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Abstract Geotechnical centrifuge modeling, which can

effectively simulate the stress field of soil in the prototype,

was adopted to help investigate the effects of the uplifting

of pipes buried at different depths within a medium dense

sand under (1) a static state and (2) a dynamic state. To

acquire the displacement vector fields and strain contours

in the soil around pipes, particle image velocimetry tech-

nology was applied. The study focused on the deformation

mechanisms of soil surrounding the pipes and ground

surface. Two different deformation triggers, external forces

and soil liquefaction, were considered. When uplifting was

caused by an external force, the relationship between the

soil deformation and uplift resistance was similar to the

typical ground load–deformation characteristic relation-

ships. There was little displacement of soil during the

elastic stage. Along with the uplifting of the pipe, a plastic

zone within the range of one pipe diameter (1D) above the

pipe appeared in the soil at peak resistance. During the

post-peak period, a shear failure plane extended upwards to

the ground surface, at an inclined angle forming a trumpet-

like shape. The ground surface deformation range expan-

ded according to the buried depth of the pipe. Meanwhile,

in a liquefied field, the soil flowed within a heart-shaped

region around the pipe. The soil deformation region sur-

rounding a shallow buried pipe, with a width of 5D–6D,

was far larger than that found for a pipe buried at the same

depth in a static field. Both heave and settlement could be

observed on the ground surface.

Keywords Pipeline � Uplift � Soil liquefaction �
Deformation mechanisms � Centrifuge test

1 Introduction

Pipelines are the arteries of modern industries and thus

contribute to the comfort of urban life. They are widely

used in water supply, electricity supply, natural gas trans-

portation lines and communication cables. With the

increasing demand for urban land and the requirements of

environmental quality, more and more engineering pipeli-

nes contributing to the quality of life are buried in the

ground. However, pipeline accidents do occur frequently,

especially in sandy ground, the results of which may par-

alyze a city, and even lead to serious secondary disasters

[1–3].

According to a large number of surveys [4–7], vertical

buckling has been found to be the main failure mode for

buried pipelines. The main reasons for this damage are the

external forces (caused by thermal and internal pressures,

or ground ruptures) and soil liquefaction induced by strong

seismic waves. Although both can lead to a rise in the

original established positions of the pipes, the mechanisms

causing the damage differ, partly owing to differences in

the deformation mechanism of the surrounding soil.

Engineering design and pipeline support measures are

& Daosheng Ling

dsling@zju.edu.cn

Bo Huang

cehuangbo@zju.edu.cn

Jingwen Liu

liujingwen198807@163.com

Yanguo Zhou

qzking@zju.edu.cn

1 MOE Key Laboratory of Soft Soils and Geoenvironmental

Engineering, Department of Civil Engineering, Zhejiang

University, Hangzhou 310058, China

123

J Civil Struct Health Monit (2015) 5:599–614

DOI 10.1007/s13349-015-0130-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s13349-015-0130-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13349-015-0130-y&amp;domain=pdf


closely related to the soil deformation mechanisms. Hence

further study of these deformation mechanisms is of sig-

nificance in ensuring the safety of pipeline engineering.

Necessary are the optimization of design and the targeting

of reinforcement measures.

Model tests (under normal gravity or under high gravity)

are the principal tools [8, 9] enabling study of the uplifting

buckling of pipes. There is a lack, however, of effective

model deformation observation methods. In early studies,

individual point measurements [10], such as linear variable

differential transformer, have been used to capture soil

movements at certain positions in the model. With the

application of laser displacement sensors, the wider mea-

surement range and the higher test accuracy are guaranteed

than before. However, the number of measurement points

remains limited. Sometimes, markers such as colored sand

layers and plastic rods buried in the soil are used [11], but

with a lower measurement precision. The soil deformation

mechanism, however, can only be deduced from information

obtained at single points or along set up lines by these

methods. Based on these earlier studies, several failure

mechanisms and a variety of theoretical formulae have been

put forward. Trautmann et al. [12] presented a review of

formulae for calculating the soil resistance against pipe

uplifted. Among them, the most widely used mechanism is

the vertical slip-surface model developed by Majer et al.

[13]. However, the estimated data according to this mecha-

nism do notmatch verywell with the previous laboratory test

[14]. This is because of the insufficient understanding of the

soil deformation mechanism.

Hence, it has become clear that there is a need for more

advanced measurement methods to investigate the soil

deformation mechanism of pipe uplifting as affected by

different factors (such as soil properties, pipe buried depth,

damage mechanism), to enable the correlation between soil

deformation and resistance to be accurately revealed. As

the deformation of soil is continuous in space, spatial

measurement of soil movement throughout the plane is

necessary. Surface measuring methods based on imaging

technologies have been gradually developed in recent

years. Both the X-ray method [15] and the CT method [16]

are included. These techniques can track the internal and

external displacements of the prototype model, and can

even capture the crack and soil particle shapes. The mea-

suring equipment, however, is very complex and limited in

scope, which can hardly be carried out on centrifuge tests.

With the promotion of automatic target tracking systems

based on image processing techniques [17], this technique

was firstly applied in the measurements of soil movement

by White et al. [28], named as particle image velocimetry

(PIV). It can continuously measure the deformation

behavior of a soil surface without artificial targets, also the

advantage of high precision and remote control, hence

providing a new method for the observation of soil defor-

mations during centrifuge tests.

In the present study, model tests of pipelines uplifted in

dry medium dense sand and liquefaction sand were con-

ducted in geotechnical centrifuge, which can simulate the

stress field of soil in the prototype. PIV technology was

used to observe the soil deformation around a large

diameter pipe at different buried depths. The deformation

behavior of the ground surface and soil surrounding a pipe

during uplifting triggered by different types of disaster was

the main concern.

2 Test equipment and programs

2.1 Centrifuge, shaking table and rigid container

Centrifuge modeling techniques are increasingly used to

investigate soil–structure interaction. They allow large-

scale model tests to be easily carried out in the laboratory.

Six tests for this study were conducted using the ZJU400

centrifuge shown in Fig. 1a. The beam type centrifuge, with

a payload capacity of 400 gt, has double platforms and an

effective arm radius of 4.5 m. The maximum centrifugal

acceleration is 140 g for static tests. The centrifuge plat-

forms have an overall dimension of 1.5 m 9 1.2 m 9

1.5 m. Meanwhile, an ‘in-flight’ uniaxial electro-hydraulic

shaking table is made to simulate seismic excitation, as

shown in Fig. 1b. The shaking table has vibration fre-

quencies ranging from 10 to200 Hz. Its payload capacity is

500 kg, and its maximum lateral displacement and accel-

eration are 0.6 cm and 40 g, respectively. More details

about the device can be found in Ref. [18].

Two rigid containers were used to prepare the models.

One container of inner dimension 1 m (length) 9 0.45 m

(width) 9 1 m (height) was for static tests, and the other of

inner dimension 0.6 m (length) 9 0.4 m (width) 9 0.5 m

(height) was for dynamic tests. A 25 mm thick piece of

moldable Duxseal was placed on each side of the dynamic

container to reduce reflecting incident stress waves by at

least 65 % [19]. The front perspex made window was

convenient for direct observation of the experimental

phenomena.

Fig. 1 Centrifuge and shaking table
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2.2 Model pipes and transducers

The model pipes used in this study were manufactured

from aluminum alloy, with a density of 2.7 g/cm3 and outer

diameter of 40 mm. They simulated large diameter pipes

such as those of oil or gas pipelines. The surfaces of the

pipes were smooth. At each end, the pipes were sealed by a

perspex disc fixed with PTFE to reduce end friction.

In the static tests of pipelines uplifting in dry medium

dense sand, displacements of pipe, deformation and resis-

tance of soil were principally measured. The pipe was

connected to a vertical actuator through an aluminum tie

rod shown in Fig. 2a. A load cell was installed on this rod

to measure the uplift resistance of the soil. A laser dis-

placement sensor was used to monitor the vertical dis-

placement of the pipe during tests, as shown in Fig. 3a. The

load cell was made by MEAS in the USA with a measuring

range and a precision of ±2 kN and 0.3 % full scale output

(FSO), respectively. The laser displacement sensor was

made by WENGLOR in Germany with a measuring range

and a precision of 5 cm and 0.3 % FSO, respectively.

In the dynamic tests of pipelines uplifting in liquefied

soil, the ground acceleration response, excess pore water

pressure and pipe displacement were the main concerns in

this study. A micro pore pressure transducer, which had

been saturated and sealed up by petroleum jelly before the

tests, was placed at the same depth as the bottom of the

pipe to measure the excess pore water pressure. Taken into

consideration is that the potentiometer cable, that is com-

monly used, possesses a tension force which, to some

extent, will reduce the structure’s self-weight. In fact, the

tension force varies with the centrifugal acceleration and is

hard to calibrate [20]. Therefore, two aluminum alloy

spokes with discs on their ends were installed on the pipe,

as shown in Fig. 2b. The vertical displacements of the discs

could be measured by potentiometers, which guaranteed a

more precise and reliable measurement of the freely

moving pipe. The pore pressure transducer was made by

DRUCK in Japan with a 700 kPa measuring range and a

0.3 % FSO precision. The potentiometers had a 5 cm

measuring range and a 0.3 % FSO precision. The

accelerometer was made by KYOWA in Japan with a

100 g measuring range and a 0.2 % FSO precision. To

clarify the focus of the study and make the graph more

legible, only parts of the transducers used in the tests are

shown in Fig. 3b. The layout of the other transducers is

given in more detail in Ref. [21].

2.3 Model preparation

Fujian Standard sand, which is widely used in China for

geotechnical physical modeling tests [22, 23], was adopted

for the present study. It has a mean diameter (D50) of

0.16 mm, an unevenness coefficient (Cu) and a curvature

Fig. 2 Equipment detail of test I and test II

Fig. 3 The layout of pipes and sensors
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coefficient (Cc) of 1.6 and 0.95, respectively. The maxi-

mum and minimum void ratios are 0.96 and 0.61, respec-

tively. The model foundation was prepared by the

pluviation method. The sand was rained from a sieve in a

hopper into the container, with the falling height of the

hopper and the shape of the sieve kept constant based on

pre-calibrated results to obtain a constant relative density.

The design relatively density was 60 %.

The static tests were conducted in dry medium dense

sand. As the deformation mechanism of dry silica sand was

quite similar to the wet one [3, 9], the dry sand condition

was chosen to save time. And the buried depths H, from the

ground surface to the crown of pipe, were 1D, 2D and

4D (D represents the pipe diameter), respectively. The

foundation height of the model was 28 cm. It has already

been proved by the previous studies that the width of

surface deformation on each side of the pipe mid-line is

less than 3D [24, 25]. When the horizontal spacing between

two pipes is greater than 6D, there are no interaction effects

between them. To ensure that the relative densities of the

three models were as consistent as possible, three pipes for

the static tests were all buried in the larger rigid box at the

same time, as shown in Fig. 3a. The horizontal spacing

between the three pipes was 25 and 40 cm, respectively,

which met test requirements.

The dynamic tests were conducted in saturated medium

dense sand. The buried depths H were 0.5D, 2D and 4D,

respectively. The foundation height of the model was

30 cm. There was a conflict between the dynamic and

permeability time scales. To solve the problem, methyl

cellulose fluid was introduced to reduce the permeability of

soil [26]. Methyl cellulose fluid was introduced at a rate of

0.1 L/h into the model foundation when cooling down,

which was slow enough to avoid the sand boiling phe-

nomenon. The whole process of saturation took over 200 h

and the water level was kept at 1 cm above the ground

when the saturation was completed.

2.4 Seismic excitations

To investigate the effect of wave form and amplitude, three

types of excitation waves were input, i.e., the EL-Centro

wave, the Taft wave and two Zhejiang seismic waves. The

El-Centro wave was recorded at the Imperial Valley

Earthquake of California in 1940, with a primary period of

0.5 s, relating to a nearby earthquake. The Taft wave was

recorded during the Kem Earthquake in California in 1952,

with a primary period of 0.5 s, relating to a distant earth-

quake. These two waves are well-known records [27],

commonly used by researchers. The Zhejiang seismic wave

is an artificial one, appropriate to the seismic nature of

Zhejiang Province in China, with a 10 s duration. The

probabilities of these two Zhejiang seismic waves being

exceeded are 10 and 2 %, and their waveforms are a bit

different.

2.5 Image analysis

The deformation measurement system based on PIV was

used in the tests. PIV is a velocity-measuring technique

that was originally developed in the field of experimental

fluid mechanics. D. J. White first introduced PIV into

geotechnical testing to measure the micro-displacement of

soil. The surface of soil model observed is divided into a

number of fine patches. The displacement of each patch

can be traced by recognizing their textures. The deforma-

tion of the whole surface in the spatial scale (which is

transformed from the pixel scale by control markers) can

be acquired by comparing the coordinates of each patch in

the different pictures taken during the tests. More details

about the theory are given in Ref. [28].

A Canon G10 camera with the spatial resolution of 4416

pixel 9 3312 pixel was used in the tests. This camera

could take ten shots a minute, constantly refocusing along

the way. A set of black control markers used to calibrate

the photogrammetric transformation were fixed between

the pipe and the window before the tests. This transfor-

mation accounted for camera movement and image dis-

tortion. The diameter of the control markers was 3 mm, set

about 50 mm apart. To separate the control markers from

the soil, white insulating tapes with a diameter of 6 mm

were placed behind these markers.

The precision of PIV can be estimated by the following

Eq. [28]:

qpixel ¼
6

L
þ 150;000

L8
ð1Þ

where qpixel is a random error and L is length of the patch

(which is a square). In the study, the minimum length of the

patch was 32 pixels. So the random error was 0.19 pixel,

which was 1/17,431 of the spatial resolution of the digital

camera. The spatial size of the maximum region taken by

the G10 was 500 mm (length) 9 420 mm (width). The

corresponding random error, therefore, was 0.029 mm.

When the acceleration of centrifuge was 30 g, the random

error was 0.86 mm in the prototype satisfying the deter-

mination accuracy required.

In static tests, the camera was installed on the arm of the

centrifuge and was able to meet the test requirements. To

make the digital camera and the model box remain rela-

tively static, a camera mounting bracket was used in the

dynamic tests. The bracket was fixed on the rigid box, and

moved together with it during shaking, shown in Fig. 4a.

The distance between lens and box window was 25 cm and

which satisfied the measuring requirement. The position of

the light source is shown in Fig. 4b.
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2.6 Test program

Two categories of centrifuge model tests were conducted,

and each category can be subdivided into three conditions

based on the buried depth. The detailed information of tests

is shown in Table 1.

Category I was static tests of pipelines being uplifted in

dry medium dense sand. The uplifting rate of pipes, for the

similar studies [14, 29], with a small discrepancy was range

from 0.08 to 0.3 mm/min. To simulate the uplifting

buckling of a pipe in static state, the pipe was lifted

upwards very slowly at a rate of 0.133 ± 0.02 mm/min.

When the test started, the centrifuge was accelerated up to

30 g gradually at a rate of 3 g/min. The settlement induced

by acceleration was 4 mm, and was uniform throughout the

model. After the settlement had remained stable for about

10 min and no abnormal condition occurred, the pipe

began to be pulled upwards. After the uplift displacement

of the pipe reached 1 cm, the test was finished and the

centrifuge was slowed down to a stop.

Category II included dynamic tests of pipelines uplifting

in liquefied soil. The centrifuge was first gradually accel-

erated to 30 g. The settlement induced by acceleration was

5 mm, and was uniform throughout the model. The relative

densities of tests II-1, 2, 3 before shaking are shown in

Table 1. Although the largest relative density difference

among the three tests was 5.3 %, this discrepancy was

much less than occurred in previous studies [30, 31] and

had little impact on the results. The test results could be

compared. The excitation progress was divided into three

stages based on the acceleration amplitudes from weak to

strong. White noise excitations were applied before and

after each stage to test the fundamental frequency of the

model. The schedule of excitations and the uplifting status

of test II at each shaking stage are shown in Table 2. There

was at least a 30 min interval between any two stages of

shaking, so that the excess pore pressure could dissipate

entirely. After all excitations had been applied, the test was

considered finished along with the centrifuge going down.

The test data given in the sections below are given in

model scale, unless specifically stated otherwise. In pro-

totype scale, according to the scaling rules as summarized

in Table 3, the length, integrated force, etc. can be

increased by the scale-up factor (N or N2, etc.).

3 Results of tests

3.1 Results of pipe uplifted in dry medium dense

sand

3.1.1 Soil deformation mode around pipe

As the sand deformation modes around pipes buried at

different depths were quite similar, only the deformation

process of test I-2 is given below due to space limitations.

Figure 5 shows the displacement vector field calculated by

PIV of test I-2 during pipe uplifting (the vectors in the

figures are scaled up by a factor of 15 for clarity). With

increasing pipe uplift displacement, the soil deformation

was firstly observed directly above the pipe crown

extending to the ground surface, shown in Fig. 5b. Mean-

while, the deformation region expanded in the horizontal

direction gradually, as the region-boundaries changed from

curve A to curve B shown in Fig. 5c. A visible trumpet-like

deformation could be seen near the ground surface, as

curve C shown in Fig. 5d. After the peak resistance, the

shear failure zone and the ground heave could be clearly

seen. Once the maximum was reached, the deformation

region no longer expanded. The sliding region is defined as

Fig. 4 Camera equipment and light source

Table 1 Summary of tests

Test number Centrifugal acceleration H/D qd (kg/m
3) qsat (kg/m

3) ID (%) Pipe mass (kg) H (mm)

I-1 30 1 1502 – 59.2 0.2 40

I-2 30 2 1502 – 59.2 0.2 80

I-3 30 4 1502 – 59.2 0.2 160

II-1 30 0.5 1520 1943 65.2 0.3 20

II-2 30 2 1510 1937 61.9 0.3 80

II-3 30 4 1526 1947 67.2 0.3 160

ID has considered the settlement induced by the accelerating process of centrifuge
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the instantaneous deformation region shrinks. Figure 6

shows the displacement vector field of test I-2 after a pipe

displacement of 0.19D. The vectors in the figures represent

the incremental displacements between two images over a

time interval of 1200 s. It can be seen that the surrounding

sand fell around the pipe periphery to fill the cavity formed

beneath the pipe during its uplifting. The sliding region of

sand moving along with the pipe became smaller, and its

boundaries shrank from curve C to curve D and then to

curve E. The sliding region finally became a trapezium

Table 2 Shaking detail and

performance of test II [20]
Test no. Seismic excitation

Seismic wave Duration (s) Amplitude (g) Performance of pipe

Test II-1 Noise 1 0.02

Zhejiang seism wave (10 %) 0.1 Rise slightly

EL-Centro 0.1 Remain still

Noise 0.02

Zhejiang seism wave (2 %) 0.15 Sink slightly

EL-Centro 0.15 Rise slightly

Noise 0.02

EL-Centro 0.5 Rise

Taft 0.4 Rise

Noise 0.02

Test II-2 Noise 1 0.02

EL-Centro 0.1 Sink slightly

Zhejiang seism wave (10 %) 0.1 Remain still

Noise 0.02

EL-Centro 0.4 Rise

Taft 0.4 Rise

Noise 0.02

Test II-3 Noise 0.02

EL-Centro 0.1 Remain still

Zhejiang seism wave (10 %) 0.1 Remain still

Noise 0.02

EL-Centro 0.4 Rise

Taft 0.4 Rise

Noise 0.02

Only the amplitudes of seismic waves are in prototype scale

Table 3 The scaling ratios of

the centrifuge modeling
Physical quantity Dimension C Physical quantity Dimension C

Length L 1:N Velocity LT-1 1:1

Area L2 1:N2 Acceleration LT-2 N:1

Volume L3 1:N3 Integrated force MLT-2 1:N2

Water content 1:1 Distributed force ML-1T-2 1:1

Density ML-3 1:1 Moment of force ML2T-2 1:N3

Unit weight ML-2T-2 N:1 Frequency T-1 N:1

Cohesive force ML-1T-2 1:1 Stress ML-1T-2 1:1

Friction angle 1:1 Strain 1:1

Deforming coefficient ML-1T-2 1:1 Displacement L 1:N

Flexural stiffness ML3T-2 1:N4 Time T

Compressional stiffness MLT-2 1:N2 Dynamic process 1:N

Permeability coefficient LT-1 N:1 Permeability process 1:N2

Mass M 1:N3 Creep process 1:N

N the scale-up factor of acceleration field; C = model/prototype
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Fig. 6 Sliding region shrinks in unit time during the post-peak period
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with 1D of topline and 1/2D of baseline. As the pipeline

upheaval buckling is usually undetectable at the beginning,

the shrinking process is difficult to catch in field investi-

gation. Although this phenomenon is not yet explicitly

stated, it can be observed in similar model tests [30].

The area enclosed by curve C (the boundary of the

maximum deformation region of test I) and the ground

surface in the test I series are plotted in Fig. 7. It can be

seen that the width of ground heave deformation expanded

with increasing depth of burial. The width of the ground

heave deformation on each side of the pipe mid-line was

2.4D in test I-3, and 2.59 times of test I-1. The widths on

each side of the pipe, as stated above, were all less than 3D,

and were in conformity with previous researches. However,

the range of ground upheaval deformation still needs fur-

ther study for more deeply buried pipeline. Meanwhile, it

can be seen that the sliding region shrank more quickly

when the buried depth of the pipe is shallower. This was

probably because the lateral constraint pressure exerted by

soil at a shallow depth was smaller than a greater depth,

and the soil layer failing in shear could expand more easily.

The time history curves of vertical displacement (Sy�max)

along the pipe centerline in test I-1 and test I-3 are plotted

in Fig. 8. The dashed line represents pipe uplift displace-

ment. It can be seen in test I-1 that the curve of the soil was

close to the curve of the pipe for this shallow depth con-

dition. There was only a slight difference (which increased

with increasing distance between soil layer and pipe)

between the pipe and soil displacement vs. time curves.

However, when the pipe was deeply buried, the difference

of vertical displacement between soil and pipe was notable.

The value of the former was far less than the latter, as

shown in Fig. 8b. In the first 500 s of test I-3, the soil

above the pipe barely moved while the uplift displacement

of the pipe was more than 1 mm. Although the displace-

ment curve of the 0.2D soil layer (i.e., 0.2D above the pipe

crown) gradually became parallel to the displacement

curve of the pipe after 500 s, the difference in movements

between pipe and soil remained obvious for the soil at

some distance from the pipe. This means compression in

the soil was noteworthy above a deeply buried pipe.

The displacement vector field revealed the range and the

shape of the ground deformation region, but it could not

reflect changes in soil strain. To investigate the soil

deformation mechanism in more detail, the strain variation

of soil is discussed in the next section.

3.1.2 Strain and strain rate of soil around pipe

Through PIV analysis, the actual coordinates of each patch

in the pictures taken during tests can be acquired. The

compression strain in the soil in the y direction and the

shear strain can be obtained using these coordinates. The

calculation method is detailed in ‘‘Appendix’’.

H/D=2

H/D=4

H/D=1

Fig. 7 Deformation area and slide surface of test I
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The contours of shear strain cxy and compression strain

in the y direction ey for test I-3 are plotted in Figs. 9 and 10,
respectively. It can be seen that most of the surrounding

soil was in an elastic state in the early stage of pipe

uplifting, and the shear deformation and compression

deformation were concentrated only around the surface of

pipe. The strain contours in test I-3 at a pipe moving dis-

placement of 0.015D are shown in Figs. 9a and 10a.

The shear strain cxy and compression strain ey could be

observed in the soil above the pipe along with the pipe

uplift value. The shear strain zone was inclined and

extended upwards to the ground surface, indicating the

plastic zone formed, as shown in Fig. 9d. The compression

strain ey mostly appeared in the inverted trapezoid-like soil

block between the shear zones and also developed upwards

to the ground surface, as shown in Fig. 10b–d. Although

the displacement vector fields for the three tests in category

I at peak resistance were different, their strain contours

were quiet similar. The plastic zones were all distributed

within a 1D range above the pipe, as shown in Figs. 9b and

10b. When the soil resistance reached its peak value, the

maximum shear strain generally ranged from 5 to 8 %.

The shear bands in the soil propagated at an accelerating

rate after the peak, and finally extended upwards to the

ground surface. Based on analyses of the displacement

vector fields and strain contours, the sliding region, looked

like an inverted trapezoid, moved upwards with pipe. This

was in accordance with the sliding block mechanism theory

used in the calculation of soil resistance [28]. It is worth

mentioning that the sliding block was not rigid. In addition

to its shrink in size, compression existed within the sliding

block.

The cxy�max (the maximum shear strain at each depth) of

the soil above the pipe at different depths in test I-2 are

plotted in Fig. 11. In the first 300 s, the cxy�max value was

only distributed from 0 to 0.5 %. There was little differ-

ence between the maximum shear strains at each depth, and

the corresponding soil resistance curve followed in a linear

pattern at the same time, as shown in Fig. 12. The soil was

still in a state of elastic deformation. After 300 s, the

cxy�max became quite different. The shear strain of the soil

developed faster for the soil closer to the pipe. Part of the

soil above the pipe was in a plastic state. There seemed to

be a link between the rates of decline of soil uplift resis-

tance and shear strain during the post-peak period. As the

maximum shear strain remained stable, the soil resistance

dropped very slowly during the period 2000s–2900s in

Figs. 11 and 12. Because of the periodical squeezing,

shearing and crushing of soil particles, the shear strain rate

fluctuated during pipe uplifting. The magnitude of the shear

strain rate was small, basically ranging from ±0.01 %/s, as

shown in Fig. 13.

The value of ey�max (the maximum compression strain at

a certain depth) and the compression strain rate in the soil

above the pipe for different depths in test I-3 is plotted in

Fig. 14. It can be seen that the compression strain was

mostly concentrated in the soil up to a 10 cm above the

pipe. The compression strain rate also fluctuated during

pipe uplifting and ranges within ±0.005 %. These phe-

nomena were also observed in the other two tests.

(a) S=0.015D (b) S=0.04D

(c) S=0.065D (d) S=0.09D

Fig. 9 Shear strain of soil during uplift in test I-3

(a) S=0.015D    (b)  S=0.04D

(c)  S=0.065D (d)  S=0.09D

Fig. 10 Compression strain of soil during uplift in test I-3
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3.2 Results of pipe uplift in liquefied sand

3.2.1 Uplifting displacement of pipe

The failure mechanism of pipe induced by soil liquefaction

is different from the vertical uplifting of a pipe caused by

external forces (such as thermal and internal pressure

actions, or ground ruptures). The loss of shear strength of

the soil due to build-up of excess pore pressure results in

pipeline instability. Sinking or floatation failure mode can

both take place during liquefaction.

The vertical displacement vs. time curves of pipes in the

series of category II tests under 0.4 g (or 0.5 g) El-Centro

wave are shown in Fig. 15. Herein, negative values of

displacement mean that the pipe settles down, and positive

values represent uplift. As the vertical displacement ten-

dencies of pipes subjected to other waves with different

amplitudes were similar, the other test results are not given

below owing to space limitation. It can be seen that the
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pipe settled immediately at the beginning of shaking. The

pipe soon recovered to its original position due to the

elasticity of the sand. The pipe then started to rise. When

the shaking ceased, the vertical displacement of the pipe

went on increasing slightly or decreasing.

Some researchers hold the view that the uplifting of the

pipe is highly dependent on the input earthquake motion,

and weakly relates to the increase of excess pore water

pressure [32, 33]. It seems according to the tests that this

view may be confirmed as the uplifting phenomenon of

pipe occurred during the shaking. Through the records

measured by the pore pressure transducer, the uplifting

movement was determined not only by the shaking itself

but also in response to the extra pore water pressure. The

uplifting displacement of pipe was closely related to the

build-up of pore pressure in the ground.

The excess pore pressure ratio Du
�
r0v0 defined as the

value of the excess pore pressure Du (measured by pore

pressure transducer at the same depth as the bottom of

pipe) normalized by the initial vertical effective stress r0v0
represents the degree of soil liquefaction. The vertical

displacement vs. time curve and the excess pore pressure

ratios vs. time curve in test II-2 under the El-Centro wave

with different amplitudes are plotted in Fig. 16. It can be

seen that the uplifting of the pipe did not take place

immediately after the vibration start. Moreover, when the

maximum excess pore pressure Dumax was small, the pipe

was settled along with the soil particles rather than uplift-

ing as shown in Fig. 16a. The relationship between the

maximum uplifting displacement of the pipe and the

maximum excess pore pressure ratio Du
�
r0v0max

obtained

during tests under each shaking is shown in Fig. 17.

Apparently, uplifting of the pipe occurred when the max-

imum excess pore pressure ratio Du
�
r0v0max

exceeded a
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threshold which relates to the pipe buried depth. Uplifting

of the pipe took place when Du
�
r0v0max

exceeded 0.4 for

0.5D buried depth condition. An insignificant displacement

appeared when Du
�
r0v0max

exceeded 0.64 for 4D buried

depth condition. The uplifting displacement of the pipe

buried to a certain depth was related by a power function

relationship to excess pore pressure. It can be seen that the

uplifting displacement was larger when the buried depth of

the pipe was shallower for the same excess pore pressure

ratio.

3.2.2 Soil deformation image analysis

As the frequency of camera shots was limited, the soil

deformation process during dynamic tests could not be

captured. However, by PIV analysis comparing the two

pictures taken before and after shaking, the soil deforma-

tion behavior due to that shaking could be acquired. The

soil deformation mechanism of the soil around the pipe in a

liquefied field is analyzed below.

The deformation modes of the soil surrounding a pipe

induced by liquefaction and axial force were quite differ-

ent. Figure 18a, b presents the displacement vector field of

test I-1 and test II-2 at a pipe displacement of 0.18D. It can

be seen in Fig. 18a that the width of influence on the soil

when pipe was uplifted in test I-1 was just 1.5D. The

wedge-shaped sliding block was moving upwards along

with the pipe and the soil outside the block was barely

influenced. The width of influence on the soil was smaller

when the buried depth of the pipe was shallower. Mean-

while, the soil flowed in a circle around the pipe when the

pipe uplifted in liquefied ground, as shown in Fig. 18b. The

width of ground upheave deformation was about 2.5D. At a

distance of 1.25D from the pipe center, the ground settled

followed by upheaving. The width of soil influenced by the

circular flow underground surface could reach even as far

as to 5D, far more than the influence width on the soil in

Fig. 18a. Apart from deformation observed above the pipe,

the soil beneath the pipe, for a distance of about 1D, also

deformed.

As the soil deformation flow path was incomplete

because the buried depth of pipe in test II-1 was too

shallow, the displacement vector field of the soil in test II-2

under the EL-Centro wave (amax = 0.4 g) is plotted as

supplementary in Fig. 19 (the vectors in the figure is scaled

up by a factor of 5 for clarity). The soil directly above the

pipe was raised by the uplifting pipe. At the distance above

the pipe crown of about 1D, the soil gradually moved away

from the pipe’s centerline and replaced the soil which had

moved into the displaced void beneath the pipe. The soil

beneath the pipe was disturbed for a distance of about

1D. The flow tendency around the pipe was more obvious

in soil near to the pipe than far away from it. The soil

around the pipeline flowed in a heart-shaped region from

top to bottom of the field. At a distance of about 3D from

each side of the pipe centerline, all the soil was involved in

the circular flow. Within the heart-shaped region, a small

elliptically shaped closed loop was located at each side of

the pipe shoulder at a distance 0.25D. The soil within the

closed loop had almost no displacement while the soil

between the pipe and the closed loop moved upwards along

with the pipe and soil away from the pipe flowed down

around the surface of the closed loop. In a liquefied field,

apart from the soil deformation within the range of influ-

ence of the circular flow, settlement of soil still existed

outside this range. As for test II-1, the settlement was

largest at the ground surface. A similar circular flow

deformation mechanism was observed by Yasuda and Kiku

[34] during field investigations in 2004 Niigataken-Chuetsu

Earthquake in Japan.

These typical characteristics described above were dif-

ferent from the deformation of soil around a pipe uplifting

in static ground, as the mechanisms causing damages were

different. When vertical uplifting of pipe was caused by an

external force, the soil above pipe was lifted as a wedge-

shaped block and shear failure mainly occurred between

soil particles. The influence range of the failure was small.

When the ground was liquefied during shaking, however,

the soil properties had greatly changed. With an increasing

degree of soil liquefaction, the soil was transformed into a

fluid gradually. When uplifting failure of the pipe took

place, the soil above the pipe could not move upward as a

block. The pipe uplifting was highly dependent on such as

the build-up of the excess pore pressure, the shear strength

of the soil, the seismic wave characteristics, etc. This type

of damage occurred in a short time, and quite a large area

around the pipe could be affected.
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The buried depth for test II-3 was greater than for the other

two category II tests. That the uplifting displacement was

very small and the circular soil flow deformation did not

appear is evident from Fig. 20 (the vectors in the figure are

scaled up by a factor of 10 for clarity). This was caused by the

heavy weight of the soil above the pipe and the low degree of

liquefaction. As the amount of data were limited, critical

excess pore pressure ratio causing pipe uplift for different

buried depths could not be deduced. However, it was certain

that the greater the pipe buried depth the better the ground

stability during liquefaction induced by an earthquake.

Obvious vibration deformation in the ground is also seen in

Fig. 20, to be quite different to that of tests II-1 and II-2. The

ground soils in the latter two cases, as stated above, were

more affected by the buried pipe and the deformation mode

was symmetrical along the pipe centerline. However, in test

II-3, the deformation was more inclined to resemble the

response of a free-field to an earthquake and was less influ-

enced by the presence of the pipe.

4 Conclusions

Through centrifuge model tests, the deformation behaviors

of medium dense soil around a buried pipe induced by (1)

external forces (such as thermal and internal pressure

actions, or ground ruptures) and (2) by soil liquefaction

were studied. The deformation mechanisms and the areas

around the pipeline affected by those deformations under

these two types of damages were quite different.

When the pipe uplifts due to external forces, at first

strains were only observed in the soil above the pipe for a

Fig. 18 Deformation mode of

soil surrounding pipe under

different trigging reason
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distance of about 1D. The shear strains generally ranged

between 5 and 8 % at peak soil resistance. Along with the

uplifting of the pipe during the post-peak period, a shear

failure plane with an inclined angle extended upward to the

ground surface. A trumpet shaped deformation reached the

ground surface. In the resistance—softening stage, the soil

beside the pipe shoulder fell around the pipe periphery

reducing the size of the sliding soil block. The range of the

ground surface deformation expanded with increasing pipe

buried depth. In the study reported here, the widths of

ground surface deformation on each side of the pipeline

were all less than 3D.

In the case of a liquefied soil due to earthquake, the soil

around the pipeline gradually flowed around the pipe

within a heart-shaped region. The deformation range of the

soil at the surface in the case of shallow buried pipe was

about 5D–6D, greater than that due to external forces for

the same buried depth. The soil beneath the pipe could also

be disturbed during uplifting. Both upheaval and settlement

deformation could be observed at the ground surface, but

the uplifting behavior of a pipe was highly dependent on

the build-up of excess pore pressure. Only when the value

Du
�
r0v0max

exceeded a threshold which relate to the pipe

buried depth, could the pipe started to float. The uplifting

displacement of a pipe was related to excess pore pressure

ratio by a power function.
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Appendix

The actual coordinates of each patch on the observation

surface can be obtained through a PIV analysis. Each patch

is regarded as a mass point. Every four adjoining mass

points can constitute a rectangular soil element. As the

deformation of the soil element is symmetrical [35], only

three points in the rectangular soil element are needed to

calculate the shear strain and normal strain.

Figure 21 illustrates that point P, point A and point B

move to the position of P0, A0 and B0 respectively. The
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displacements of the three points are indicated in the

figure. Point P is taken at location (Px, Py), and the

displacement components of this point are thus u and v.

The corresponding displacements of point A are uþ ou
ox
dx

and vþ ov
ox
dx while the displacements of point B are uþ

ou
oy
dy and vþ ov

oy
dy based on the small deformation the-

ory. The normal strain in the x direction can thus be

defined by

ex ¼
uþ ou

ox
dx� u

dx
¼ ou

ox
: ð2Þ

In similar fashion, the normal strain in the y direction

becomes

ey ¼
vþ ov

oy
dy� v

dy
¼ ov

oy
: ð3Þ

For small deformations tan a & a and tan b & b, and
the shear strain can then be expressed as:

cxy ¼ aþ b ¼
vþ ov

ox
dx� v

dx
þ
uþ ou

oy
dy� u

dy
¼ ov

ox
þ ou

oy
:

ð4Þ

Combined the coordinates of the points and the formulae

of strain derived before, the coordinate expression of strain

can be expressed as:

ex ¼
ðA0

x � P0
xÞ � ðAx � PxÞ

ðAx � PxÞ
ð5Þ

ey ¼
ðB0

y � P0
yÞ � ðBy � PyÞ

ðBy � PyÞ
ð6Þ

cxy ¼
ðA0

y � P0
yÞ � ðAy � PyÞ

ðAx � PxÞ
þ ðB0

x � P0
xÞ � ðBx � PxÞ

ðBy � PyÞ
:

ð7Þ

In the present study, the contours of ey and cxy of soil are
described in detail. And the negative value of ey in the

paper represents the compression strain of soil.
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