
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

The paper was published in the proceedings of the 7th 

International Conference on Earthquake Geotechnical 
Engineering and was edited by Francesco Silvestri, Nicola 
Moraci and Susanna Antonielli. The conference was held 
in Rome, Italy, 17 – 20 June 2019.

https://www.issmge.org/publications/online-library


Earthquake Geotechnical Engineering for Protection and Development of
Environment and Constructions – Silvestri & Moraci (Eds)

© 2019 Associazione Geotecnica Italiana, Rome, Italy, ISBN 978-0-367-14328-2

Uplift of buried pipelines in liquefiable soils using shaking table
apparatus

M. Castiglia & F. Santucci de Magistris
University of Molise, Campobasso, Italy

J. Koseki
The University of Tokyo, Tokyo, Japan

ABSTRACT: The protection of pipelines from natural hazards is an important task for
engineers, as any damage would result in loss of functionality and possible release of environ-
mentally dangerous substances, if they are used for the transportation of hydrocarbons. The
uplift of a gas buried pipeline in loose saturated sandy soil deposit caused by earthquake-
induced liquefaction phenomenon has been studied through shaking table tests in a model
scale of 1:10. The experiments were conducted at the geotechnical laboratory of the University
of Tokyo. In this paper, the results of four different tests will be presented: an innovative pro-
tection system, constituted by gravel bags, placed above or below the pipe has been proven to
be effective in mitigating the uplift effects through a low-cost technology.

1 INTRODUCTION

The pipeline system provides medium of transportation for fluids which could vary from crude
oil or natural gas to water or sewage fluids. Their construction is challenging due to natural
hazards that might cause loss of functionality and possible danger to the environment (Datta
1999). Most disruptive issues are related to ground shaking in level grounds by earthquake
events which could induce various threats such as lateral movements, flotation, and subsidence
of buried structures in case of liquefaction (Lanzano et al. 2013, 2015). During earthquake shak-
ing, in saturated loose sandy soil deposit, the pore water pressure might increase thus leading to
a loss of soil strength and rearrangement of soil grains. In this condition, uplift of light under-
ground structures (i.e., onshore natural gas pipeline) might also occur resulting from the buoy-
ancy effect of the hydraulic thrust and the flotation due to earthquake forces (Figure 1). The
mechanism of flotation because liquefaction is well described by Koseki et al. (1997, 1998) using
shaking table tests and by Chian et al. (2015) through centrifuge tests. The Authors highlight a
soil flow around the light-weight buried structure, mainly due to the reduction of shear resist-
ance in the surrounding soil caused by liquefaction and the presence of a hydraulic gradient in
excess pore water pressure, both responsible of the pipe uplift.
Numerous cases of uplifting of buried structures are reported in areas where liquefaction

hazard is high. For example, Kobe Earthquake in 1995 caused extensive gas leakage from
buried pipelines with subsequent fires ignition (EQE International 1995); the Chi-Chi Earth-
quake of 1999 in Taiwan also induced serious damage to natural gas supply systems (Chen
et al. 2000). Floatation of structures like manholes, pipelines, and tanks have been observed
during the 2004-2007 Niigata Earthquakes (Tobita et al. 2009), 2010 Chile Earthquake
(GEER 2010) and the 2011 Tohoku Earthquake (Chian & Tokimatsu 2012). In addition, the
2010-2011 Christchurch Earthquake sequence induced liquefaction on a vast area and massive
damage to buried infrastructure has been accounted (Cubrinovski et al. 2012).
Conventional methods to prevent liquefaction have been widely used worldwide and are

enough consolidated in terms of implementation and results but their effectiveness in the
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mitigation of liquefaction for buried pipelines is less known. Different solutions have been
investigated over years to assess this problem (e.g., Andrus & Chung 1995) and recently new
techniques are developing to satisfy engineering economy, environmental impact, technical
performances and durability criteria (Orense 2015).
An overview of existing remedial measures with reference to buried structures is given in Casti-

glia et al. (2017), while computational approaches are summarized in Castiglia et al. (2018). For
the specific problem of pipelines, various aspects need to be considered such as different soils
characteristics for the length of the pipeline track, time for the solution to start being effective on-
site, life of the solution when compared with the design life of the pipe, amounts and costs of the
materials and simplicity of realization. Overall new technologies and new materials seem to have
satisfactory results promising for future applications but there are not yet solutions which can be
considered as a standard. Therefore, a comprehensive research program is in progress to analyze
cost-effective alternatives to the traditional methods to ensure the stability of natural gas pipelines
crossing liquefiable soil (Castiglia 2019). In industry, customary safeguard methods mainly con-
sist in increasing the pipe weight by coating or using screw anchors. In this research, the goodness
of a new protection system, constituted by gravel bags, placed above (Ling et al. 2003) or below
the pipe has been demonstrated using laboratory scaled model tests on shaking table.

2 MODEL TESTS

Four 1-g shaking table tests are performed reproducing, in the model scale, a saturated sandy
soil deposit with a gas pipe buried at the depth of interest for the common practice and applying
series of input motion. For two of the tests, an uplift remedial measure is adopted. Accelerom-
eters (AC), pore water pressure transducers (PW) and laser sensors (LS) are installed to record
the time history of the horizontal acceleration of the structure and soil layers, the time history of
pore water pressure and the vertical displacements of the ground surface and of the pipe. The
aim is to assess the behavior of the buried structure under cyclic loading in case of liquefaction.

2.1 Apparatus, equipment and model

The apparatus is composed of a rigid soil box 260 cm long, 60 cm high and 40 cm wide made
of steel frames and transparent acrylic walls on the two long sides. Inside walls are enveloped
with geotextile to reduce the boundary effects of the rigid box on the soil model. The box is

Figure 1. Liquefaction affecting buried pipelines.
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connected in the bottom part to a hosepipes water supply system that provides water into the
soil container at low pressure and, also, allows the water discharge. The model is prepared by
filling the box with Silica Sand No.7 using a sand hopper which allows controlling the relative
density of the deposit by the opening of the holes mesh at its bottom and to air-pluviate the
sand uniformly reproducing the natural depositional process by air (Towhata 2008). The
model is prepared layer by layer, meanwhile installing AC and PW transducers at different
heights and the buried structure at the depth of interest. Some AC and PW are also attached
to the structure and they are organized in three different columns in the soil model. The pipe
axis is placed in the short direction of the soil box. The soil deposit is 55 cm high and the
initial relative density is set around 45%. After completion, the soil model is saturated with
water raised from the bottom; the water level is kept 5 cm below the ground top surface.
In the model tests a 1:10 scale is used. The stress level in 1-g shaking table tests is lower

than the real case and hence a law of similitude needs to be adopted which links the model
and the real scale in terms of the dynamic behavior through coefficients to be applied for spe-
cific parameters of interest (Towhata, 2008). For 1-g gravitational field shaking table tests on
soil-structure-fluid models, the similitudes proposed by Iai (1989) can be applied. In this
research, being N=10 the similitude adopted parameters are the following: geometry 1:N;
acceleration 1:1; and, input time history frequency from 1:N1/2 to 1:N3/4. The input time his-
tory duration was adjusted to have 20 cycles of shaking.

2.2 Experimental program

A wide experimental program was executed. Here, only four tests are discussed. Test T1_1 is the
reference test to quantify the amount of uplift of the pipe alone, applying series of sine wave input
motion which amplitude is modified step by step; T1_2 differs for the application of a pre-shake
of 0.15 g before each shaking step (Figure 2). T1_2 was designed to be a repeatability check of
T1_1 but the pre-shake occurred unexpectedly after a technical issue with the shake table. How-
ever, it was used to understand how a single pulse perturbation with overall amplitude smaller
than the shaking step could affect the liquefaction resistance of soil deposit and, specifically, the
response in uplift of the buried structure; T1_3 and T1_4 are performed by adding a gravel bag
respectively on the top and on the bottom of the pipe as a mitigation measure (Figure 3a, b). The
layout of T1_1 is available in Figure 4 showing the vertical and horizontal sections of the soil
container with the distribution of the sensors for each layer, the geometries, the distances, and the
pipe information. For the remaining tests, as the layout is almost the same, the zoomed section
on the location of the sensors in the pipe column is presented in Figure 5. For T1_3 the bag is not
attached to the pipe but it is entrapped in the vertical steel frames used to monitor the displace-
ments and, therefore, the movement is not completely independent. For T1_4 the bag is instead

Figure 2. Base acceleration time history for the pre-shake in T1_2.
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connected to the pipe with a steel frame as an independent vertical movement of the pipe and the
bag was expected. Please note that for T1_4 the burial depth of the pipe was reduced to insert the
gravel bag below it. This choice is taken not to be too much close to the base of the soil box and,
thus, allowing the liquefaction phenomenon to develop also in the layer below the structure. The

Figure 3. Gravel bag details. a) above the pipe for T1_3 and b) below the pipe for T1_4.

Figure 4. Model layout for T1_1.

Figure 5. Sensors arrangement for T1_2, T1_3 and T1_4.
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reason behind the selection of a gravel bag as remedial measure comes from the problem state-
ment as the insertion of a non-liquefiable layer in the column of the pipe would contrast the soil
flow responsible of the uplift and, thus, reducing or preventing the uplift of the embedded struc-
ture. The gravel bag lends itself well to this aim because of its non-liquefiable properties, easiness
of installation in the field and also for the possibility to use this system together with the add-
itional benefit of drainage in real soil condition. Additional consideration needs to be done with
reference to the position of the non-liquefiable material in the column and to assess this aspect
two positions of the gravel are considered in the experimental program.
The shaking is performed in the longitudinal x direction, thus studying the behavior

of the pipe and the surrounding soil in the transversal section of the structure. The test
program is composed of successive shaking steps with 5 Hz sinusoidal waves for 4 s of
duration. The amplitude of the input motion is increased by 0.1 g for each shaking
step during the phase ‘a’ starting from 0.1 g up to 0.6 g, in the next phase ‘b’ the amp-
litude is decreased by 0.1 g up to 0.1 g and in the last phase ‘c’ an acceleration time
history of 0.8 g is applied to verify if the maximum response of the model in terms of
uplift is achieved. A total number of 12 shaking steps is applied to each test. After
each step, if an excess of pore water pressure was recorded, the discharge would be
activated to re-establish the initial soil condition.
The parameters of frequency and duration are selected based on the application of 20 cycles

of loading to the model. Similar shaking table tests showed that the application of 20 cycles is
enough to reach the condition of complete liquefaction (e.g. Teparaksa 2017, Iqbal 2017). The
frequency of the input signal is scaled to obtain real earthquakes with a mean period ranging
in the interval 0.5-1.0 s. For the recordings, a sampling frequency of 500 Hz is used.

2.3 Materials

Silica Sand with grade No.7 is used for this work. This is artificial sand produced from
crushed rock, mostly composed of silicate minerals. Grain size distribution is in Figure 6a.
For this material, the specific gravity, Gs, is 2.640; maximum and minimum void ratio are
respectively, emax 1.129 and emin 0.670. Black-colored sand with the same characteristics is
used into the soil model to create a mesh visible from the transparent wall of the soil container
for the observation of the soil deformation during the tests.
The system employed to mitigate the pipe uplift is composed of a deformable bag of plastic

material with an opening mesh of 0.84 mm, with dimensions of about 30 cm x 40 cm x 5 cm
filled with a fine gravel with specific unit weight of 19 kN/m3 which grain size distribution is
shown in Figure 6b. Fine gravel was selected for this research not to account for the drainage
effect that could be exercised during the test execution from coarse gravel. This is due to the
unfeasibility to quantify separately the drainage effect and presence of the gravel like a non-
liquefiable material on the mitigation of the uplift. Also, this choice is linked to the unfeasibil-
ity of reproducing the real permeability law in the scaled model, that is one of the most
important aspects when drainage effect is considered.

Figure 6. Grain size distribution for Silica Sand n.7 (a) and gravel (b).
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The pipeline is modeled with a DN100 PVC pipe 40 cm long closed with caps at both ends to
avoid the inflow of sand and water. The caps are covered with a layer of a sponge of around 10
mm thickness to reduce the friction between the pipe and the soil box walls. A steel structure is
fixed at the pipe and used to monitor the displacements of the pipe from the ground surface
with the laser sensors (Figure 3b). The apparent unit weight of the pipe is 6.8 kN/m3.

3 EXPERIMENTAL RESULTS

3.1 Soil deformations, pipe uplift and ground settlements

A camera was installed in front of the transparent wall of the soil box fixed on the moving
base and pictures are taken during shaking. A comparison between initial and deformed con-
figuration is available in Figure 7 for the four tests. Please note that for test T1_1 the picture
is available only up to 0.6 g (a) because of some problems occurred with the camera. Black
vertical and horizontal lines used on the face of the model help understanding the deformation
of the soil in the area around the pipe. In tests with a remedial measure, i.e. T1_3 and T1_4,
the deformation of the soil around the pipe is minute and the uplift of the pipe is almost zero.
Cumulative pipe vertical displacements achieved with the application of the shaking steps and
dissipation phases are shown in Figure 8a. Liquefaction starts to occur at 0.2 g (a), but uplift
starts to be significant with the application of 0.3 g (a) when the liquefaction affects more
layers of the soil deposit. Once uplift started, overall vertical displacements continue up to 0.3
g (b), when the liquefaction process is still affecting some of the layers. The application of the
final time history with amplitude 0.8 g does not affect more the pipe displacement, this is due
to the increase in relative density of the soil achieved with the application of all the steps. Due

Figure 7. Comparison between initial and deformed configuration for T1_1, T1_2, T1_3 and T1_4.

Figure 8. Cumulative vertical displacement for a) pipe and b) free field ground.
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to the very strong amplitude on the model, a drop or an increase in the vertical displacement
of the pipe can be observed in the dissipation phase of 0.8 g (c). Strange behavior is also
observed in the free field ground, where after the settlement achieved with the application of
0.8 g, the dissipation phase records a settlement reduction instead of an increment. This aspect
can be observed in Figure 8b showing the cumulative free field ground settlements achieved
with the application of the shaking steps and dissipation phases and the relative density, Dr,
in percentage attained for each phase composed of loading and dissipation. The Dr values are
obtained from laser sensors measurements on top free field ground. Results for 0.8 g (c) are
not available for T1_1. Figure 8a shows a maximum cumulative uplift of about 15 mm for test
T1_1. Instead, due to the induced stress and strain history including the pre-shakes in the soil
deposit, without clear effects of densification, a reduction in the liquefaction resistance is
observed for T1_2 recording uplift values almost equal to twice. In this case, the uplift already
starts at 0.2 g (a). Both the tests with the mitigation measure show no uplift of the pipe,
instead, small values of settlements are observed consistently with the slightly bigger unit
weight of the gravel as compared to that of sand.

Figure 9. Pore water pressure in the pipe column during the application of 0.3 g (a).
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3.2 Considerations on the mitigation measure

The results show efficacy for both cases of gravel above and below but some additional con-
sideration is necessary. Looking at Figure 7, the deformations of the soil above the pipe are
bigger for the test T1_4 as compared to T1_3, thus indicating bigger stability for the system
with the gravel above. T1_4 results show bigger excess pore water pressure as compared to
T1_3 for some of the sensors near the pipe: one example is given in Figure 9. In this figure is
possible to compare the excess pore water pressure time histories of the sensors in the
column of the pipe for T1_3 on the left-hand side with results for T1_4 in the middle. For
T1_3 excess pore water pressure is very high immediately below the pipe and then it reduces
moving towards the top surface, for T1_4 instead excess pore water pressure is high below
the gravel bag and it is still high at the base of the pipe and for the sensor laterally attached
to the pipe. This aspect has two consequences, one is that it is absolutely necessary to con-
nect the pipe and the gravel bag otherwise the large pressure will allow the structure to uplift
leaving the gravel in its own position. Second is that the pore water pressure is high in a
wider area. For the latter consideration, high pore water pressure means lower effective
stress which means a reduction in shear stress. With this same logic, it is possible to analyze
the right-hand side of Figure 9, where T1_3 shows the lowest value of pore water pressure.
Also, for specific site conditions, it could be necessary to deep the excavation to allow the
location of the gravel bag if designed below the pipe, thus requiring additional costs. For
these considerations, the system with the gravel above the pipe is considered most effective.
Also for this case, it would be always good practice to link the bag to the pipe. The pipe

exercises a pressure on the gravel bag when the uplift process starts, so pipe and bag would
move together along the vertical direction. However, the application of earthquake motion
may lead the gravel to move horizontally as compared to the pipe. For this specific set of
tests, it is difficult to assess this problem both for the presence of the vertical steel frames (see
Figure 3a) and because of the application of uniform loading which allows the structure to go
back to its initial position after the application of the shaking step. After observing the small
settlements of the pipe arranged with gravel bag, it appears a good practice to use gravel with
a unit weight like that of sand.
Being the permeability in the model test five time higher than in the real case (Iai 1989), the

dissipation of excess pore water pressure would be less in the field. Hence, the possibility to
increase the dimensions of the gravel bag or to arrange a drainage system directly connected
to the gravel would enhance the success of the countermeasure.

4 CONCLUSIONS

As an attempt to study the effectiveness of new remedial measures to increase the stability of
onshore pipelines subjected to uplift in liquefiable soils under seismic excitation, four shaking
table tests are performed. A gravel bag placed above and below the pipe is used as a mitigation
system. The good response of these new methods is demonstrated by comparing their perform-
ances with those of the pipelines without remedial, under otherwise the same testing conditions.
Both proposed systems show satisfactory results. The presence of higher deformations, high
excess pore water pressures, the necessities related to connections between pipe and gravel and
to the depth of excavation led to consider the arrangement with the gravel above the pipe as the
most effective remedial for the specific study, adopting solutions cheaper than conventional
methods.

ACKNOWLEDGMENT

For the test development, the precious assistance of Mr. M.S. Iqbal and Miss. E. Baboz, M.Sc.

students at the University of Tokyo is sincerely acknowledged. Warm thanks are also given to

the Saipem corporation (Italy) for the partial support to this research and for the continuous

and fruitful discussions with the corporation staff led by Mr. A. Napolitano and Dr. A. Parlato.

1645



REFERENCES

Andrus, R.D. & Chung, R.M. 1995. Ground Improvement Techniques for Liquefaction Remediation

Near Existing Lifelines. Proc. Sixth Japan-US Workshop Earthq. Resistant Design of Lifeline Facilities

and Countermeasures against Soil Liquef. (M. Hamada and T. O‘Rourke Eds.) NCEER-96-0012,

457–476.

Castiglia, M., Morgante, S., Napolitano, A. & Santucci de Magistris, F. 2017. Mitigation measures for

the stability of pipelines in liquefiable soils, The Journal of Pipeline Engineering, 16(3): 115–139.

Castiglia, M., Santucci de Magistris, F. & Napolitano A. 2018. Stability of onshore pipelines in liquefied

soils: Overview of computational methods, Geomechanics and Engineering, 14(4): 355–366.

Castiglia, M. 2019. The experimental study of buried onshore pipelines seismic-liquefaction induced ver-

tical displacement in shaking table tests and its remedial measures, Ph.D. Thesis, The University of

Molise. Italy.

Chen, W.W., Shih, B.J., Wu, C.W. & Chen, Y.C. 2000. Natural gas pipeline system damages in the Ji-Ji

earthquake (The City of Nantou), Proc. of the 6th intern. conf. on seismic zonation.

Chian, S.C., Tokimatsu, K. 2012. Floatation of underground structures during the Mw9.0 Tohoku earth-

quake of 11th March 2011, Proc. of the15th world conference on earthquake engineering. Lisbon.

Chian, S.C., Wang, J., Haigh, S.K. & Madabhushi, S.P.G. 2015. Soil deformation during monotonic and

seismic pipe uplift in liquefiable soil, The Journal of Pipeline Engineering, 14(1), 33–41.

Cubrinovski, M., Duncan, H. & Bradley, B.A. 2012. Liquefaction impacts in residential areas in the

2010–2011 Christchurch earthquakes, Tohoku Special Conference Paper 183.

Datta, T. K. 1999. Seismic response of buried pipelines: a state-of-the-art review, Nuclear Engineering

and Design, 192(2-3): 271–284.

EQE International. 1995. The January 17, 1995 Kobe earthquake: an EQE summary report. San

Francisco.

GEER. 2010. Geoengineering reconnaissance of the 2010 Maule, Chile earthquake, Report of the NSF

Sponsored GEER Association Team. GEER Association Report No. GEER–022

Iai, S. 1989. Similitude for shaking table tests on soil-structure-fluid model in 1g gravitational field, Soils

and Foundations, 29(1): 105–118.

Iqbal, S.M. 2017. Study of pre-shake effects on liquefaction & reliquefaction resistance of sandy soils in

shake table. Master thesis, Department of Civil Engineering, University of Tokyo. Tokyo: Japan.

Koseki, J., Matsuo, O. & Koga Y. 1997. Uplift behavior of underground structures caused by liquefac-

tion of surrounding soil during earthquake, Soils and Foundation 37(1): 97–108.

Koseki, J., Matsuo, O. & Tanaka S. 1998. Uplift of sewer pipes caused by earthquake-induced liquefac-

tion of surrounding soil, Soils and Foundation 38(3): 75–87.

Lanzano, G., Salzano, E., Santucci de Magistris, F. & Fabbrocino G. 2013. Seismic vulnerability of nat-

ural gas pipelines, Reliability Engineering & System Safety, 117: 73–80.

Lanzano, G., Santucci de Magistris, F., Fabbrocino G. & Salzano, E. 2015. Seismic damage to pipelines in

the framework of Na-Tech risk assessment, J. Loss Prevention in the Process Industries, 33: 159–172.

Ling, H.I., Mohri, Y., Kawabata, T., Liu, H., Burke, C. & Sun L. 2003. Centrifugal Modeling of Seismic

Behavior of Large-Diameter Pipe in Liquefiable Soil, J. Geotech. Geoenv. Eng., 129(12): 1092–1011.

Orense, R.P. 2015. Recent Trends in Ground Improvement Methods as Countermeasure against Lique-

faction, 6th ICEGE. Christchurch: New Zealand.

Teparaksa, J. 2017. Comparison of sand behavior under repeated liquefaction in triaxial and shaking

table tests. Ph.D. dissertation, Department of Civil Engineering, University of Tokyo. Tokyo: Japan.

Tobita T., Iai S., Kang G.C. & Konishi Y. 2009. Observed damage of wastewater pipelines and estimated

manhole uplifts during the 2004 Niigata-ken Chuetsu, Japan Earthquake, Technical Council on Lifeline

Earthquake Engineering. Oakland.

Towhata, I. 2008. Geotechnical earthquake engineering. Berlin: Springer Science & Business Media.

1646


	Welcome page
	Table of contents
	Author index
	Search
	Help
	Shortcut keys
	Previous paper
	Next paper
	Zoom In
	Zoom Out
	Print


