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Abstract

Geotechnical centrifuge tests were conducted to examine the influence of invert voids and surface traffic loads on 1400 mm diameter
reinforced concrete pipes buried with a shallow soil cover depth of 700 mm. Void formation beneath the pipe was simulated during cen-
trifuge testing. The test results revealed that before void formation, the surface load directly above the middle of the pipe caused a sig-
nificant increase in not only the circumferential bending moments but also the longitudinal bending moments, the latter of which was
considerable and could not be ignored. Void formation beneath the middle of the pipe led to a reduction in both the circumferential
bending moments and longitudinal bending moments at all measuring positions, i.e., crown, springline, and invert. The most significant
reduction occurred at the invert, and there was even a reversal in the sign of the invert longitudinal bending moment. A comparison was
made between centrifuge tests with erosion voids and surface loads at different horizontal positions, which had a marked influence even
when the positions differed by half a pipe length. Joint rotation played an important role in relieving large bending moments of pipe
barrels in a jointed pipeline when the void and surface load were located at the joint.

Keywords: Centrifuge test; Erosion void; Reinforced concrete pipe; Traffic loading; Longitudinal bending moment; Joint rotation
1 Introduction

Water supply and drainage systems utilize reinforced
concrete (RC) pipes worldwide. However, many countries
find water leakage to impose a serious problem and become
increasingly intolerable for sustainable development pur-
poses. The latest statistics show that the annual leakage
volume of treated drinking water in China is approximately
9.1 billion cubic meters every year, while some cities have a
leakage rate as high as 23.7% (Ministry of Housing and
Urban–Rural Development of the People’s Republic of
China, 2020). In the USA, the total leakage volume was
estimated to be 9.8 billion cubic meters every year
(Cohen, 2012). Thus, there is mounting demand for
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enhanced knowledge of the performance of buried RC
pipes and the underlying mechanisms causing leakage.

The circumferential responses of pipe barrels have been
extensively studied (Rakitin & Xu, 2014; Alzabeebee et al.,
2018; Scheperboer et al., 2021; Mai et al., 2021). However,
there has been increasing interest in the longitudinal
responses of pipelines in recent years. Sheldon et al.
(2013) conducted a field investigation on buried RC pipeli-
nes subjected to loading by trucks and measured the shear
deformation of gasketed joints. Becerril Garcı́a and Moore
(2015a, 2015b) conducted full-scale laboratory experiments
to study the longitudinal settlement of a buried jointed RC
pipeline with two full pipes and two half-pipes. Rakitin and
Xu (2015) performed geotechnical centrifuge tests to exam-
ine the longitudinal deformation of a longer jointed pipe-
line, which was composed of four full pipes and two half-
pipes. Their findings were extended by Xu et al. (2017a,
2017b), and the influences of surface load positions and
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ground conditions were investigated, respectively. Notably,
the granular soils below the pipeline were always uniform
and well compacted in these previous investigations.

However, erosion voids might form below pipes in the
field. A possible mechanism is the infiltration and exfiltra-
tion of water, which could gradually wash soil particles
away (Cui et al., 2012; Qin & Moore, 2022; Ibrahim &
Meguid, 2023). There are only a few reported images of
erosion voids taken in the field. Moore (2008) presented a
photograph of a void at the springline of a buried pipe.
Talesnick and Baker (1999) conducted a field investigation
of a sewage pipe buried in an excavated trench backfilled
with sand. They noticed a gap with a thickness of approx-
imately 2 cm between the pipe invert and the sand below.

Numerical modeling was mainly adopted to examine the
influence of erosion voids on the responses of pipes in pre-
vious investigations. Tan and Moore (2007) analyzed a
rigid pipe using two-dimensional (2D) finite element (FE)
simulation, in which voids were located at either the invert
or the springline. Buco et al. (2006) conducted a simplified
three-dimensional (3D) finite difference (FD) simulation to
evaluate the longitudinal deformation of a rigid pipeline
and examined a case with a void beneath the middle of
the pipeline. Meguid and Dang (2009) performed a 2D
FE simulation on a tunnel with voids at the invert or
springline. Meguid and Kamel (2014) studied a continuous
buried rigid pipe with an inner diameter of 600 mm using
3D FE modeling, and the voids were located at the pipe
invert or springline. By conducting a series of 3D FE sim-
ulations, Balkaya et al., (2012a, 2013) examined the impact
of erosion voids on jointed and continuous PVC water dis-
tribution pipes, while Balkaya et al., (2012b) investigated
voids beneath a continuous buried cast iron pipe with an
external diameter of 180 mm. Xu et al. (2017a) conducted
a preliminary 3D FD simulation and highlighted the
impact of invert voids on joint rotation of buried RC
pipelines.

As seen from these numerical investigations, there is lit-
tle research on the influence of erosion voids on the longi-
tudinal behaviour of jointed RC pipes, which are
commonly adopted in water systems. Furthermore,
although numerical modeling has the advantage of per-
forming parameter studies with great ease, e.g., varying
the sizes and locations of voids, it is clear that there is a
lack of experimental investigation.

Only recently did Peter et al. (2018) and Xu and Shen
(2020) perform laboratory tests. In the full-scale tests by
Peter et al. (2018), buried RC pipes with an internal diam-
eter of 0.9 m were studied and air bladders with two differ-
ent sizes were used to simulate erosion voids, which were
attached around the pipe springlines and punctured after
burial. The circumferential bending moments and diameter
changes were measured. However, no measurements were
made on the longitudinal bending moments or longitudinal
deformation.

Xu and Shen (2020) performed centrifuge tests to exam-
ine voids straddling the joint of a buried 1.4 m diameter RC
pipeline with gasketed bell-and-spigot joints. Significant
joint rotation and longitudinal deformation were observed
when the void formed at the invert with repeated loading
on the surface. Although this centrifuge investigation
revealed that the largest joint rotation occurred when the
void was located at the invert of a joint, it might not
impose the most unfavorable condition for the pipe bend-
ing moments at the same time.

Therefore, this paper is aimed at investigating the case in
which an erosion void formed beneath the middle of a bur-
ied RC pipe barrel with simulated traffic loads on the
ground surface. Both the circumferential moments and lon-
gitudinal moments of the pipes were examined at typical
stages, i.e., before and after void formation, with only soil
self-weight (without surface loading) and with surface load-
ing. Furthermore, a comparison was made to examine the
influence of the horizontal positions of erosion voids and
surface loads on both the circumferential and longitudinal
moments.

2 Centrifuge testing

It is well established in soil mechanics and geotechnical
engineering that soil exhibits stress-dependent behaviour,
e.g., volumetric dilation and strain softening after peak
strength at low pressure while volumetric contraction and
continuing strain hardening at high pressure (Wood,
1991; Ling & Liu, 2003). Therefore, it is important to
reproduce the stress level of the soil correctly in physical
testing. The stress level in a 1g small scale test is too low
compared with that in the field, while full scale test is too
expensive and time-consuming. In the geotechnical cen-
trifuge testing, the ‘‘gravity” is increased by n times in a
1/n scaled model, and thus the prototype stress condition
is recreated (Taylor, 1995; Ng, 2014). Geotechnical cen-
trifuge testing has been used successfully to investigate a
wide range of geotechnical problems, particularly to study
soil-structure interaction (Madabhushi, 2015).

2.1 Centrifuge model

Centrifuge testing was performed with the geotechnical
beam centrifuge at Tsinghua University, which has a
capacity of 50g t and a nominal radius of 2.0 m. An accel-
eration of 20g was adopted in the test. The plane view and
elevation view of the model are shown in Fig. 1(a) and (b),
respectively.

The prototype concrete pipe under investigation had a
length of 2.5 m, an inner diameter of 1.4 m and a wall
thickness of 165 mm. By considering the scaling law of cen-
trifuge testing (Taylor, 1995), the aluminum model pipe
was designed with a length of 125 mm, an inner diameter
of 70 mm and a wall thickness of 6.2 mm. The model pipe-
line was made of three complete pipes and two half-pipes,
which were installed along the diagonal direction in the
centrifuge strongbox (Fig. 1(a)). There was a gasketed
bell-and-spigot joint between two adjacent pipes, which



Fig. 1. Centrifuge model package. (a) Plane view, and (b) elevation view of Section A-A. (Unit: mm).
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Fig. 2. Locations of (a) void and (b) strain gauges. (M-oh-1 represents the
1st hoop strain gauge at the outer surface, and M-oL-1 represents the 1st
longitudinal strain gauge at the inner surface, etc.).
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allowed shear displacement and rotation. The model rub-
ber gasket had a thickness of 1 mm.

A fine sand was used, which had an average particle size
D50 = 0.2 mm and could be classified as a poorly graded
sand (SP) (ASTM, 2011). A dense condition, i.e., relative
density Dr = 0.85, was prepared using air pluviation to sim-
ulate the well compacted granular fills in the field. The soil
cover depth above the pipe was 700 mm at the prototype
scale, i.e., half the pipe diameter (Fig. 1(b)).

Additional descriptions of the pipe model, the gasketed
joint, and sand properties can be found in Rakitin and Xu
(2015).

2.2 Simulation of void formation

It was previously determined that it was difficult to sim-
ulate void formation beneath a pipe in centrifuge testing
due to the limited available space and rapid acceleration.
The authors (Xu & Shen, 2020) developed a technique. A
rubber bag was constructed from a thin rubber membrane
similar to those used in the conventional triaxial test. Dur-
ing preparation of the model, the rubber bag was filled with
salt and fit the curve surface of the pipe with a small vac-
uum suction. During the centrifuge testing, water was
pumped into the rubber bag to progressively dissolve the
salt, while the solution was pumped out concurrently so
that gradual formation of an erosion void could be simu-
lated. Further details about the technique are provided in
Xu and Shen (2020).

In this study, an erosion void was designed to form
beneath the middle of the central pipe barrel. The thickness
and longitudinal length of the rubber bag with salt were 7
and 40 mm, respectively, as shown in Fig. 2(a). The shape
and geometry of an erosion void beneath a pipeline may
vary considerably in the field, while it is hard to obtain
the photos of voids. However, the most important conse-
quence caused by void formation is the release of support
to the pipes, therefore an idealized circular shape was
adopted in this centrifuge investigation, which was also
adopted in previous numerical simulations (Tan &
Moore, 2007; Balkaya et al., 2013; Meguid & Kamel,
2014). After void formation, a small water head (i.e.,
5 cm) was preserved inside the rubber bag to prevent sur-
rounding sand particles from collapsing.

2.3 Instrumentations and load configuration

Six pairs of strain gauges were installed around the mid-
dle of the central pipe barrel, i.e., Cross-Section M, with
three pairs of gauges used for the circumferential moments
and the other three pairs used for the longitudinal moments
(Fig. 2(b)). To minimize the influence of temperature vari-
ations on the readings, a compensation system was
designed with another set of strain gauges installed on an
independent aluminum plate (Rakitin & Xu, 2014). It
was supposed that a jointed pipeline would experience
the worst longitudinal deformation when the invert void
was located at the joint, which had been extensively inves-
tigated in a previous study by the authors (Xu & Shen,
2020). Therefore, this study focused on investigating the
pipe bending moments when the void was located beneath
the middle of a pipe barrel, and thus the pipe displacements
were not measured.

A pneumatic pressure cylinder was adopted to apply
surface traffic load. By adjusting the pneumatic pressure
inside the cylinder, different load magnitudes could be sim-
ulated. The horizontal dimension of the load pad was
12.7 mm � 25.4 mm, which was designed to represent the
contact area of the tires of a single pair of design truck
wheels. AASHTO (2010) specified an unfactored design
load of 71 kN for the single pair of wheels, with a multiple
presence factor of 1.2 and a dynamic load allowance of
1.24 for the situation with a soil cover depth of 700 mm.
Thus, a service load of 100 kN was investigated. To con-
sider the possibility that much heavier traffic loading
beyond the design specification has become increasingly
common in recent years (Rakitin & Xu, 2014), the service
load was further increased by 50% during each loading
cycle to a maximum value of 150 kN. The load was applied
in three steps, i.e., 50, 100, and 150 kN.
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2.4 Test procedure

The following procedure was performed, as shown in
Fig. 3:

(1) After preparation of the model package, the cen-
trifuge was gradually accelerated to the target value
of 20g.

(2) Two loading cycles were applied on the surface by the
pneumatic pressure cylinder in three steps, i.e., 50,
100, and 150 kN.

(3) An erosion void gradually formed beneath the middle
of the central pipe.

(4) Another five loading cycles with a maximum value of
150 kN were applied after void formation. The first
two loading cycles were applied in three steps (i.e.,
50, 100, and 150 kN), while the remaining three cycles
were directly applied at the maximum value of
150 kN.

3 Results and discussion

The measured circumferential moments as well as the
longitudinal moments at the mid cross-section were exam-
ined first. Then the influence of the horizontal positions of
the invert void and surface load was investigated.

3.1 Circumferential bending moment

3.1.1 Typical results

Figure 4 shows the development of the circumferential
moment at the crown of Cross-Section M during the test.
Fig. 3. Centrifuge
The measured moment was 1431 N�m/m when the specified
acceleration of 20g was achieved. This bending moment
was caused by the weight of the uniform soil, as there
was no surface load or void. The value was similar to the
pipe crown circumferential moment of approximately
1400 N�m/m measured in the previous centrifuge test by
Xu and Shen (2020) with the same pipe and the same soil
cover depth. This value was also comparable to the results
of centrifuge tests performed by Rakitin and Xu (2014), in
which the pipe had the same inner diameter and wall thick-
ness as those in the present study but a flat base. The mea-
sured crown circumferential moment was approximately
2000 N�m/m with a soil cover depth of 1 m.

The crown circumferential moment increased sharply
when the first loading was applied. The value was
7583 N�m/m when the load was 100 kN, and the peak value
reached almost 12 000N�m/mwhen the surface load reached
the maximum value of 150 kN. The shallow soil cover depth
(i.e., 700 mm) could be attributed to such a large increase in
the bending moments when the surface load was applied,
while a thicker soil cover depth would effectively reduce
the bending moments (Rakitin & Xu, 2014).

The second loading caused only a marginal increase in
the peak magnitude of the crown circumferential moment.
After two loading cycles, there was a small net increase in
the residual moment caused by the soil cover weight.

Next, a void formed beneath the pipe using the previ-
ously described technique. After void formation, the crown
circumferential moment caused by the soil cover weight
decreased from 1919 to 1077 N�m/m.

The following surface loading caused a peak value of
9780 N�m/m, which was considerably less than the peak
value (i.e., 12 000 N�m/m) before void formation. It was
test procedure.



Fig. 4. Pipe crown circumferential bending moment of Cross-Section M.
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assumed that the formation of an erosion void beneath the
middle of a pipe barrel would lead to redistribution of the
earth pressures around the pipe, causing a reduction in the
bending moments of the rigid pipe. The subsequent four
cycles of repeated surface loading caused only a slight
increase in the circumferential moment. In contrast, void
formation beneath a joint caused large joint rotation,
which continued to build up when repeated traffic loading
was applied on the surface, as demonstrated by Xu and
Shen (2020).

3.1.2 Circumferential moment at cross-section M

Figure 5 summarizes variations in the circumferential
moment at typical positions of Cross-Section M at different
stages, i.e., before void formation without surface load,
after void formation without surface load, before void for-
mation with the first surface load of 100 kN, and after void
formation with the first surface load of 100 kN.
Fig. 5. Circumferential bending m
When there was no surface load, the pipe bending
moments were caused by the uniform soil weight. The for-
mation of an invert void resulted in a reduction in the cir-
cumferential moments at all positions. The values at the
crown, springline, and invert decreased by 43%, 57%, and
59%, respectively.

The first surface load of 100 kN applied before void for-
mation caused an increase in bending moments at all loca-
tions, with the most significant increase occurring at the
crown and the smallest increase at the invert. This was
due to the different vertical distances between the surface
load and the measurement locations. Rakitin and Xu
(2014) demonstrated that a thicker soil cover resulted in
reduced pipe bending moments induced by the surface load.

Void formation also caused a reduction in the circum-
ferential moments at all positions with the same surface
load. The values at the pipe crown, springline, and invert
decreased by 8.8%, 27%, and 42%, respectively. The void
oment of Cross-Section M.



Fig. 6. Pipe crown longitudinal bending moment of Cross-Section M.

Fig. 7. Longitudinal bending moment of Cross-Section M.
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formation resulted in the largest reduction in the pipe
invert moment and the smallest reduction in the crown
moment. This was because the void was formed beneath
the invert, the location of which was closest to the invert
of the pipe and furthest to the crown.
3.2 Longitudinal bending moment

3.2.1 Typical results

Figure 6 exhibits the measured longitudinal moment at
the crown of Cross-Section M. The longitudinal moment
rose to 364 N�m/m when the target acceleration was
achieved. The first loading on the surface directly above
Cross-Section M also led to a significant increment in the
crown longitudinal moment. The value was 3060 N�m/m
when the surface load was 100 kN; the peak value reached
5018 N�m/m at a surface load of 150 kN. These longitudi-
nal bending moments were approximately 40% of the cor-
responding circumferential bending moments and thus
could not be ignored. However, the current RC pipe design
practice considers only the circumferential bending
moments, while only a minimum reinforcement is simply
specified in the longitudinal direction. As a result, circum-
ferential cracks might occur when the pipe barrel is sub-
jected to large longitudinal bending moments.

The second loading caused no obvious increase in the
peak moment. After two loading cycles, there was a small
net increase in the residual moment. Next, the void formed
beneath the middle of the pipe. During void formation, the
crown longitudinal bending moment decreased from 599 to
305 N�m/m.

The following surface loading caused a peak moment of
4005 N�m/m, which was considerably smaller compared
with that before void formation. The subsequent four
cycles of repeated surface loading did not cause obvious
build-up in the peak value.
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3.2.2 Longitudinal moment at cross-section M

Figure 7 demonstrates the variations in the longitudinal
moments around Cross-Section M. The formation of an
invert void also led to a reduction in the longitudinal
moments at all positions. Notably, there was even a rever-
sal in the sign of the invert longitudinal moments after void
formation, both for the situation without surface load and
for the situation with surface load.
Fig. 8. Different situations for Scenario 1 and Scenario
Tan and Moore (2007) and Meguid and Dang (2009)
performed FE simulations to analyze the effect of voids
on a rigid pipe and on a tunnel, respectively. Since two-
dimensional analyses were performed, only the circumfer-
ential moments were analyzed. The authors found that a
void at the springline caused an increase in the bending
moments around the pipe and tunnel, while an invert void
led to reduced bending moments. If the invert void was suf-
2 (the red dashed line represents Cross-section M).
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ficiently large, there was also a reversal in the sign of the
bending moments. Our centrifuge test results showed that
the longitudinal moments could not be ignored for an
RC pipe that was buried under a shallow soil cover and
subjected to surface loading. The formation of a void at
the invert caused a reduction in both the pipe circumferen-
tial moments and longitudinal moments. The most signifi-
cant reduction occurred at the invert, with a reversal in the
sign of the invert longitudinal bending moment. Such a
reversal has not been considered in current design practice
and would be particularly unfavorable for pipes with
Fig. 9. Pipe crown circumferential bending moment of Cross-Section M. (a)
residual value after two cycles of loading), and (b) Scenario 2: invert void and
single-layer reinforcement, which will be further evaluated
using finite element modelling with elements capable of
simulating concrete cracking (Zhang & Zhuang, 2017;
Zhang & Mang, 2020).

3.3 Influence of the horizontal positions of the void and

surface load

In this centrifuge investigation, the invert void and the
surface load were located at the middle of the buried pipe
barrel. It is interesting to note that in the previous cen-
Scenario 1: invert void and surface load at the middle of the pipe (#: the
surface load at the adjacent joint (&: from Test 1; @: from Test 3).
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trifuge tests by the authors (Xu & Shen, 2020), the void and
the surface load were located at the adjacent joint, i.e., at a
horizontal distance of 1.2 m from the middle of the pipe.
Both the circumferential and longitudinal moments of the
same cross-section at the middle of the pipe barrel (i.e.,
Cross-Section M) were measured in those two investiga-
tions, while the soil cover depths were the same. Hence,
there was a chance to examine the influence of the horizon-
tal positions of the invert void and surface load on the pipe
bending moments.
Fig. 10. Pipe crown longitudinal bending moment of Cross-Section M. (a) S
residual value after two cycles of loading), and (b) Scenario 2: invert void and
For the ease of comparison, the investigation in this
paper is called Scenario 1, and that in Xu and Shen
(2020) is called Scenario 2. For each scenario, four situa-
tions were examined, as shown in Fig. 8:

(1) without invert void or surface load;
(2) with an invert void only;
(3) with a surface load only;
(4) with both an invert void and a surface load.
cenario 1: invert void and surface load at the middle of the pipe (#: the
surface load at the adjacent joint (&: from Test 1; @: from Test 3).
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Figure 9(a) and (b) exhibits the circumferential moments
at the crown of Cross-Section M in each situation for Sce-
nario 1 and Scenario 2, respectively, while Fig. 10(a) and
(b) shows the corresponding longitudinal moments.

A comparison is made for each situation:
Situation 1: As there was no void or surface load, those

two scenarios were essentially identical, and the pipe bend-
ing moments were caused by the uniform soil weight. The
initial circumferential moments in Fig. 9(a) and (b) were
fairly similar, so were the initial longitudinal moments in
Fig. 10(a) and (b), which demonstrated the repeatability
of the centrifuge tests.

Situation 2: When an erosion void formed beneath the
middle of the pipe in Scenario 1, both the crown circumfer-
ential and longitudinal moments decreased obviously.
When a void formed beneath the adjacent joint in Scenario
2, the crown circumferential moment experienced a smaller
reduction, but the crown longitudinal moments increased
marginally.

Situation 3: The circumferential and longitudinal
moments increased sharply when the surface load was
exacted above the middle of the pipe (Scenario 1). In con-
trast, there was much smaller growth in the crown circum-
ferential moment and only a minor increase in the
longitudinal moment when the load was above the adjacent
joint (Scenario 2).

Situation 4: When the surface load and void were
located at the middle of the pipe (Scenario 1), there were
reductions in both circumferential and longitudinal
moments compared to the situation with only surface load.
When the surface load and void were located at the adja-
cent joint, the circumferential moment decreased while
the longitudinal moment increased slightly.

The above comparison in each situation showed that the
horizontal positions of the invert void and surface load had
a dominant influence on the magnitudes of both circumfer-
ential and longitudinal moments of pipe barrels. When the
void and surface load were located at the adjacent joint, the
much smaller moments measured at the middle of the pipe
could be attributed mainly to the short horizontal distance
(i.e., half a pipe length or 1.2 m). However, another mech-
anism could be the rotation of the joint, which would also
relieve large moments of the pipe. Joint rotation and its
influence on the longitudinal deformation of jointed plipeli-
nes was the focus in previous physical tests by Becerril
Garcı́a and Moore (2015a, 2015b), Rakitin and Xu
(2015), and Xu and Shen (2020). The present study revealed
the potential important influence of joint rotation on the
bending moments of pipe barrels in a jointed pipeline.
4 Conclusions

The influence of invert voids and surface traffic loads on
the circumferential bending moments and the longitudinal
bending moments of buried large-diameter reinforced con-
crete pipes was investigated using geotechnical centrifuge
testing. Void formation beneath the pipe was simulated
during centrifuge testing. The test results revealed that
before void formation, the surface load directly above the
middle of the pipe caused a significant increase in not only
the circumferential bending moments but also the longitu-
dinal bending moments, the latter of which was consider-
able and could not be ignored. Void formation beneath
the middle of the pipe led to reductions in both the circum-
ferential bending moments and longitudinal bending
moments at all measuring positions, i.e., crown, springline,
and invert. The most significant reduction occurred at the
invert, and there was even a reversal in the sign of the
invert longitudinal bending moment. Repeated surface
loading did not cause obvious build-up of bending
moments. A comparison was made between centrifuge tests
with erosion voids and surface loads at different horizontal
positions, which were revealed to have a marked influence
even when the positions differed by half a pipe length. Joint
rotation played an important role in relieving large bending
moments of pipe barrels in a jointed pipeline when the void
and surface load were located at the joint.

In the centrifuge test, the RC pipes were simulated using
the aluminium model pipes, which are not able to repro-
duce possible occurrence of cracks on the pipe barrels or
joints. Further numerical simulation with suitable constitu-
tive model for reinforced concrete is needed, which will be
validated using the test results of this centrifuge
investigation.
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