sides of the optimum water con-
tent. At each soil water content, compacted samples were
tested with applied confining pressures ranging from 10
to 50 kPa. Eighteen tests were performed following the pro-
cedures prescribed in ASTM (2015).

Soil parameters at different soil water contents are sum-
marized in Table 2. c0 is found to increase initially followed
by a decrease, while /0 monotonically decreases with
increasing soil saturation. These behaviors are consistent
with those reported by Randeniya et al. (2020). mur was
selected to be 0.2 as recommended by Schanz et al.
(2000) and Wang et al. (2017). w is assumed based on the
experimental results on soil with a similar optimum water
content and maximum dry density (Randeniya et al.,
2020). Stress–strain curves from experimental and numeri-
cal results at the water contents of 9% and 16.5% are pre-
sented in Fig. 3(a) and (b), respectively. The results indicate
that the HS model can generally capture the characteristics
of the experimental response using the soil parameters
listed in Table 2.

3 Experimental program

3.1 Instrumentation and pipe installation

The pipe was tested in a soil pit built in the Structures
High Bay Laboratory at the University of Calgary, as
shown in Fig. 4. The pit is 7.6 m long, 2.4 m wide, and
2.4 m high, and enclosed by three reinforced concrete walls
and a masonry wall. The curved masonry wall is symmet-
rical with respect to its middle length. The masonry wall
has a radius of 7.25 m, and the maximum width is equal
to 3.5 m at the ends. The minimum width to diameter ratio
is equal to 4 (in the middle), which is considered sufficient
in eliminating the boundary effect (Rogers et al., 1995;
Brachman et al., 2001). To eliminate the boundary effect,
a vertical distance of 1.1 m (�2D) is left between the pipe
invert and the concrete base (Lay & Brachman, 2013).

Pipe deformation due to soil compaction and external
load was monitored by general purpose tee gauges of
CEA-06-250UT-350 series. These tee gauges were mounted
externally on the pipe at two pipe sections, i.e., Sections A
and B. As shown in Fig. 4, the lateral distance between
these pipe sections is 1.8 m apart and identical to the
center-to-center distance of the two tires at the same axle
of a CL-W design truck (CSA, 2019). At each pipe section,
eight tee gauges were mounted with equal intervals of 45�.
The strain data were collected by a computer which was
connected to datascan modules manufactured by Measure-
soft Inc. Pressurized plywood was used to close the pipe
ends such that soil migration into the pipe was prevented.

Soil was compacted using a PB184 electrical plate com-
pactormanufactured byPackerBrother Inc. The dimensions
of the compactor plate are 0.6 m by 0.43 m, and the com-
paction pressure is equal to 56 kPa. When burying the pipe,
silty sand was firstly placed and compacted to a 1.1m height.
Thereafter, the pipewas installed at the center of the pit using
an overhead crane. Finally, 10 lifts of silty sand were com-



Table 2
Parameters for the compacted silty sand.

w (%) Sr (%) c0 (kPa) /0(�) w(�) Eref
50 (MPa) Eref

oed(MPa) Eref
ur (MPa) m mur

9.0 45 65 39 2 28.9 28.9 86.7 0.13 0.2
11.0 66 87 25 2 16.0 25.0 47.0 0.45 0.2
13.5 77 56 28 2 4.7 4.7 14.2 1.00 0.2
14.0 80 37 27 2 2.0 3.0 6.0 0.60 0.2
15.0 85 48 17 2 2.0 3.0 6.0 0.80 0.2
16.5 93 37 14 2 0.9 1.0 2.5 1.00 0.2

Note: w and Sr are the soil water content and saturation, respectively.

Fig. 3. Measured and predicted stress–strain curves of soil samples compacted at soil water contents of (a) 9%, and (b) 16.5%. The confined undrained
triaxial compression tests were conducted at the confining pressures of 10, 30, and 50 kPa.

Fig. 4. Schematic diagrams showing the pipe installation and loading pattern inside the soil pit. (a) Front view; (b) side view; and (c) plan view. (Unit: m).
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pacted sequentiallywith a thickness not exceeding 200mmas
per CSA (2019). The final soil height after compaction was
2.3 m with the final cover depth of 0.6 m. Soil density was
measured at various heights using a nuclear densitometer,
which varied from 96% to 99% of the standard Proctor max-
imum dry density. Therefore, the compactness meets the
minimum compaction quality (95%) specified by CSA
(2019). An average soil water content of 11% was measured
on soil samples taken from the pit after soil compaction.

3.2 Static loading test

After soil compaction, a static loading test was con-
ducted at the cover depth of 0.6 m. Dead load was taken
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by two loading pads made from steel with dimensions of
0.6 m (length) by 0.3 m (width) by 0.05 m (thickness).
The length and width of the loading pads are comparable
to those of the contact area between a CL-625 design truck
tire and ground surface (0.6 m by 0.25 m). These loading
pads were placed with a center-to-center distance of
1.8 m, which is identical to that of the two instrumented
pipe sections. Steel stacks weighing 6.67 and 11.12 kN were
used as static load, and the maximum load applied was
66 kN.
4 Two-dimensional finite element model

4.1 Geometry and boundary conditions

Figure 5 shows the two-dimensional plane-strain finite
element model generated by the general-purpose finite ele-
ment software PLAXIS 2D (Brinkgreve et al., 2016). This
plane-strain assumption is reasonable for soil compaction
which occurs along the whole length of the pipe and has
been adopted by Elshimi and Moore (2013) and Wang
et al. (2017, 2020). The soil pit was generated as a cuboid
Fig. 5. Two-dimensional finite element model.
with a width of 2.4 m. Due to geometric symmetry, only
half of the cross section was simulated with dimensions
of 1.2 m by 2.3 m (width by height).

To simulate the tangential behavior at the pipe-soil
interface, a strength reduction factor Rinter of 0.7 was set
at the soil-pipe interface (Zhou et al., 2017). Mesh conver-
gence study was conducted to select mesh sizes for soil and
pipe. Soil was discretized with a global size of 0.06 m, and a
finer mesh was generated for the soil layers at the pipe sides
which contributes to the ‘‘peaking” effect. Pipe was simu-
lated by plate elements with an element size of 0.014 m.
The ratio between plate element size and pipe diameter
(0.023) was smaller than that (0.13) used by Alzabeebee
et al. (2018) and Zhang and Wong (2023a).

The boundary conditions were assigned as follows: the
bottom of the soil was fixed at all degrees of freedom, while
only horizontal deformation was restricted at the sides.
Numerical simulation was performed sequentially as fol-
lows: (1) apply gravity load to the initial 1.1 m thickness
soil below the pipe; (2) activate the pipe model; (3) activate
the first layer of soil and apply the gravity load to it; (4)
apply a uniform compaction pressure of 56 kPa on top
of the soil layer; (5) remove the compaction pressure; (6)
repeat steps (3) to (5) until reaching the designed cover
depth of 0.6 m; and (7) apply a 66 kPa pressure at the
top-left soil surface to represent the applied external load.
The applied load is treated as a line load, and the conver-
sion from 3D surface point load to 2D line load is
explained here.
4.2 Line load evaluation

To select an appropriate line load to represent the soil-
tire contact pressure, the method proposed by Petersen
(2010) is adopted here. In a 3D case, the earth pressure act-
ing above a buried pipe can be calculated using the follow-
ing equation:

pH ¼ Q
aþ 1:75Hð Þ bþ 1:75Hð Þ ; ð10Þ

where pH is the vertical earth pressure at depth H ; Q is the
wheel load; a and b are the length and width of the soil-tire
contact area, respectively; and H is the cover depth.

In a 2D condition, the relation between the line load act-
ing at the surface and that at a depth of H is expressed as
follows:

ps ¼ pH
bþ 1:75H

b
; ð11Þ

where ps is the line load at the ground surface in a 2D
model.

Combining Eqs. (10) and (11), the equivalent line load at
the ground surface in a 2D model can be reformulated as
follows:

ps ¼
Q

b aþ 1:75Hð Þ : ð12Þ
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In this test, a and b of the loading pads are equal to 0.6
and 0.3 m, respectively. Then, ps is determined to be 66 kPa
at the cover depth of 0.6 m when a total load of 66 kN is
applied at the ground surface. The 66 kPa line load is
applied at a 0.15 m width since only half of the geometry
is modeled, as shown in Fig. 5.
5 Experimental results and numerical model validation

Experimental data are used here to validate the two-
dimensional finite element model. As mentioned above,
the average soil water content is 11% by taking soil samples
from the soil pit after soil compaction. Therefore, soil
parameters corresponding to 11% soil water content in
Table 2 are assigned for the soil material. Here, the results
are separately presented for cases during pipe installation
and under external load.
5.1 Pipe stress due to soil compaction

The highest pipe stresses are determined at the pipe
crown in the circumferential direction. The experimental
and numerical results at the pipe crown are presented in
Fig. 6(a) at different heights from the pipe invert. In this
paper, positive and negative pipe stress values represent
tensile and compressive stresses, respectively. Apparently,
both experimental and numerical results show an increase
in the maximum stress with soil compaction up to the pipe
top level, followed by a decrease. This ‘‘peaking” behavior
has also been reported by Masada and Sargand (2007) and
Lay (2012). The calculated and predicted pipe stresses are
reasonably comparable with a 27% difference at the peak
value. The discrepancy could be attributed to (i) the differ-
ences in the soil properties determined from soil samples
using laboratory tests and those for the soil compacted in
the soil pit; and (ii) the plane strain assumption and the
variation of soil compaction quality. In reality, the com-
pactor can only compact a small area of 0.6 m by
0.43 m, and the compaction pressure acts at a limited
regime. Therefore, it is in fact a 3D loading–unloading
(a) (b

Fig. 6. Measured and predicted circumferential stresses at pipe cr
problem that soil may yield sequentially. To successfully
simulate that procedure, the compaction path needs to be
designed such that the simulation can follow exactly the
same measure.
5.2 Pipe stress under external load

Then, the circumferential pipe stresses at the pipe crown
induced only by external load are presented in Fig. 6(b).
For ease of comparing the calculated and predicted pipe
stresses, the residual stress values are zeroed on the comple-
tion of soil compaction. For the numerical results, the cir-
cumferential pipe stress increases with the applied load at
almost a linear relation, because the compaction pressure
is close to the applied line load. Further, the predicted
and measured pipe stresses are comparable at all loading
levels.

In general, the created 2D model is capable of capturing
the pipe responses both during soil compaction and under
external load. In the following subsection, a parametric
study is performed to investigate the potential impacts of
soil water content, pipe wall thickness, compaction pres-
sure and soil lift thickness on pipe deformation during soil
compaction as well as subjected to external load.
6 Parametric study

6.1 Soil water content

Change in soil water content causes a variation in soil
behavior and buried pipe response. This effect has been
experimentally studied by Randeniya et al. (2020) for bur-
ied rigid cast iron pipes under internal and external loads.
However, this effect has not been addressed for steel pipes,
especially during the pipe installation procedure. Here, soil
water contents listed in Table 2 are tested while keeping the
pipe wall thickness constant (12.7 mm). Figure 7(a) and (b)
presents the circumferential stresses when subjected to
compaction pressure and external load, respectively. When
installing the pipe, the ‘‘peaking” effect increases with
)

own (a) during soil compaction, and (b) under external load.
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increasing soil water content (see Fig. 7(a)), as soil becomes
softer, and pipe tends to take loads at a higher percentage.
However, the maximum pipe stress reaches a constant
value of 18 MPa when the soil water content is equal to
or greater than 14% since the soil mechanical parameters
are comparable. On the other hand, after pipe installation,
the induced compressive pipe stress increases with increas-
ing applied load and soil water content, as shown in Fig. 7
(b).

Apparently, soil compaction and external load cause
tensile (positive) and compressive (negative) pipe stresses,
respectively. This is attributed to the difference in pipe
deformation. Pipe vertical deflection (4y) caused by soil
compaction and external load are presented in Fig. 8(a)
and (b), respectively. When compacting soil at pipe sides,
the pipe is vertically elongated (see Fig. 8(a)), while the
opposite behavior is observed under external load (see
Fig. 8(b)). Further, the elongation of pipe vertical diameter
caused by soil compaction initially increases with soil water
content up to 14%; then only insignificant impact can be
observed at higher soil water contents. The maximum
peaking deflection is about 0.8 mm, corresponding to
0.13% of pipe diameter, which is much lower than the lim-
iting value (5%) specified by CSA (2019). As external load
is applied above the pipe, the rate of vertical pipe diameter
change decreases with decreasing soil water content,
because the soil behaves stiffer at a lower soil water
content.
6.2 Pipe wall thickness

Pipe stiffness has an impact on pipe deformation during
soil compaction and external load since it alters the earth
pressure acting around a buried pipe. Also, pipe corrosion
can cause pipe wall loss for steel pipes which leads to a
decrease in pipe wall thickness. Therefore, five different
pipe wall thicknesses (t) are selected, i.e., 3.2, 6.4, 12.7, 19
and 25.4 mm. The maximum to minimum pipe wall thick-
ness ratio is 8. As a result, the moment of inertia per unit

length of pipe wall (Ip ¼ t3

12
) has a maximum ratio of 512.

At different t values, pipe geometrical and mechanical
Fig. 7. Effect of soil water content on the circumferential pipe stress at t
parameters are presented in Table 1. The soil water content
and the maximum applied load are kept as 11% and 66 kN,
respectively.

The pipe stress at the pipe crown generated by soil com-
paction and external load are presented in Fig. 9(a) and (b),
respectively. Obviously, in Fig. 9(a), the ‘‘peaking” effect
increases with decreasing pipe wall thickness since the pipe
is more flexible (easier to deform). At the end of pipe instal-
lation, the remained pipe stresses are tensile. When the
external load is applied above the pipe, pipe circumferential
stress decreases with increasing applied load (see Fig. 9(b)).
Under external load, the largest decrease in pipe stress
(with the sharpest slope) is observed for the pipe with a
wall thickness of 12.7 mm. In fact, pipe stress r is a func-
tion of bending moment J and pipe wall thickness t, and
can be formulated as follows:

r ¼ 6J
t2

: ð13Þ

The impact of thrust is usually ignored because it causes
a much smaller pipe stress compared to pipe bending
moment (Zhang & Wong, 2023a). As presented in Fig. 9
(c), the bending moment drop (slope) increases with
increasing pipe wall thickness because pipe rigidity
increases. On the other hand, the pipe stress does not nec-
essarily increase with increasing pipe wall thickness since it
is inversely proportional to t2.

Earth pressure distribution around a buried pipe pro-
vides insight into pipe deformation. In the design code
CSA (2019), a mathematical solution of pipe deflection is
derived with assumed vertical and horizontal earth pres-
sures acting at pipe crown and pipe sides, respectively. In
case an external load is applied above a buried pipe, earth
pressures acting around buried pipes have been reported by
Shmulevich and Galili (1986), Chaallal et al. (2015a) and
Acharya et al. (2016).

However, earth pressure distribution induced by soil
compaction around a pipe has not been well studied. In
Fig. 10(a), the vertical earth pressure (rv) acting above
the pipe crown and horizontal earth pressure (rh) acting
at the pipe springline are plotted against the pipe wall
he pipe crown induced by (a) soil compaction; and (b) external load.



Fig. 8. Effect of soil water content on pipe vertical deflection induced by (a) soil compaction, and (b) external load.

(a) (b)

Fig. 9. Effect of pipe wall thickness on pipe stresses. (a) Circumferential stress at pipe crown induced by soil compaction, (b) circumferential stress at pipe
crown induced by external load, and (c) bending moment at pipe crown caused by external load.
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thickness at different soil cover depths. In addition, the soil
self-weight is also presented, where soil self-weight pd is cal-
culated as:

pd ¼ cH ; ð14Þ
where c is the soil unit weight.

In Fig. 10(a), rv acting above pipe crown decreases while
rh at pipe springline increases with increasing pipe wall
thickness. The variation in earth pressure during soil com-
paction is attributed to the pipe relaxation after removal of
compaction pressure. As illustrated in Fig. 11(a), the pink
ellipse denotes the deformed pipe shape after placing and
compacting the nth soil layer above the pipe. Then, the
(n + 1)th soil layer is added and compacted above the pipe,
accompanied by a settlement of the pipe and a decrease in
pipe vertical diameter. This is denoted by the ellipse in blue
color. Finally, when the compaction pressure is removed,
the pipe is rebounded so that the vertical diameter
increases, and the pipe crown moves upward (denoted by
the ellipse in red). When this happens, the soil above the
pipe also moves upward, and the upward movement at
the pipe crown increases with decreasing pipe wall thick-
ness. For example, after removing the compaction pressure
at the 10th soil layer, the vertical upward displacement at
the pipe crown decreases from 2.21 to 1.68 mm when t
increases from 3.2 to 25.4 mm. The rebound behavior



Fig. 10. Effect of pipe wall thickness on earth pressure at pipe crown and springline (a) under soil compaction at different cover depths, and (b) under 66
kN external load at the cover depth of 0.6 m. rv and rh are the vertical and horizontal earth pressures, respectively.

Fig. 11. (a) Pipe deformation sequence during soil compaction, and (b) pipe-soil relative movement during soil compaction.
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causes a relative soil-pipe displacement. For very flexible
pipe, the pipe rebound displacement is larger than that of
the soil at the pipe side, which causes a downward friction
on the soil prism above the pipe (see Fig. 11(b)). Therefore,
the total vertical earth pressure acting above the pipe is
higher than the soil prism load (cH ), which is usually
described as negative soil arching (Terzaghi, 1943). Mean-
while, since the pipe is vertically rebounded, the lateral
earth pressure at the pipe springline is released. On the
other hand, for rigid pipes, an upward friction is generated
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on the soil prism above the pipe for rigid pipes after remov-
ing the compaction pressure, and the vertical earth pressure
acting above the pipe is lower than cH .

Contrary to that observed during soil compaction, the
vertical earth pressure acting above the pipe is generally
larger than the total vertical overburden when an external
load of 66 kN is applied at 0.6 m cover depth (see Fig. 10
(b)). The total vertical overburden acting above the pipe is
calculated by summing the soil self-weight (Eq. (14)) and
that induced by the external load (Eq. (10)). The pipe tends
to be vertically compressed under external load, especially
when the pipe is flexible (see Fig. 12). The other observa-
tion from Fig. 10(b) is that the vertical earth pressure at
the crown increases with the wall thickness up to
12.7 mm, followed by a decrease at larger wall thicknesses.
This could be attributed to the combined effect of soil com-
paction, external load and soil arching. The total vertical
earth pressure is induced by two components: the part
remained after soil compaction, and that induced by exter-
nal load. Soil arching effect is involved in both cases. After
compaction, the vertical earth pressure decreases with
increasing pipe wall thickness, as shown in Fig. 10(a).
When external load is applied, positive arching effect is
expected for all wall thicknesses and the effect is more sig-
nificant for thinner walls. In this sense, the vertical earth
pressure induced solely by external load should increase
with increasing pipe wall thickness. When the effects of
compaction and external load are combined, the vertical
earth pressure could have a tendency as shown in Fig. 10
(b) with a peak observed somewhere in the middle. The lat-
eral earth pressure in Fig. 10(b) is found to decrease with
increasing pipe wall thickness, which is consistent with that
observed based on experimental data (Shmulevich & Galili,
1986).
6.3 Compaction pressure

Soil deforms under compaction pressure, and residual
stress is locked inside soil material after removal of the
Fig. 12. Vertical pipe deflection at the end of soil compaction and under
66 kN applied load.
compaction pressure. Therefore, the ‘‘peaking” effect of
buried pipes should be affected by compaction pressure.
A rammer compactor causes a higher compaction pressure
compared to a vibratory plate compactor. The compaction
pressure generated by a BT-65 rammer compactor manu-
factured by the BOMAG FAYAT GROUP is 183 kPa
(Zhang & Wong, 2022). Plate and rammer compactors
are considered as the lower and upper bounds of com-
paction pressures, respectively. Here, five compaction pres-
sures are selected and tested, i.e., 56, 88, 120, 152 and
183 kPa. The soil water content and the external load are
maintained as 11% and 66 kN, respectively.

Figure 13(a) and (b) presents the vertical pipe deflections
during pipe installation and under external load, respec-
tively. As expected, the ‘‘peaking” deflection increases with
increasing compaction pressure since a higher lateral earth
pressure is induced at pipe sides. However, the largest ver-
tical ‘‘peaking” deflection (1.6 mm) only corresponds to
0.27%D, which is much lower than the limiting value
(5%) specified by CSA (2019). At 183 kPa compression
pressure, the highest pipe stress is 40 MPa and corresponds
to 11% of the yielding stress (360 MPa). Therefore, no per-
formance limit is caused by soil compaction, even at the
highest compaction pressure of 183 kPa. In Fig. 13(b),
the vertical pipe diameter decreases with increasing applied
load above the pipe. The final vertical pipe deflection under
a load of 66 kN converts from negative (compressed) to
positive (elongated) when the compaction pressure
increases.

Figure 14 shows the earth pressures acting at the pipe
crown and springline (Sp) under different compaction pres-
sures. The soil self-weight is also plotted as a reference. The
horizontal earth pressure increases with soil compaction
initially following the passive earth pressure line up to
the pipe crown. Then, the lateral earth pressure coefficient
decreases when soil is compacted above the pipe. This is
consistent to that observed by Chen and Fang (2008),
Khatri et al. (2015) and Wang et al. (2016). For the vertical
earth pressure acting above the pipe, it always increases
with increasing compaction height. However, the value is
initially lower than the soil self-weight due to rebound
effect as explained above.

6.4 Lift thickness

Compacting soil in different lift thicknesses may cause
differences in soil earth pressure and thus pipe deflection.
To investigate this effect, soil compaction is simulated in
lifts with uniform thicknesses. Three lift thicknesses are
selected, i.e., 100, 200, and 300 mm, corresponding to
1/6, 1/3 and 1/2 of the pipe diameter, respectively. The
selected lift thicknesses have been adopted in previous
studies (Wang et al., 2016; CSA, 2019; Randeniya et al.,
2020; Zhang & Wong, 2022).

The highest pipe stress is measured at the pipe crown
and presented in Fig. 15. During soil compaction, the high-
est pipe stress decreases with increasing lift thickness, as



Fig. 13. Effect of compaction pressure on pipe vertical deflection induced by (a)soil compaction, and (b) external load.

Fig. 14. Effect of compaction pressure on earth pressures at the crown and springline during compaction. Kp is the passive earth pressure coefficient
(=1þsin/0

1�sin/0).

Fig. 15. Effect of lift thickness on circumferential stresses at pipe crown induced by (a) soil compaction, and (b) external load.
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Fig. 16. Effect of lift thickness on vertical pipe deflection induced by (a) soil compaction, and (b) external load.

Fig. 17. Effect of lift thickness on earth pressures at the crown and springline during soil compaction.
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shown in Fig. 15(a). When subjected to external load, the
induced compressive stress increases almost linearly with
increasing load, because the highest applied load is close
to the compaction pressure. Similar trend is observed for
pipe deflection as shown in Fig. 16, which can be explained
based on the earth pressures presented in Fig. 17.

Figure 17 presents the variation in earth pressures acting
beside and above pipe. The vertical earth pressure does not
vary significantly with lift thickness and is close to the soil
self-weight (cH ). The horizontal earth pressure at the pipe
springline decreases with increasing lift thickness. Espe-
cially, when the soil is compacted with a uniform thickness
of 300 mm, the lateral earth pressure acting at pipe side is
lower than cH . At smaller lift thicknesses, the lateral earth
pressure is initially following the passive earth pressure line
upon the pipe crown, followed by a decreased increasing
rate when compacting soil above the pipe crown.
7 Conclusion

A full-scale test was performed on a Grade X52 steel
pipe with a diameter of 600 mm to investigate the impact
of soil compaction and external load on buried pipe behav-
ior. Then, a 2D finite element model was created and vali-
dated based on the experimental data. A series of
parametric studies were performed to investigate the
impacts of soil water content, pipe wall thickness, com-
paction pressure, and soil lift thickness on the pipe defor-
mation. The following main findings are made based on
the experimental and numerical results:

(1) During the pipe installation procedure, the maximum
pipe stress (at the crown) increases with soil com-
paction up to the pipe crown level, followed by a
decrease when placing and compacting soil above
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the pipe. On completion of soil compaction at 0.6 m
cover depth, the maximum pipe stress is still tensile.
However, when an external load is applied above
the pipe, the stress decreases with increasing applied
load. The initial ‘‘peaking” effect should be consid-
ered in engineering design as it provides extra safety
margin for buried pipes when subjected to external
vertical load.

(2) Soil water content can significantly affect the response
of buried pipes. During the pipe installation proce-
dure, the maximum pipe stress and deflection increase
with the soil water content increases up to 14%. At
higher soil water contents, no apparent difference is
observed in terms of pipe stress and deflection since
the soil parameters are comparable.

(3) When increasing the pipe wall thickness, the maxi-
mum bending moment increases while the maximum
pipe stress decreases during the soil compaction pro-
cedure. The increase in bending moment is due to the
increased pipe rigidity. However, the pipe stress is
inversely proportional to the square of pipe wall
thickness.

(4) The ‘‘peaking” effect increases with increasing com-
paction pressure since the lateral earth pressure at
pipe sides increases. However, when compacting soil
in uniform thicknesses, a decrease in pipe deforma-
tion is observed with increasing soil lift thickness.
This is because the lateral earth pressure generated
by soil compaction decreases.
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