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Abstract

The current design guidelines for underground pipelines do not consider cyclic axial soil-pipe interaction and its impact on
post-cyclic pullout resistance, potentially leading to unsafe designs. This study conducted 12 large-scale physical model
tests on steel pipes in dense sand to investigate their axial behavior during and after cyclic loading. A film-like sensor was
employed to monitor soil-pipe interface contact pressure and earth pressure. The test program included different levels of
pipe roughness, overburden pressure, and cyclic displacement. Given a cyclic displacement, the axial resistance in the first
loading exceeds the guideline prediction, attributed to the increased interface contact pressures by constrained dilation.
Subsequently, the axial resistance degrades over cycles. It stabilizes at a value that is roughness-dependent and smaller than
the prediction because of the translation of the initial negative soil arching to positive soil arching on the pipe. The post-
cyclic pullout resistance is smaller than the monotonic resistance without cycling when the cyclic displacement is relatively
large (above 5 mm in this study). In contrast, the post-cyclic pullout resistance is above the monotonic resistance when the
cyclic displacement is smaller due to cyclic loading-induced soil densification. The difference between post-cyclic and
monotonic resistances for the rougher pipe is more significant.
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Y’ Effective unit weight of the backfill sand

0, Opeak> Ocr  Soil-interface friction angle and peak, and
critical state soil-interface friction angles

o’ Nominal vertical pressure at the pipe center

a, Theoretical vertical earth pressure without
considering stress redistribution

¢ Sand internal friction angle

1 Introduction

Buried pipelines are routinely subjected to cyclic dis-
placement relative to the surrounding soils during thermal
expansion/contraction induced by periodic temperature
variation of the ground or fluids (e.g., oil products or hot
water) [1-3]. Moreover, a post-cyclic large axial relative
displacement might happen due to the permanent ground
displacement caused by geohazards and other activities
[4-7]. Cyclic displacement significantly affects axial soil
loads on pipes during and after the process [8—10]. A good
understanding of these loads is essential because both
underestimation and overestimation can cause unsafe
pipeline design in certain cases. Underestimation results in
a lower design value of pipeline strength, increasing the
possibility of pipeline damage during its service life. In the
event of overestimation, the actual constraint from the soil
to the pipeline is smaller than the design value, leading to
greater pipeline deformation and consequently increasing
susceptibility to buckling failures (e.g., upheaval buckling
and sharp bend ruptures) [11, 12].

Existing design guidelines [1, 11, 13] do not consider
the effects of cyclic displacement. They calculate the axial
resistance (maximum axial force per unit length during
axial loading to failure) of pipes in the sand, 7, as follows:

14+ K
T:nD%y'Hctané (1)

where D is the pipe outer diameter; 7’ is the effective unit
weight of the backfill sand; H, is the buried depth of the
pipe center; ¢ is the interface friction angle. This equation,
based on the Mohr—Coulomb theory, assumes the average
interface contact pressure on the pipe surface as a constant
value of the mean of nominal vertical pressure at the pipe
center, o/ (= y'H.), and its lateral earth pressure at rest
Koo.'. The method’s limitations in capturing the complex
evolution of interface contact pressures in axial soil-pipe
interaction (ASPI) of pipes subjected to monotonic dis-
placement have been highlighted in previous studies
[14-23]. For instance, Guo and Zhou [15] developed a new
large-scale physical modeling system and conducted nine
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tests on ASPI subjected to monotonic displacement. The
increment of axial resistance during monotonic pullout
with roughness increasing was much greater than the value
specified in design guidelines due to the interface contact
pressure increase induced by the constrained dilation and
soil arching. A new method for predicting axial resistance
during monotonic loading was proposed based on linear
elastic expanding cylinder theory and considering the
effects of constrained dilation and pipe weight.

Several studies on cyclic ASPI have also been carried out.
Weidlich and Achmus [10] observed a reduction of axial
resistance over cycles (degradation) in dense sand and an
increase in loose sand through physical modeling tests with
an HDPE-coated steel pipe, attributing interface contact
pressure variation over cycles. Empirical relationships
between the degradation factors and relative density and
relative overburden height were proposed. Bilgin and Ste-
wart [24] studied cyclic ASPI using an HDPE pipe under
different temperatures in dense sands. The degradation was
found to decrease with temperature growth because of
variations in the radial diameter and hardness-dependent
interface shear strength. Sheil, Martin et al. [22] conducted
physical modeling using a heavy steel pipe coated with
fusion-bonded epoxy. Alternating sets of larger amplitude
(20 mm) and smaller amplitude (5 mm) cycles were applied.
The potential effects of soil arching on pipe axial behavior
were discussed. Although the above results are very useful,
the understanding of cyclic ASPI seems limited. Firstly,
surface roughness is a critical factor in cyclic and post-cyclic
interface shear strength [8, 9, 25-30], but no study has
explored its effects on cyclic ASPI. Secondly, the unique
data of Sheil, Martin et al. [22] highlights the importance of
cyclic amplitude on ASPI, but the use of alternating ampli-
tudes cannot fully reveal its effects because soil-pipe inter-
face behavior is path-dependent [8, 31]. Additionally, the
mechanism of cyclic ASPI is still unclear due to limited data
from the previous three studies. Finally, no studies have
examined post-cyclic pullout behavior.

This study conducted twelve large-scale physical mod-
eling tests to examine the cyclic and post-cyclic behaviors
of ASPI, utilizing the experimental system and methodol-
ogy developed by Guo and Zhou [15], which focused on
the monotonic pullout behavior of pipelines. The primary
objectives are (i) to investigate how surface roughness,
burial pressure, and cyclic displacement amplitude influ-
ence axial resistance degradation over cycles, (ii) to
examine the mechanisms underlying cyclic ASPI, and (iii)
to explore the post-cyclic pullout behavior.

1.1 Experimental system and instrumentation

Figure 1 shows the experimental system for assessing
ASPI in this study. Details on the system and
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Fig. 1 Schematic diagram of the experimental system [15]

instrumentation can be found in Guo and Zhou [15]. It
comprises a steel box to simulate the pipeline trench, pipes,
an axial actuation subsystem, and a flexible pneumatic bag.

The internal dimensions of the steel box are
1.0 x 0.8 x 0.6 m>. The axial actuation subsystem applies
axial displacement to the pipe. A specially designed con-
nector enables free vertical movement of the pipe. To
simulate different buried depths of the pipe within the box,
the flexible pneumatic bag, with dimensions matching the
box interior, was positioned between the sample and the
top cap. The air pressure, P, inside the bag is regulated to
replicate the equivalent burial depth under field conditions.
The nominal pressure at the center, ¢/, could follow the
equation ¢, = y'H.y + P, where H,, represents the actual
burial depth from the ground surface to the pipe’s center.

The presence of rigid front and rear walls in the box can
lead to a nonuniform shear stress distribution along the
pipe’s axial direction [15, 17]. To minimize the boundary
effects caused by these walls, two sleeves are installed
inwardly at the openings of the front and rear walls. The
pipe and sleeves are coaxially aligned, creating an 8.5 mm
gap (equivalent to 22 dsq of sand used in this study), which
accommodates pipe settlement (less than 5 mm in this
study) and a soil-pipe interface shear zone (ranging from 2
to 10 dso [32]). Two flexible rubber membranes with a
nominal thickness of 1.5 mm connect the pipe to the inner
ends of the sleeves. The sections of these membranes
between the sleeves and the pipe prevent soil leakage
through the gap and provide sufficient lateral support for
the surrounding soil. Meanwhile, due to their flexibility,
these membrane sections deform slightly in response to
pipe movement and soil displacement, resulting in minimal
friction between the pipe and the membrane. This config-
uration eliminates soil-pipe interaction near the front and

rear walls and ensures a 0.7 m effective soil-pipe interac-
tion section. Axial strain, measured using an optical fiber
sensor based on the optical frequency domain reflectometry
technique, is found to be distributed nearly linearly along
the effective soil-pipe interaction section, confirming the
uniformity of shear stress distribution and the effective
minimization of boundary effects from the rigid walls.
Further details regarding the minimization of boundary
effects can be found in Guo and Zhou [15].

Two linear variable differential transformers (LVDTs)
were utilized to measure the pipe’s vertical displacement.
A load cell with a capacity of £ 10 kN and an LVDT with
50 mm were used to monitor the axial force and
displacement.

A cutting-edge sensor, Force Sensing Resistor (FSR),
was used to measure the earth and soil-pipe interface
contact pressure [33]. This piezoresistive sensor’s electrical
conductance varies as a function of the applied pressure. Its
thinness and flexibility are advantageous in mitigating the
arching effects on sensors and adapting to curved surfaces
[34, 35]. Five FSR-based earth pressure cells (FSR-EPCs)
were attached to a steel slice with 1 mm in thickness and
secured with epoxy adhesive to measure the vertical earth
pressure at different depths as the distribution in Fig. 1.
Eighteen FSR-based interface contact pressure transducers
(FSR-ICPTs) were pasted on the pipe surface to assess soil-
pipe interface contact pressures over three cross sections
spaced 0.2 m apart. Each cross section featured six FSR-
ICPTs positioned at key points: the crown, one shoulder,
two springlines, one haunch, and the invert. The perfor-
mance of FSR-based sensors is highly dependent on their
specific installation conditions. Therefore, post-installation
calibration was conducted in sealed chambers. The air
pressure within these chambers was controlled in a loop:
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increasing from O to 200 kPa (loading path), then
decreasing back to 0 kPa (unloading path). Calibration
results from eighteen FSR-based sensors showed that along
the loading and unloading paths, the hysteresis error for the
loop was around 14.2%. To minimize the effects of non-
linearity and hysteresis on the test results, a nonlinear
signal processing method was employed. The calibration
data were fitted using the smoothing spline algorithm in
MATLAB, and measured electrical conductance values
were converted to pressure values based on this fit. The
calibration curve obtained during loading was used to
analyze the first loading (the loading of the first cycle)
process of the physical model tests, as the loading histories
on the sensors are similar in both scenarios. Subsequently,
the loading and unloading calibration curves were averaged
and used to analyze the physical model data from the first
unloading (the unloading of the first cycle), as this sim-
plified method provides a relatively accurate and practical
approach to data analysis. Further details regarding FSR-
based sensors can be found in Guo and Zhou [36].

2 Experimental materials

In practice, cohesionless and free-draining soils are typi-
cally recommended as backfilling and embedment materi-
als [37]. Hence, standard medium sand from Fujian
Province, China, with a particle size of 0.25 ~ 0.5 mm,
was selected as the test soil. Its properties are summarized
in Table 1. The target relative density was 85%, meeting
the compaction requirement in practice [37].

Hot-rolled seamless steel pipes with a nominal outer
diameter of 102 mm and a thickness of 4 mm, commonly
used as gas pipes and water mains in Hong Kong, were
used [38, 39]. More pipe material parameters are provided
in Guo and Zhou [15]. Three pipes with varying surface

Table 1 Sand properties

Soil properties Values
Specific gravity 2.68
Particle size: mm 0.25 ~ 0.5
Median particle size, dsp: mm 0.375
Maximum void ratio 0.797
Minimum void ratio 0.526
Relative density: % 85

Dry unit weight, 7': kN/m® 17.0

Peak friction angle”: ° 39.6
Critical state friction angle”: ° 32.8

“Measured by direct shear tests with effective normal stresses of 17,
34, 50, and 100 kPa
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roughness (smooth, intermediate, and rough) were pre-
pared. Surface roughness was quantified using the nor-
malized roughness (R,) proposed by Kishida and Uesugi
[40]: R, = R,4/dso, where R, is the maximum height
deviation on the surface profile over a travel length of ds,.
The classification method for rough, intermediate, and
smooth interfaces is based on the variation of interface
friction angles with R,. Paikowsky, Player et al. [41] sug-
gest critical R,, values of 0.02 and 0.5 to differentiate
smooth-intermediate and intermediate-rough interfaces.
The profiles of the pipe surface are illustrated in Fig. 2. The
raw seamless steel pipe with R, of 0.04, measured by SJ-
210, Mitutoyo, is considered smooth. Rough and interme-
diate pipes were machined using a turning method to
achieve ribbed profiles with R, values of 1.01 and 0.21,
respectively, along the pipe’s axial direction. It is important
to note that the current study does not consider the impact
of temperature on variations in pipe diameter [3]. The
linear temperature expansion coefficient of the pipe
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Fig. 2 Profiles of pipe surface: (a) smooth pipe (measured by SJ-210,
Mitutoyo); (b) intermediate pipe (treated by turning method);
(¢) rough pipe (treated by turning method)
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between 0 and 100 °C is 17.3 x 107° °C~". For a tem-
perature change of 30 °C, the potential temperature-in-
duced variation in pipe diameter would be no more than
0.053 mm (equivalent to only 0.14 dsp). Therefore, the
ignorance of the radial thermal expansion would only
slightly underestimate the pullout resistance.

The sand internal friction angle and the sand-interface
friction angles at the dry condition were measured by direct
shear tests, as presented in Table 1 and Table 2. The shear
rate is 0.02 mm/s, the axial speed of the pipe in subsequent
physical modeling. Effective normal stresses were set at
17, 34, 50, and 100 kPa, aligning with values of ¢. in the
physical models. Moreover, sand-interface direct shear
tests were conducted under dry, partially saturated, and
fully saturated conditions [4]. The results confirm that
moisture content has a minimal impact on the shear
behavior since the test sand is coarse and clean. Therefore,
for simplicity, only dry sand was used in the physical
model tests.

2.1 Testing program

Two series of cyclic tests were performed, as detailed in
Table 3. Series I encompassed seven tests aimed at
investigating the influence of surface roughness and over-
burden pressure on cyclic ASPI. Smooth and rough pipes
were tested at o, of 17, 34, and 50 kPa, equivalent to
burial depths of around 1, 2, and 3 m, respectively. These
depths are common in practice, meeting the minimum
buried depth of 0.8 m in practice [42]. The intermediate
pipe underwent a test at a ¢.' of 34 kPa. Cyclic displace-
ment amplitude (u,) for this series was 20 mm, a common
value where the axial force could basically reach its
residual value in previous studies [15, 22, 23]. The number
of cycles, N, for smooth, intermediate, and rough pipes was
5, 10, and 10, respectively. These values were determined
based on the following physical model tests, where their
maximum force per unit length during the N-th loading
consistently stabilized.

Series II examined the impact of cycle displacement
amplitude on cyclic ASPI at a ¢. of 34 kPa. A critical
displacement of approximately 5 mm, where the axial

Table 2 Pipe surface conditions and soil-pipe interface properties

force of rough pipes peaked during the first loading, was
observed in tests of Series I. Consequently, u, for Series II
was set to 2.5, 5, and 10 mm to assess cyclic ASPI under
conditions where u, is less than, equal to, and greater than
the critical displacement, respectively. Post-cyclic behavior
was also explored in Series II. After 20 cycles, the maxi-
mum force per unit length during the N-th loading at the
given cyclic displacement consistently stabilized in most of
the following physical model tests. A post-cyclic pullout
with an amplitude of 20 mm was then applied (see Fig. 3).

The axial displacement rate in these two series was set
to 0.02 mm/s, a common value in previous studies [22, 43].
As shown in Fig. 3, each test was conducted under a one-
way, displacement-controlled cyclic loading regime, con-
sistent with Weidlich and Achmus [10] and Sheil, Martin
et al. [22]. The cycling is displacement-controlled rather
than load-controlled. This method more closely reflects
field conditions, as the potential axial thermal deformation
of the pipe remains constant under a given temperature
variation. However, it should be noted that actual field
conditions are more complex, as the resistance provided by
the surrounding soil can constrain axial deformation. Based
on findings from subsequent physical model tests, in which
axial resistance typically degrades over cycles, the cyclic
displacement amplitude under field conditions would be
expected to increase with each cycle and stabilize once the
axial resistance reaches a steady state.

2.2 Sample preparation and testing procedures

The sand pluviation method was used to prepare dry,
dense, and uniform samples, emulating the dumping tech-
nique in engineering practice. The model was prepared in
25 mm layers. After preparing the sample and placing the
pneumatic bag and top cap, the air pressure was adjusted to
simulate overburden pressure. This condition was main-
tained for about 30 min until sensor readings, such as
vertical displacement and earth pressure, stabilized.
Finally, axial displacement was applied.

s

Pipe type R pax: mm R, R,: mm Peak interface Critical state interface
friction angle, (Speak"': ° friction angle, d,: ©

Smooth 0.015 0.04 0.0024 18.4 17.3

Intermediate 0.08 0.21 0.1789 34.7 294

Rough 0.38 1.01 0.2098 37.9 33.5

“R, Normalized surface roughness using R .x/dso

"Measured by direct interface shear tests with effective normal stresses of 17, 34, 50, and 100 kPa
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Table 3 Testing program

Test series Reference Pipe type Nominal pressure on the Cyclic displacement Cycle Post-cyclic
center, o.: kPa amplitude, u,: mm number, pullout
N
Series 1 S-17-A20  Smooth 17 20 5 No
roughness and pressure effects on  S-34-A20 Smooth 34 20 5 No
cyclic ASPI $-50-A20  Smooth 50 20 5 No
R-17-A20 Rough 17 20 10 No
R-34-A20 Rough 34 20 10 No
R-50-A20 Rough 50 20 10 No
M-34- Intermediate 34 20 10 No
A20
Series 11 S-34- Smooth 34 2.5 20 Yes
amplitude effects on cyclic ASPI A25
and post-cyclic pullout S-34-A5  Smooth 34 5 20 Yes
R-34- Rough 34 2.5 20 Yes
A2.5
R-34-A5  Rough 34 5 20 Yes
R-34-A10 Rough 34 10 20 Yes

D1 N

Post-cyclic pullout

Loading Unloading

Z

Axial displacement, : mm

N-3 N-2 N-1 N
Cycle number

Fig. 3 Schematic diagram of cyclic and post-cyclic paths
3 Experimental results and discussion

3.1 Effects of roughness and nominal
overburden pressure on cyclic ASPI

Figure 4 shows the relationship between axial displace-
ment and the axial force in Series I. The figure includes
axial resistances predicted by Eq. (1) using the measured
interface peak friction angle (dpea) and the critical state
friction angle (J.,) as ¢ for comparison. As Guo and Zhou
[15] discussed, the first loading curve for the rough pipe
exhibits pronounced displacement-softening behavior,
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whereas the curve for the smooth pipe demonstrates min-
imal softening. The predictions using Eq. (1) and dpcax
substantially underestimate axial resistance during the first
loading (7)) for both rough and smooth pipes, with dis-
crepancies ranging from 64 to 95% and 35 to 60%,
respectively. This underestimation is primarily attributed to
the ignorance of the constrained dilation at the soil-pipe
interface.

Upon the first unloading, both rough and smooth pipes
exhibit displacement-hardening behavior, with the curve’s
shape being influenced by the surface roughness. These
curve shapes are consistent with typical cyclic interface
shear behavior [8, 44]. Both rough and smooth pipes
experience a notable degradation in axial resistance com-
pared to T, consistent with previous research on dense
sand in soil-interface shearing tests and ASPI modeling
[8, 9, 44, 45]. This degradation is mainly linked to the
change of soil state (e.g., porosity and stress) around the
pipe, as discussed later.

The second loading resembles the first unloading instead
of the first loading. It indicates that the change of soil state
has been largely finished in the first loading, which is
supported by the stress path given later. The curve of the
second unloading exhibits an approximate rotational sym-
metry with the second loading. Results of the following
cycles remain qualitatively similar. The axial resistance
decreases slightly over the cycles and eventually stabilizes
to an ultimate value (7,). This trend is consistent with the
findings of Weidlich and Achmus [10] and Bilgin and
Stewart [24]. It is reasonable to assume that the axial
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Fig. 4 Effects of nominal pressure at pipe center and surface roughness on cyclic axial force (Series I, us = 20 mm): (a) rough pipe and

(b) smooth pipe

resistance remains unchanged in subsequent cycles. For the
smooth pipe, changes in axial resistances became consis-
tently minimal by the fifth cycle, while for the rough and
intermediate pipes, this occurred by the tenth cycle. Con-
sequently, the tests were stopped at these points. The val-
ues of T, are generally lower than the predictions using

Eq. (1) and 0., with the maximum discrepancy reaching
48%. This difference indicates a potential risk for pipeline
systems after being subjected to thermal expansion and
contraction cycles. The significant drop in soil resistance
would increase the load transferred to other vulnerable
pipeline components (e.g., valve stations and sharp bends)
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rather than soils, increasing the risk of buckling failures
[11].

Figure 5a illustrates the degradation of axial resistance
over cycles for all tests in Series I. The axial resistance
decreases with the cycles, especially during the first two
cycles. The axial resistance during loading is generally
slightly higher than that during the unloading of the pre-
ceding cycle, likely arising from the asymmetry in the
testing setup. The influence of nominal pressure on the
ultimate degradation factors, 7,/T;, is small, with a
reduction of less than 10% when ¢.’ increases from 17 to
50 kPa. However, T,/T; decreases sharply with increasing
roughness, as shown in Fig. 5b. The reduction results from
more prominent constrained dilation and interface friction
strength mobilization on rough pipes, as discussed later.
The average values of T,/T; for rough, intermediate, and
smooth pipes are about 0.62, 0.39, and 0.32, respectively.
T, can be calculated using the predicted equation of T
proposed by Guo and Zhou [15] and the above data on
degradation factors. The obtained 7, can be used by
engineers as the lower bound of axial resistance (i.e., the
resistance after many cycles) to calculate the potential
maximum axial strain of the pipe upon thermal expansion
and contraction.

3.2 Evolution of interface contact pressures
during cyclic loading

Fig. 6 illustrates the typical evolution process of soil-pipe
interface contact pressure measured by FSR-ICPTs using
the results obtained from rough and smooth pipes under a
surcharge of 34 kPa. The variation in interface contact
pressures at corresponding positions across the three cross
sections is generally within 10% of the average value. As a
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result, the average values from the three cross sections are
presented directly. During cyclic loading, the difference in
interface contact pressure between the left and right
springlines remains below 4 kPa, demonstrating good
symmetry. Therefore, the interface contact pressures at the
pipe’s shoulders, springlines, and haunches are assumed to
be mirrored between the left and right sides, and the
average of the left and right springlines is reported as the
springline result. Theoretical values of average interface
contact pressure, (I + Kg)o.//2 (23.2 kPa, where K, is
taken as 1-sin ¢’), according to ALA [1], are also incor-
porated for comparison. As Guo and Zhou [15] mentioned,
before testing, the average interface contact pressures for
both pipes closely approximate their theoretical values.
However, during the first loading, the average interface
contact pressure of the rough pipe increases owing to
constrained dilation [23, 46, 47], where the soil surround-
ing the pipe restricts the dilation of the soil-pipe interface,
resulting in increased interface contact pressures. Further-
more, the tendency of dilation increases with increasing
interface roughness (see Fig. 6).

During the first unloading, the average interface contact
pressure decreases before increasing to a value slightly
smaller than the theoretical value. The loading and
unloading paths of the subsequent cycles exhibit consistent
behavior with the first unloading. The variation in interface
contact pressure of the rough pipe (reaching a minimum of
6.6 kPa) is more significant than that of the smooth pipe
(minimum of 13.9 kPa). This behavior is related to the
reconstruction of the interface shear band, which can be
explained using the force chain evolution supported by
discrete element method (DEM) simulations [26, 48, 49].
Before loading, the preferential orientation of contacts is
typically perpendicular to pipes. Upon the first loading, the
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preferential orientation in the vicinity of the interface
rotates, inclining toward the pipe’s axial direction. This
process forms a shear band with strong force chains due to
the constrained dilation. During the subsequent loading
reversal, the preferential orientation of contacts reverses
with the loading direction, resulting in the vanishment and
subsequent reconstruction of strong force chains, causing a
decrease followed by an increase in soil-pipe interface
contact pressures. The thicker interface shear band of rough
pipes leads to a larger periodic change in average interface
contact pressure compared to that of smooth pipes.
Figure 6 also illustrates the typical interface contact
pressure distribution. According to ALA [1], the assumed
interface contact pressure is ¢, (34 kPa) at the crown and
invert, Koo' (12.3 kPa) at the springlines, and (I + Ky)o/'/
2 (23.2 kPa) at the shoulders and haunches, respectively.
Before testing, the differences between measured and
expected values typically do not exceed 25% of the

expected values. During cyclic loading and unloading,
interface contact pressures are redistributed with varying
trends across different pipes. For the rough pipe, all
interface contact pressures notably increase during the first
loading, particularly at the crown and invert, reaching 38
and 64 kPa, respectively. Subsequent cycles bring all
interface contact pressures, except that of the crown, closer
to the predicted value with a deviation of less than 8.5%.
The pressure at the pipe crown is 26% lower than expected,
explaining the slightly smaller axial resistances of the
rough pipe than the prediction during the second loading
phase in Fig. 4. In subsequent cycles, pressures at spring-
lines, haunches, and the invert stabilize at theoretical val-
ues, while those at the crown and shoulders continue to
decrease, reaching 19.9 and 19.8 kPa, respectively, by the
fiftth loading. This trend of interface contact pressure
variation is consistent with the study of Weidlich and
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Achmus [10] and corresponds to the decreasing axial
resistance over cycles in Fig. 4.

As for the smooth pipe, the increase in interface contact
pressure during the first loading primarily focuses on the
springlines, reaching around 17.7 kPa, corresponding to the
limited increase in average interface contact pressure. In
the second loading, interface contact pressures at shoul-
ders, haunches, and the invert align closely with predicted
values, with a deviation not exceeding 5.8%. In subsequent
cycles, pressures at haunches and the invert also maintain
proximity to theoretical values, while those at the crown
and shoulders continue to decrease, although the magnitude
of the decrease is not as large as that observed in the rough
pipe, with interface contact pressures reaching 28.8 and
22.6 kPa, respectively, by the fifth loading.

3.3 Pipe settlement behavior during cyclic
loading

Figure 7 illustrates the typical results of the axial and
vertical displacements of rough and smooth pipes under a
surcharge of 34 kPa. Only the first five cycles of the rough
pipe are shown to facilitate comparison with those of the
smooth pipe. Both pipes settle continuously over cycles,
aligning with the results of Sheil, Martin et al. [22]. These
settlement curves reflect the influence of soil-pipe interface
behavior on the soil beneath the pipe, encompassing two
interrelated mechanisms. The first mechanism is associated
with the shearing-induced contraction or dilation behavior
within the soil-pipe interface shear zone. Contractive soil
behavior in the shear zone below the pipe tends to promote
pipe settlement, as the soil supporting the pipe becomes
densified and the overall interface contact pressure between
the soil and pipe decreases. In contrast, dilative soil
behavior tends to cause pipe uplift and an increase in the
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interface contact pressure between the soil and pipe. The
second mechanism relates to changes in the soil-pipe
interface contact pressure, which are induced by the first
mechanism. Variations in the interface contact pressure at
the invert of the pipe lead to changes in the soil density
beneath the pipe, thereby affecting the vertical movement
of the pipe. Both the increase and cyclic variation of ver-
tical effective stress in this region contribute to vertical
compression, thereby promoting pipe settlement.

During the first loading (the first and second stages in
Fig. 7) of the rough pipe, the vertical displacement is
dominated by the soil compression due to vertical effective
stress variation. The rapid settlement in the first stage
corresponds to the increasing average interface contact
pressure depicted in Fig. 6a and increasing axial force in
Fig. 4a, while the unchanged vertical displacement in the
second stage aligns with the stable interface contact pres-
sure and axial force at the same displacement. The third
and fourth stages of the rough pipe in Fig. 7 display an
opposing pattern to the first two stages. The vertical posi-
tion experienced a descent followed by an ascent, even if
the average interface contact pressure decreased and then
increased. This discrepancy arises from the interface shear
contraction or dilation behavior of the lower portion of the
interface shear band. During the typical interface shearing,
the soil typically undergoes interface shear contraction
followed by dilation [50]. Thus, the interface shear con-
traction/dilation behavior of the interface shear band tends
to induce the settling and then rising of pipes. This trend is
dominant and opposed to the average effective stress
effects on pipe vertical displacement during the third and
fourth stages in Fig. 7. At the fifth stage, the dilation might
become minimal so that the average effective stress effects
on pipe vertical displacement take back their dominance.
The results of the smooth pipe and subsequent cycles of the
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rough pipe exhibit similar settlement patterns to those
observed in the first cycle of the rough pipe.

Figure 8 depicts irreversible settlement, defined as the
change in the pipe’s initial vertical position of each cycle
relative to its vertical position before testing. Irreversible
settlement increases with the cycle number and surface
roughness. This is consistent with the periodic variation of
average effective stress and prior research on cyclic inter-
face shear behavior [8, 9, 25, 27]: the larger magnitude of
average effective stress in tests of rough pipe leads to larger
soil compression than that of smooth pipes; higher rough-
ness causes a larger permanent volumetric decrease on the
soil-pipe interface. The relationship between the settlement
and ¢/ within the range of 17 ~ 50 kPa is not monotonic.
This may be attributed to the opposing effects of the two
mechanisms described above. As . decreases, dilation
increases. According to the first mechanism, greater dila-
tion at the lower portion of the soil-pipe interface would
tend to cause pipe uplift. In contrast, however, greater
constrained dilation also leads to a larger increase in ver-
tical effective stress, which, through the second mecha-
nism, results in increased compression-induced settlement.
These compensating effects may offset each other, leading
to the non-monotonic trend.

3.4 Soil arching effects on cyclic ASPI

The evolution and redistribution of interface contact pres-
sures shown in Fig. 6 can be linked to the development of
soil arching on the pipe over cycles. The soil arching is
normally categorized into negative and positive soil arch-
ing [22, 51-53]. Negative soil arching, also known as
passive soil arching, typically occurs when the buried
structure deforms or moves less than the surrounding soil.
This relative displacement induces internal shear and stress
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Fig. 8 Irreversible settlement versus cyclic number (z, = 20 mm)

redistribution, resulting in a greater load being transferred
onto the structure. Conversely, positive soil arching, or
active arching, arises when the structure deforms or moves
more than the adjacent soil, thereby reducing the load
imposed on the structure. During cyclic ASPI, the evolu-
tion of soil arching is simultaneously influenced by the
combined effects of the soil-pipe interface dilation and pipe
settlement behavior. This process is schematically repre-
sented in Fig. 9, where the “ultimate loading” in the fig-
ure denotes the loading when T, is reached. It is also
supported by data on vertical earth pressure measured by
FSR-EPCs in Fig. 10, where the theoretical vertical earth
pressure, ¢/, calculated without considering stress redis-
tribution (¢’ = y"Hy + P, where H, represents the buried
depth from the ground surface to the sensor), is included
for comparison.

As discussed by Guo and Zhou [15] and Guo, Zhou et al.
[17], before the tests, the pipe might undergo a slight
negative soil arching, where the soil at the sides of the pipe
is subjected to a downward movement relative to the soil
above the pipe due to the stiffening effect. This relative
movement forces more overburden pressure on shoulders
and the invert of the pipe. Evidence for this is shown in
Fig. 6, where the measured interface contact pressures at
the pipe shoulder and invert are slightly larger than their
theoretical values. Additional evidence is provided in
Fig. 10, where the measured vertical earth pressures above
and below the rough pipes (FSR-EPCs # 2 and #4) are
slightly higher than their respective ¢/, while pressures at
the pipe sides (FSR-EPCs #1, #3, and #5) are slightly lower
than their respective a.'.

During the first loading of rough pipes, the pronounced
interface dilation emphasizes an additional negative soil
arching due to further relative vertical displacement, sig-
nificantly increasing the interface contact pressures at the
crown and the invert (see Fig. 6). Correspondingly, these
vertical earth pressures above and below the rough pipes
(FSR-EPCs # 2 and #4) increase due to the additional
negative arching effects and the pressure rise induced by
the constrained dilation on the pipe, while pressures at the
pipe sides (FSR-EPCs #1, #3, and #5) show a slight
decrease during shearing. For smooth pipes, the more
dominant mechanism is that the pipe movement disrupts
the initial negative soil arching equilibrium, causing a
notable increase in interface contact pressure at the
springlines (see Fig. 6). The vertical earth pressure varia-
tion for smooth pipes in Fig. 10 is not as marked as that for
rough pipes.

In the first unloading and subsequent cycles, the nega-
tive soil arching may be largely disrupted due to the
reconstruction of the shear band and pipe settlement. The
soil around the pipe interface in Series I tests also transi-
tions from a dense to a critical state, which is demonstrated
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Fig. 10 Typical evolution of earth pressure (o, = 34 kPa, us = 20 mm, first five cycles): (a) rough pipe and (b) smooth pipe

later. Consequently, the stress distribution closely aligns
with the predicted condition for the second loading, with an
axial resistance nearing the prediction based on J., (see
Fig. 4).

Meanwhile, the ongoing settlement might lead to the
pipe being subjected to a downward movement relative to
the soil at the sides of the pipe (see Fig. 7 and Fig. 8). It
may reverse the negative soil arching to a positive soil
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arching on the upper part of the pipe. Evidence for this
transition is provided by the observed decrease in interface
contact pressure at the crown and shoulders over successive
cycles (see Fig. 6). This decrease is more pronounced for
rough pipes due to their higher settlement (see Fig. 8). The
earth pressures in Fig. 10 further support the occurrence of
this soil arching transition. First, although the vertical earth
pressures above and below the rough pipes increase during



Acta Geotechnica

each loading and unloading path, they decrease during each
reversal of the axial direction. This indicates that the dis-
appearance of interface dilation during axial direction
reversal eliminates the additional passive soil arching
previously mentioned. Second, nearly all vertical earth
pressures gradually approach their respective o, values
over cycles, suggesting a weakening of negative soil
arching. Third, some vertical earth pressures above and
below the rough pipes eventually fall below their o/,
demonstrating the emergence of positive soil arching.

3.5 Effects of cyclic displacement amplitude
on ASPI

Fig. 11a shows the typical cyclic behavior of rough pipes
in Series II with a 5 mm amplitude. The axial force—dis-
placement curve during the first loading aligns with the
early portion of the curve with 20 mm amplitude (see
Fig. 4a), but 5 mm displacement is insufficient to induce
softening. In the subsequent loading and unloading cycles,
consistent with Fig. 4a, the maximum axial force degrades
over cycles, but the degradation rate is not as pronounced
as that observed with a 20 mm amplitude. Furthermore, the
maximum axial force during unloading exhibits minimal
variation over cycles and is typically lower than the cor-
responding maximum axial force in the loading path of the
same cycle. The above behavior of axial force is related to
the interface contact pressure evolution. During the first
loading of rough pipe with 5 mm amplitude, same as
Fig. 6a, the average interface contact pressure consistently
increases due to the constrained dilation and stops at
around 31 kPa. During the first unloading, the average
interface contact pressure decreases to around 12.5 kPa,
but there is no subsequent rise, being different from the
trend in Fig. 6a, likely because the reconstruction of the
shear band is not fully finished within the 5 mm dis-
placement. Moreover, the reduction in interface contact
pressure can well explain the lower maximum axial force
during unloading than that during the previous loading
from the same cycle. In the second and third loadings, the
average interface contact pressure increases to around 26
and 23 kPa, higher than the theoretical values by ALA [1],
aligning with the corresponding higher maximum axial
force than predicted. In the subsequent cycles, the pressure
increments during the loading path continuously decline.

Fig. 11b shows the results of smooth pipes subjected to
cyclic loading with a 5 mm amplitude. The axial force and
interface contact pressure evolutions of smooth pipes are
similar to those under 20 mm amplitude in Fig. 4b, sug-
gesting limited effects of amplitude on smooth pipes.

Fig. 11 also illustrates the pipe settlement behavior. The
average effective stress variation caused by soil compres-
sion and interface shear contraction/dilation behavior of the

upper portion of the interface shear band is also reflected in
the shapes of vertical displacement curves. The irreversible
settlement over cycles under 5 mm amplitude is close to
that under 20 mm in Fig. 7. It might be due to the limited
amplitude effects on the average effective stress variation
during cyclic shearing.

Fig. 12 presents the stress paths at the soil-pipe inter-
faces in physical modeling, offering insights into ASPI.
The failure envelopes for three interfaces, determined
through constant normal loading (CNL) interface direct
shear tests, are included for reference. The first cycle’s
stress paths for rough pipes with 20 mm amplitude include
six stages, resembling the typical stress path observed in
constant normal stiffness (CNS) tests on rough interfaces
[45, 54]. Initially, the stress path ascends vertically, indi-
cating primarily elastic friction angle mobilization. It then
shifts to the second stage by moving upwards to the right,
reflecting an increase in average interface contact pressure
due to constrained dilation. After reaching the peak failure
envelope, the stress paths in the third stage go downwards
to the right, approaching the critical state envelope. With
the reversal of axial displacement direction, the fourth and
fifth stages are marked by a significant reduction in axial
force and average interface contact pressure, attributed to
the vanishment of strong force chains in the shear band. It
follows an increase in the sixth stage as these chains are re-
established. Subsequent cycles follow a path similar to the
first unloading. They never surpass the critical state inter-
face envelopes after the first unloading, indicating a
mobilization from peak to critical interface shear strength.
For rough pipes with amplitudes of 2.5, 5, and 10 mm, the
shear strength mobilization to the critical state remains
incomplete during the first loading, influencing subsequent
axial pipe behavior. The stress paths for a 10 mm ampli-
tude do not fully transition from peak to critical state in the
third stage of its first loading, resulting in subsequent paths
reaching the zone between the peak and critical state
envelopes. For a 5 mm amplitude, the stress paths only
approach the peak envelope by the end of the second stage
in the first loading. Hence, in later cycles, they mobilize
from approaching the peak envelopes to approaching the
critical state envelopes. In the case of a 2.5 mm amplitude,
the first loading stress paths do not reach the peak envel-
ope, leading to a slower shear strength mobilization and,
consequently, less degradation in the maximum axial force,
as shown in Fig. 11. The soil-pipe interface mobilization
mechanism for smooth pipes, as illustrated in Fig. 12b, is
similar. The only notable distinction is that the first cycle
stress path includes an additional stage (the third stage in
Fig. 12b), where the path turns to the upper left due to a
decrease in average interface contact pressure caused by
soil arching disturbance. In addition, there are slight
deviations between the interface stress paths and the
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Fig. 11 Typical cyclic and post-cyclic behavior in Series IT (6.” = 34 kPa, uy = 5 mm): (a) rough pipe and (b) smooth pipe

interface failure envelopes. This may be attributed to two
factors. First, the average interface contact pressure is
calculated from discrete FSR-ICPT measurements. Second,
the rigid boundary effects in the interface direct shear tests
were not minimized to the same extent as in the physical
model tests [55]. As a result, there may be minor
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differences in the measured interface failure envelopes.
Numerical simulations with ideal boundary conditions and
comprehensive data, such as the DEM simulations con-
ducted by Guo, Zhou et al. [17], can provide more accurate
results.
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Fig. 12 Comparison between stress paths during cycling for different displacement amplitudes, 6./ = 34 kPa: (a) rough pipe and (b) smooth pipe

Fig. 13 illustrates the degradation of the maximum axial
force for rough and smooth pipes under various displace-
ment amplitudes over cycles, with a surcharge of 34 kPa.
All values of the maximum axial force had consistently
stabilized before the 20th cycle. Therefore, it was con-
cluded that further degradation of the maximum axial force
did not occur beyond 20 cycles, and, thus, the experiments
were subsequently terminated. Except for the rough pipe at
a 2.5 mm amplitude, T, converges to approximately 3.2
and 1.9 kN/m for rough and smooth pipes, respectively.
The influence of amplitude is only obvious for the degra-
dation rate.

Given the limited impacts of nominal pressure and
cyclic amplitude on T, as Fig. 5 and Fig. 13, the ultimate
degradation factor can be seen as a function of pipe surface
roughness and 7, can be estimated using data from Fig. 5b

and the equation of 7 proposed by Guo and Zhou [15], as
previously discussed.

3.6 Post-cyclic pullout behavior

Fig. 14 illustrates the post-cyclic pullout behavior in Series
II with a nominal overburden pressure of 34 kPa. The
results of the first and final loading with a displacement
amplitude of 20 mm and a nominal overburden pressure of
34 kPa in Series I are also included for comparison. The
former can be regarded as monotonic behavior without
cycling, as the 20 mm displacement can mobilize a
stable state (see Fig. 4). The latter can be regarded as post-
cyclic behavior after cyclic loading with a 20 mm
amplitude.

An obvious displacement-softening can be seen in the
post-cyclic test on the rough pipe with a 2.5 mm cyclic
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amplitude, while other tests on both rough and smooth
pipes show displacement-hardening behavior. This finding
is likely related to the fact that the stress path in the cyclic
test with a 2.5 mm amplitude has not reached the failure
envelope (see Fig. 12a). Hence, its stress path during the
post-cyclic pullout process resembles the monotonic
behavior, going downwards to the right after reaching the
vicinity of the peak failure envelope. In contrast, only a
tendency to move to the upper right can be seen in the
stress paths of other tests.

To investigate the influence of cyclic loading on the
post-cyclic pullout resistance, this study defines a post-
cyclic change factor as the ratio T,/T, where T, is the axial
resistance during the post-cyclic pullout, and 7 is essen-
tially the monotonic resistance without cycling. As shown
in Fig. 15, the change factor T,/T; is greatly affected by the
roughness and cyclic displacement amplitude. As expected,
the difference between post-cyclic and monotonic resis-
tances is consistently more significant when the pipe is
rougher.

For the influence of cyclic displacement amplitude, two
observations are included. On the one hand, taking the
rough pipe as one example, the ratio is around 1.2 when the
cyclic displacement is 2.5 mm, meaning that the post-
cyclic pullout resistance is larger than the monotonic
resistance by 20%. The cyclic loading-induced increase in
pullout resistance is mainly attributed to larger soil-pipe
interface contact pressure during pullout (see Fig. 14a).
The observed effects of cyclic displacement amplitude on
T,/T, may result from the shear band evolution at the soil-
pipe interface. According to the cyclic interface shear tests
by DeJong, Randolph et al. [44], the shear band at a smaller
cyclic amplitude might not be as fully formed as that of
monotonic loading. During the post-cyclic pullout, the
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shear band might further develop, causing a further
increase in soil-pipe interface contact pressure (see Fig. 11)
and a pipe upward movement (see Fig. 14) due to con-
strained dilation. Moreover, the increase in average effec-
tive stress causes soil compression, tending to make soil
denser and stronger. Furthermore, the higher values of T
after the cyclic loading may pose risks to the pipeline
system. When there is any post-cyclic relative displace-
ment between the pipe and soil, the stress imposed from
soil to pipe may exceed the pipe strength if the pipeline
design does not account for cyclic effects.

In contrast, the post-cyclic pullout resistance is smaller
than the monotonic resistance because of a smaller soil-
pipe interface contact pressure when the cyclic displace-
ment is 5 mm or above. The ratio T,/T reduces signifi-
cantly with an increase in roughness. The post-cyclic
force—displacement curve of the rough pipe subjected to a
10 mm cyclic amplitude is very close to the final loading
curve of the test at 20 mm amplitude. This proves a fully
formed soil-pipe interface shear band during the cyclic
stage of these tests.

4 Conclusions

A large-scale experimental system was utilized to explore
the cyclic and post-cyclic axial behavior of steel pipes
buried in dry and dense sand. This study presents and
analyzes 12 tests with three levels of pipe surface rough-
ness, three buried pressures, and four cyclic displacement
amplitudes. The experimental findings led to several key
conclusions:

At a given cyclic displacement of 20 mm, the maximum
axial resistance during the first loading, 7', exceeds the
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Fig. 14 Effects of cyclic displacement amplitude on post-cyclic pullout behavior (¢ = 34 kPa): (a) rough pipe and (b) smooth pipe

value predicted by the current design guidelines, using
peak interface shear angle (Jpeu). During subsequent
cycles, the axial resistance degrades and stabilizes at an
ultimate value, 7, which is typically lower than the pre-
dicted value, using the critical state interface shear angle

(0cr), with deviations up to 48%. Buried pressures and
cyclic displacement amplitude exert a minimal influence on
the ultimate degradation factor, 7,/T;. However, smaller
cyclic displacement amplitudes slow the rate at which 7,/
T, is reached. Pipe surface roughness has a decisive impact
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on T,/T,. The average values of T,/T; for pipes with nor-
malized roughness of 0.04, 0.21, and 1.01 are about 0.62,
0.39, and 0.32, respectively.

The evolution of soil arching plays an important role in
cyclic ASPI based on the results of soil-pipe interface
contact pressures, vertical earth pressures around the pipes,
and pipe vertical displacement. Negative soil arching with
constrained dilation increases interface contact pressure
during the first loading, causing 7; to be larger than pre-
dicted. In subsequent cycles, soil compression due to the
interface shear contraction/dilation behavior and the aver-
age effective stress variation leads to the pipe settlement.
Ongoing settlement translates negative soil arching to
positive soil arching on the upper part of the pipe, reducing
interface contact pressure at the crown and shoulders. It
causes the average interface contact pressure to be lower
than predicted.

The post-cyclic pullout resistance is smaller than the
monotonic resistance without cycling when the cyclic
displacement is relatively large (above 5 mm in this study)
due to interface contact pressure evolution, as illustrated
above. In contrast, the post-cyclic pullout resistance is
above the monotonic resistance when the cyclic displace-
ment is smaller due to cyclic loading-induced soil densi-
fication. The difference between post-cyclic and monotonic
resistances is consistently more significant when the pipe is
rougher.

Based on the above findings, the following recommen-
dations are proposed for the design of underground pipeline
systems: (i) The increase in interface contact pressure
caused by roughness-dependent constrained dilation should
be considered when calculating the upper limit of axial
resistance, as underestimating this effect may lead to
unsafe pipeline design strength; (ii) Roughness-dependent
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empirical values of T,/T; should be adopted to determine
the lower limit of long-term axial resistance, which is
crucial for estimating maximum pipe deformation; (iii) In
scenarios where the pipe may experience relative ground
movement after cycles, the effects of cyclic movement on
post-cyclic pullout resistance should be incorporated based
on test data.

A single pipe diameter and burial depth have been
adopted in the current experimental study. When extrapo-
lating the results of this study to pipes with different
diameters and burial depths, the apparent interface friction
coefficient (i.e., T/(nDa.)) presented in this study may
serve as a useful reference. However, it should be noted
that T/(rDa.') may vary slightly with pipe diameter and
burial depth, owing to varying degrees of soil arching and
constrained dilation effects. Meanwhile, the above tests
were designed with reference to loading induced by tem-
perature variations. The resulting frequency in the field is
believed to be very low; therefore, the cycling frequency
adopted in the tests ranged from 0.0005 to 0.004 Hz.
Within this very low-frequency range, it is well recognized
that frequency does not significantly affect soil behavior.
However, if these results are to be applied to problems
involving higher frequencies, such as seismic analysis, the
influence of frequency should be considered, drawing on
evidence from other studies in the literature.
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