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ABSTRACT 

Liquefaction of soil deposit can impose deformations on the structures interacting 

with it with consequent damages. In the design of lifelines, it is not always possible to 

avoid areas with high seismicity in which the liquefaction hazard is consistent, due to 

the very long route of these infrastructures and the necessity to provide essential 

services in different areas. Specifically, pipeline systems provide a 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. The loss of soil shear 

strength can produce permanent ground deformation which can lead to lateral 

movements, flotation or subsidence of buried pipeline in case of liquefaction. Uplift of 

underground structures might also occur, mostly in case of very light structures which 

could be the pipelines transporting natural gas. Numerous cases of uplift of buried 

pipelines have been observed over years for example during the 2004 Niigata 

Earthquake, the 2011 Tohoku Earthquake, 1993 Kushiro-Oki Earthquake and 1994 

Hokkaido-Toho-Oki Earthquake. In addition, the 2010-2011 Christchurch Earthquake 

sequence induced liquefaction on a vast area and massive damage to buried 

infrastructure has been accounted for. Kobe Earthquake in 1995 caused extensive gas 

leakage from buried pipelines with subsequent fires ignition. 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 mitigation of 

liquefaction for buried pipelines is less known. Different solutions have been 

investigated over years to assess this problem and recently new techniques are 

developing to satisfy engineering economy, environmental impact, technical 

performances and durability criteria. 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 
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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. 

To assess this specific problem, accounting for all the above-mentioned factors, this 

research work wants to investigate alternative solutions for the specific problem of 

seismic-liquefaction induced uplift of onshore gas buried pipelines. The research is 

conducted by means of 1-g shaking table tests in a model scale of 1:10 performed in 

the geotechnical laboratory of the University of Tokyo. This thesis presents the results 

of eleven shaking table tests, executed in two different time periods, with reference to 

the transversal cross-section of the pipe embedded in a homogenous medium-dense 

sandy soil deposit by applying series of input motion. Some of the tests deal with the 

quantification of the vertical displacement by changing the pipe apparent unit weight 

and the remaining tests study the effectiveness of new remedial measures to increase 

the stability of the system. Drain pipes, gravel bags, and geogrids are used as testing 

countermeasures and the experimental results will be presented in the thesis. A gravel 

bag installed above the pipeline has been proven effective in mitigating the uplift. This 

represents an innovative protection system with low-cost technology and easiness of 

realization and installation in every kind of soil condition and which can be used with 

the support of the additional benefit of drainage systems not accounted for in this 

research. Please note that this thesis does not provide considerations on the 

longitudinal development of the pipelines, which would have required specific studies. 
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PREMISE 

The research work of this thesis started from a request of the Saipem Corporation 

forwarded to The University of Molise of a detailed report which would describe the 

state of the art on liquefaction phenomena effects on buried onshore pipelines with 

particular reference to the buoyancy. The report was mainly focused on the description 

of the buoyancy mechanism, existing remedial measures to counteract this effect with 

their evolution over years and existing computational tools for the numerical modeling 

of the problem in hand. This work has increased my interest in the study of new 

remedial measures which could move towards the standardization of a possible 

countermeasure for the buoyancy-induced uplift of pipelines. The University of Tokyo 

has given me a chance to spend six months in the geotechnical laboratory, which was 

a very first experience for me to deal with experimental tests, and I have learnt how to 

perform 1-g shaking table tests. The Saipem Corporation is a leading company in oil & 

gas pipelines field, so confident of their support for practical aspects the path of this 

Ph.D. research was initialized. As well known, multiple variables need to be accounted 

for in terms of model preparation, pipelines details (i.e., dimensions, materials, 

transported fluid, installation), remedial measures characteristics and input motion. 

• For the pipeline characteristics, the support of the company was asked which 

has provided some typical details. Being the company operative worldwide, it 

was difficult to concentrate on general standards, as well as on specific 

standards, this is the reason why in the thesis there is no reference to specific 

codes. I would say a design choice was taken (which reflects Italian standards 

for sure but that is not limited to) and kept as a constant for the whole 

experimental program. For the uplift, in the case of remedial measure 

application, it is important to evaluate the response of the pipe in its transversal 

cross-section and in the longitudinal development too. By accounting for the 

selected pipe diameter and the development of the mechanism responsible of 
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the uplift (particularly its width) and considering the dimensions of the soil box, 

it would not be possible to study the uplift and the eventual beneficial effect of 

countermeasures along the longitudinal development of the pipe. The 

installation of the pipe in the long direction of the soil box would have not 

allowed a complete development of the uplift mechanism, because of the 

limited dimension of the box in the short direction and because of the boundary 

effects exercised from the soil box walls. Tests are conducted with reference to 

the pipe transversal cross-section, but it would be interesting to extend the 

study to the longitudinal section as well. A future numerical modelling could 

help in assessing this aspect; 

• Additional variables are the input motion parameters. It is difficult to select a 

design earthquake, because it should at least refer to a specific site. One 

possible approach can be the selection of a parameters range which is 

representative of common earthquakes worldwide. This is how the frequency 

of the input motion was selected. Earthquakes, of course, are not limited to the 

selected range, but it is not possible to account for the variability of every single 

parameter and for the specific research the variable is the remedial measure. 

Once the frequency was decided, the duration of the motion needed to be 

selected. As well-known from literature, duration of the motion and number of 

cycles affect the liquefaction response of the soil model. For this point, previous 

studies conducted from researchers of the laboratory verified that the 

application of 20 cycles loading was enough to experience complete 

liquefaction. Consequently, the number of cycles loading was fixed to 20 and 

based on the selected frequency, the duration was established. The amplitude 

of the motion is the remaining parameter to be selected for the loading history. 

For the general case, it can happen that a mainshock directly occurs, or that a 

series of foreshocks anticipate a mainshock and aftershocks continue. By 

studying the effectiveness of remedial measures for the uplift, one of the 
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requirements is that the remedial measure would keep on working for a 

significant time period. This implies that even after earthquakes occurrence and 

liquefaction evidences, the system should be operative. This is the explanation 

for the selection of a shaking history composed of foreshocks, mainshock and 

aftershocks. This selection, as well as the selection of the amplitudes, induced 

specific stresses and strains histories in the soil deposit, which vary by changing 

a single parameter of the shaking history (reason for which for example it is not 

possible to consider the application of the mainshock after the foreshocks like 

a mainshock directly occurring for a higher relative density of the soil deposit), 

but again it is a matter of tests design choice. Moreover, when a model test is 

prepared, it is always good practice to derive as many information as possible 

and to test the maximum and complete model response. Referring to the 

information, it is necessary to find a good compromise between the relevance 

of the information, time to be spent in data acquisition and instruments 

available to get the information. More information and in a more appropriate 

way could have been taken during this experimental program. However, due to 

the limited time available for the experiments, to the first experience with model 

tests and to the available instrumentations, it was not possible to go further in 

the knowledge of the model. For the maximum response to be tested, at the 

end of the aftershocks, a final shaking of amplitude 0.8 g was applied to verify 

if the maximum response in the uplift of the pipe was achieved. Always with 

reference to the input motion characteristics, sinusoidal loading in one single 

direction has been considered for the tests. The application of random loadings, 

with at least both horizontal components, would have given a more realistic 

representation, but it was not possible and not necessarily useful, due to the 

increasing difficulties in the subsequent test interpretation;    

• There are multiple ways to deal with model preparation, which include among 

others the materials selection, the soil relative density, the way to insert the 
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sand in the model and the saturation process. The geotechnical laboratory of 

the University of Tokyo, which uses the experimental set-up for daily activities, 

has its own equipment for these three aspects. The sand used for the 

experiment was the sand available in the laboratory at that time, that was being 

used for other research activities. The sand box filling system was composed of 

a sand hopper based on sand air-pluviation principle and the saturation system 

was connected to the bottom of the soil box. No changes have been made to 

the system. With reference to the relative density, instead, some more 

explanations can be given on the selection of a medium density. Two are the 

main reasons. The first reason is that, as specified in the thesis, lesser is the 

amount of sand falling from the hopper, denser is the soil and lower is the 

energy of grain-to-grain collision. When a loose relative density is set, due to 

the big amount of sand and big energy involved, a very huge cloud of dust is 

going to generate in the experimental room, being dangerous for the health of 

people involved in the experiments and for the machines which are operating 

in the same room. This is the reason why a medium relative density was 

selected. At the same time, it was verified that the medium relative density 

could let the liquefaction process occur in the model test and induce the uplift 

of the pipe. A trial test was conducted for this purpose; 

• The remedial measures characteristics have been selected to satisfy the 

requirements that are mentioned in the manuscript. Also for this aspect, 

materials available in the laboratory have been used. This is the explanation for 

not including in the thesis (for example) the criteria for the selection of the 

gravel. In relation to the dimensions of the remedial measures, the choice was 

done by considering the dimensions of the excavation section (which has 

defined the width of the gravel bag and the geogrid sheets and positions of 

the drain pipes), the amount of material to be used (which has defined the 

number of geogrid sheets and the height of the gravel bag) and some 
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additional details provided by the Saipem (e.g., dimensions and position of 

drain pipes).           

Before starting with the experiments described in this thesis, a first trial test was 

conducted, which results are not reported in this manuscript, just to verify that with all 

the parameters and the main components selected for the experiments (i.e., relative 

density, input motion characteristics, vertical frames of the pipe, sponge used for the 

friction, sensors used for recordings) the response of the model could be studied 

satisfactorily. 

After the first group of tests, in which the gravel bag resulted successful, the Saipem 

corporation was interested in our results and proposed some additional test for the 

assessment of countermeasures. In this way started my second experience of additional 

three months at the University of Tokyo. Once there, the experimental program first 

conducted wanted to be continued, but being some components of the apparatus 

substituted, different behavior was observed in the model response. Main differences 

have been attributed to a more uniform degree of saturation in the model achieved 

through a controlled water pressure during the saturation and to the bigger dimensions 

and different weight of the new soil box (the recorded acceleration at the base is 

different due to the different mass involved). The test without remedial measure was 

repeated to check the difference from previous set. At this moment, observing very 

slight settlements associated for example to the dissipation phase, the question if a 

pipe with bigger apparent unit weight could experience settlements in the model 

conditions raised. Two more tests by changing the apparent unit weight were 

performed and confirmed the previous researches results. The test in which the pipe 

settled posed an additional question if a gravel bag placed below the pipe could be 

successful in reducing also the pipe settlements. In this specific case, it is clear that if 

the gravel bag would represent both a solution to mitigate the uplift of light pipes and 

the settlement of heavier pipes (or to counteract the settlements linked to the 

dissipation phase – which can be bigger in real soil conditions), the standardization of 
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the remedial measure would be even more effective. However, this attempt was not 

successfully assessed with this single experiment. After these tests, the test with gravel 

bag in the new set-up was repeated, this time with a reduction in the gravel bag width 

to check if the system could be successful also with smaller dimensions, by optimizing 

costs of the measure. This time a gravel lower unit weight was also available and it was 

selected to avoid gravel overburden on the pipe. Please keep in mind that the gravel 

was selected as a non-liquefiable material (which could be used in the actual field with 

additional drainage benefit) and not for weighting purposes. Even though the gravel is 

already used as material in the application of pipelines in the excavation trench as 

stated from the literature (e.g., as backfilling material to improve the backfill 

characteristics, or for drainage purposes, or as a weighting), in this research it is 

employed with a completely different principle of a bag easily placeable on site of 

reduced dimensions (not big as a complete backfill) with specific weight similar to that 

of sand, acting thanks to the non-liquefiable characteristics. These are the new 

characteristics as compared to previous studies. To proceed with the application of 

remedial measures, the drain pipes were selected for the successive test, even though 

there was some literature already available for them. Actually, it was asked to the 

company a possible scheme for the pipes, which could not interfere with the excavation 

and installation processes and which could be a real practical solution. The provided 

scheme was actually a scheme the company was already using in real applications. In 

this way, it would be possible not to design the drainage system but to understand 

which could be the contribution of the specific configuration that was commonly 

adopted. For the tests conducted up to this moment, the drainage effect has never 

been considered as the main effect of the adopted remedial measure. Even if the gravel 

bag could exercise some dissipation during the test, actually no drainage system was 

connected to the bag to drain the water out from the model. In none of the cases, the 

drainage was the main concern. With the test of drain pipes, being the drainage the 

main principle of the remedial measure, care should be taken in using a viscous fluid 
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so that the permeability law could be similar to real soil conditions. However, as well 

known, when a viscous fluid is used, it is not easy to clean the sand to be used in the 

following applications. This process would have delayed the experiments and there was 

a fixed schedule for the other researches in the usage of the apparatus with the same 

sand. Other possible solution could be to buy new sand, this solution was also not 

possible for economical, time and storage space reasons. Additionally, being the sand 

poured in the soil box by means of a sand hopper with a steel grid, with the passage of 

time the sand grains are going to be reduced in dimensions after impacting 

continuously on the grid. It is always advised to use the same sand for the same 

experimental campaign to keep constant the sand characteristics. Finally, the test with 

geogrids was performed, following again the requirements mentioned in the thesis. The 

material adopted for the geogrids was a net already available in the laboratory, which 

was used from other researchers as geogrids for reinforcement of embankments. The 

characteristics of the deformable net were not specifically designed but it was 

confirmed they could be reasonable for the application in real practice and for the 

specific sand characteristics used in the model (i.e., the dimensions of the net with 

reference to the grain size and the diameter of the pipe). Considering that only one 

final test could be performed, the number of sheets was selected to provide the 

maximum possible contribution. The number of sheets and the width were selected for 

these purposes, by accounting for the width of the excavation and the space above the 

pipe. Overall in literature, it was found that geogrids seem to be promising in the 

applications of liquefaction, but the available researches do not provide detailed 

indications and also every experimental research refers to specific conditions adopted 

in the model tests. The study on geogrids needs to be improved to better understand 

the limitations and the benefits of the specific remedial measure. This research provides 

additional details as a contribution to the complete understanding of the geogrid 

efficacy with reference to the specific topic.   
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Overall, even with some limitations, the experimental programs were successful. 

Other than a quick data analysis conducted meanwhile performing the tests, which was 

necessary also for checking to be used in next experiment, the complete data analysis 

was performed at the end of the experimental programs, after coming back in my 

country. The data analysis was hectic because of the huge amount of recorded data 

and because of the need to simplify the data set and make it clear for the thesis writing 

to have a complete view of the model response. The order of tests in the thesis is not 

the same as they were performed. In the thesis, they are changed for organizing 

purposes. 

  All the tests have been conducted by considering new pipelines projects, so the 

proposed remedial measures were thought to be placed during the installation phase 

when the section is excavated. Of course, the problem exists and it is also more relevant 

for existing constructions, but this was out of the scope of this research because of the 

impossibility to account for all the issues. However, in considering the remedial 

measures for new constructions, it was kept in mind also the possibility to install them 

for existing structures. For geogrids and gravel bag this is possible even though an 

excavation up to the top pipeline is necessary. In critical cases, in which remedial 

measures are needed, it can be seen as an intervention for maintenance. If we think at 

all the possible countermeasures, only the injections executed from top ground surface 

do not need an excavation, but these techniques need the number of injections to be 

designed for the specific site and there are uncertainties on how the solution is 

spreading in the model ground. 

Some results of this research can be seen as a confirmation of already derived 

conclusions, some other results provide new details to be used for future researches or 

applications. 

The uncertainties (for example, the effects of permeability on the model response, 

the boundary conditions, the longitudinal pipe response), which could not be assessed 

during the experimental research, can be studied with the support of an advanced 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

PREMISE 30 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

numerical modelling. Numerical modelling requires deep knowledge of liquefaction 

modelling through appropriate constitutive laws and programming skills or at least 

familiarity with dedicated software. Because of the time constraint, numerical 

simulations cannot be used as an attempt to model the specific problem and it might 

even require an additional PhD thesis to be carefully addressed. This is the explanation 

for not even introducing any kind of numerical simulations at the end of the thesis. Few 

results of the experimental program with complete understanding are better than a lot 

of results with accompanied numerical simulations improperly conducted. 

A lot of additional and interesting studies could have been done by using and 

further interpreting the results of model tests, but the time was limited. In addition, in 

clarifying the interpretation of the results, numerical simulations could be first 

conducted to assess some of the uncertainties of the models themselves. For example, 

it would be interesting to calibrate some formulations for the development of excess 

pore water pressure or verify existing simplified formulations with the experimental 

results. For this purpose, if the difference in the model response linked to the soil 

permeability (which law is scaled in the model) is not assessed, the study results 

meaningless or erroneous. Moreover, all the considerations referred to boundary 

conditions (e.g., influence of the soil box wall on the image analysis), friction exercised 

from the sponge, influence of the pipe vertical steel frame on the soil-structure 

interaction can be assessed only from the support of numerical modelling, if specific 

laboratory tests have not been executed during the experimental programs. For the 

limited time in which experiments could be conducted, a choice was made to keep 

these not-addressed characteristics as constant as possible in the different model tests, 

so that results could be affected by the same errors of boundary conditions, presence 

of the steel frame and friction of the sponge, with the intention to assess these 

important details in a second step. These not-addressed characteristics make overall 

(with exceptions for few cases which are specified in the thesis) results among the tests 

comparable. However, it is difficult to make considerations on the actual values in real 
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field without a support of numerical simulation. This is the reason for not deriving 

conclusions for example about the entity of the displacement in real field. All the 

presented considerations have been limited to the model scale. 

Finally, the proper use of advanced numerical models requires reliable knowledge 

of the constitutive parameters of the sand employed in the experimental campaign. 

Not always such data are already available at the moment. 

 

The research work described in this dissertation has been extracted from a wider 

and varied list of research activities conducted during the three-years Ph.D. course. 

Accomplishments not limited to the topic reported in this document but wide enough 

to span from some analyses of the seismic signals to the post-earthquake survey for 

the 2016 Central Italy sequence. 

The choice of writing a Ph.D. thesis on this topic is mainly related to some practical 

aspects which the research can have in the industry of onshore oil and gas pipeline 

engineering. The possibility to interact with a leading company in the reference field, 

and to conduct laboratory experiments in a well-reputed university in a country in which 

earthquakes are of major concerns, is a rare chance to join research and industry that 

could not be missed. Even if this thesis is not formally inserted into “the industrial 

doctorate projects” that, at least in Italy, have some specific rules, most of its structure 

is constructed in this specific framework. 

The different research activities were not easily linkable to each other, so it is 

decided to focus only on the conducted experimental program. Additionally, the thesis 

only introduces the problem of liquefaction-induced buoyancy of the buried pipelines 

without recalling the complete scenario of liquefaction effects on the buried structures. 

This was the starting point of this research work and is available in a specific document 

(Santucci de Magistris and Castiglia, 2015) that is a kind of state-of-the-art on the 

literature knowledge on the stability of buried pipelines in liquefied soil. 
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1. INTRODUCTION 

1964 Niigata earthquake and Alaska earthquake caused serious liquefaction-

induced damages which affected among others buried structures, slopes, bridges and 

buildings foundations (Kramer, 1996). Since this important catastrophic manifestation 

of liquefaction, the phenomenon started to be studied and remedial measures were 

also developed (Towhata, 2008). The damages observed on buried pipelines posed 

attention to the response of these structures to earthquakes effects (O’Rourke and Liu, 

1999) and on the specific liquefaction hazard (O’Rourke and Lane, 1989). Moreover, 

several earthquake-induced damages to onshore gas pipelines have been reported 

over years (Strand, 2006). Being these structures very light, in case of earthquake and 

occurrence of soil liquefaction can be uplifted. The buoyancy-related uplift of onshore 

gas pipelines induced by seismic liquefaction is the topic of this research work. There 

are other earthquake-associated phenomena which can induce uplift of underground 

structures, such as compressional forces induced by lateral spreading of the ground or 

faults displacements, but they are out of the scope of this thesis, which only refers to 

the phenomenon of uplift described in §1.1, which case histories are reported in §1.2.1 

and which state of the art in terms or existing remedial measures is provided in §1.2.2. 

In this chapter, the phenomenon of uplift will be briefly introduced, some case 

histories reporting the uplift of buried pipes and damages to gas systems will be listed, 

a literature review on existing remedial measures for pipe uplift will be presented, and 

the aim of this research will be clarified. 

 

1.1. LIQUEFACTION INDUCING PIPELINES UPLIFT 

During earthquake shaking, saturated loose sandy soil deposits might experience a 

loss of shear strength due to the reduction in effective stress caused by the increase in 

pore water pressure. If the pore water pressure is high enough to exceed the soil 
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resistance, the grains would float in the water and the soil would behave like a fluid 

mass. The water squeezed among the grains is forced up towards the ground surface 

through the easiest paths of least resistance, which are usually cracks induced by the 

earthquake shaking. In this way, the dissipation phenomenon takes place in the soil 

deposit. The effect of such phenomena results in manifestations of cracks, sand boils, 

and sandy mud on the top surface.  

The ground surface can also tilt, sink or uplift and, in presence of structures 

interacting with the soil, the phenomenon would affect their stability often with 

considerable damages. In this condition, the uplift of light underground structures (i.e., 

onshore natural gas pipeline) might also occur (Fig. 1.1-1). With the end of the 

earthquake and the dissipation of excess pore pressure, soil grains are rearranged and 

a new equilibrium condition is achieved. This phase leads to settlements of the ground 

surface and, in presence of the structure, to settlements of the structure as well. These 

settlements can sum up to the settlements experienced during the earthquake shaking 

caused by deviatoric strains. 

 

 

Fig. 1.1-1 Liquefaction inducing pipe uplift: schematic view 
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The uplift starts when the increase in excess pore water pressure in the soil deposit 

is enough to break the vertical equilibrium along the pipe column in the liquefied soil 

during the shaking. Below the buried structure, the initial effective stress of the soil is 

different as compared to the initial effective stress at the same depth in the deposit 

laterally to the pipe. This difference leads to the existence of a horizontal hydraulic 

gradient in excess pore water pressure which results in the development of soil flow on 

both lateral sides of the buried structure forming semi-elliptical loops, due to the low 

stiffness of the liquefied material. In this condition, meanwhile the pipe is uplifting, an 

empty space is going to generate immediately below the structure which is being filled 

from the liquefied soil around. This process continues until a new equilibrium will be 

achieved.  

The uplift behavior of underground structures is well described by Koseki et al. 

(1997) using shaking table tests and by Chian et al. (2015) through centrifuge tests. 

Koseki et al. (1997) summarize the behavior of the soil surrounding the buried structure 

as a three components mechanism. Specifically, it is composed of a lateral deformation, 

developed because of the soil losing its shear resistance during liquefaction, a 

movement of pore fluid towards the soil underlying the structure, both responsible of 

the uplift, and a reconsolidation phase due to the dissipation of the excess pore water 

pressure which results in settlements. Chian et al. (2015) identify three regions in the 

surrounding soil forming flow loops on the two sides of the structure (Fig. 1.1-2). These 

regions consist of a region above the pipe which moves upward and laterally away from 

the structure, a region on the two lateral sides of the structure which moves downward, 

and a region below it which fills the empty space below the structure meanwhile 

uplifting. These regions are characterized by a continuous movement of soil. At the 

ground surface, in correspondence of the buried pipeline, an upheaval is observed (Fig. 

1.1-3).  
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Fig. 1.1-2 Identification of the regions for the soil flow (Chian et al., 2015) 

 

 

Fig. 1.1-3 Upheaval on the ground surface and observed cavity (Chian et al., 2015) 

 

Chian et al. (2015) studied also the formation of the cavity below the pipe through 

a series of monotonic pipe-pull-out tests which showed the slope angle on both sides 

of the cavity to be similar to the friction angle of the sand used in the tests (Fig. 1.1-3). 

Similar studies have been conducted by Cheuk et al. (2008), under monotonic 

conditions, making considerations on the width of the shear zones and the cavity.  

 A series of shaking table tests were also performed by Yasuda et al. (1994) to 

understand the mechanism of floatation for pipes and they investigated also the speed 

of flotation with reference to the specific gravity of the pipe and the diameter. The 

upward movement of the buried structure is found to occur mainly during the shaking 
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(Koseki et al., 1997; Sasaki and Tamura, 2004 and Chian et al., 2014), however this 

behavior is not directly related to the start and end of the input motion, but it is 

dependent on the buildup of excess pore water pressure (Huang et al., 2014). Towhata 

et al. (1999) observed that the magnitude of the drag force in water saturated sand 

varies with the velocity of the pipe movement and this rate-dependency is particularly 

important when sand is completely liquefied. Further considerations, again based on 

model tests, with a buried tunnel have been presented by Stringer and Madabhushi 

(2007) who recalled the soil flow around the structure and specified that the 

mechanisms occurring during various phases of the cyclic excitation are very different. 

A summary of computation methods for the stability of onshore pipelines in 

liquefied soils is in Castiglia et al. (2018). 

Koseki et al. (1997) performed shaking table tests on partially and completely buried 

box, manhole, and sewer pipes and noted that the uplift of underground structures was 

caused by both nearly instantaneous deformation of surrounding subsoil layer and 

gradual movement of pore fluid. Based on the test results, a factor of safety against 

uplift was suggested (Eq. 1.1-1), taking into account the equilibrium of vertical forces 

acting on the structure. W is the weight of the structure, Q is the frictional resistance 

force (can be neglected in case of liquefaction), US is the buoyant force due to 

hydrostatic pressure, UD is the uplift force due to excess pore water pressure caused by 

soil liquefaction and F is the seepage force transferred from the lower soil block 

underlying the structure (to be considered only if a big excess pore water pressure is 

developing at deeper layers in the soil deposit and anyhow it is found to be less than 

5% of UD).  

 

�� = � + �
�� + �	 + � 

Eq. 1.1-1 

 

Some other Authors provided comments on the uplift force induced by the 

buoyancy.  Ling et al. (2003) pointed out that the force acting on a buried pipeline 
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should account for, on the safer side, the pipeline immersed in a fluid having the unit 

weight of the soil (which does not lose its continuity in the soil particles) other than the 

water. This aspect is also introduced by Iai and Matsunaga (1992), who claimed that the 

buoyancy can be computed by means of the saturated soil unit weight if the soil is 

completely liquefied. If, instead, partial liquefaction occurs, being the soil not behaving 

like a liquid but also not like a solid, the effective stress should be accounted for. In 

short, on the safer side, the buoyancy force on a buried structure can be computed as 

the product of the volume of the structure and the unit weight of the fluidized material, 

which is equal to the saturated unit weight for complete liquefaction or equal to the 

effective soil unit weight in case of partial liquefaction. 

For the case of a buried pipeline, in the hypothesis of neglecting the seepage force 

transferred from the soil underlying the structure, assuming the water level at the 

ground surface and considering null the tangential forces due to the potential vertical 

movement of the system because of liquefaction, the safety factor can be specified as 

in Eq. 1.1-2 with reference to the scheme of Fig. 1.1-4. FR is the resistance contribution 

offered by the weight of the pipe, Wpipe, and the weight of the overlying soil column, 

Wsoil, and FD is the destabilizing force, given by the buoyancy force, US, and the excess 

pore water pressure, UD. H is the burial depth, D is the pipeline diameter, γ‘ is the soil 

effective unit weight, γf is the specific weight of the fluidized material, γp is the specific 

weight of the pipe. 

 

�� = �

�	

= ���� + �����
�� + �	

=
���

4 �� + �′��
���

4 �� + �	
 

Eq. 1.1-2 
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Fig. 1.1-4 Scheme for vertical equilibrium 

 

The determination of UD can be done by direct measure (as it is possible in model 

tests thanks to specific pore water pressure transducers) or by excess pore pressure 

generation models available in literature. These models can be stress-based (e.g., 

Booker et al., 1976), strain-based (e.g., Dobry et al., 1985) and energy-based (e.g., Green 

et al., 2000 and Park et al., 2015). 

  

1.2. LITERATURE REVIEW 

1.2.1. Case histories 

The following Tab. 1.2-1 presents some case histories related to general pipelines 

damages as a consequence of liquefaction, liquefaction induced uplift of underground 

structures and damages to gas supply systems. Major damages have been observed for 

water and gas pipes. The most important consequences of damages for these structures 

are the loss of functionality, which lead to disruption for people who face the 

emergence of water and gas lack, and fire ignition and propagation due to the gas 

leakages and electric sparks and the absence of water to intervene. 
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Tab. 1.2-1 Case histories on liquefaction affecting underground structures and damages to gas 

supply system 

Sr.# Case Description Reference Event 

1 Uplift and damage to 

buried pipelines for 

water supply  

Liquefaction:  

Ground 

displacement, 

strains, buoyancy 

effects 

Kitaura and 

Miyajima, 1988 

1964 Niigata 

Earthquake and 

1983 Nipponkai-

Chubu Earthquake  

2 Uplift of buried sewage 

manholes and pipes 

Liquefaction:  

Due to surrounding 

backfilled sand and 

alluvial deposits  

Yasuda et al., 1995 1993 Kushiro-Oki 

Earthquake  

3 Uplift of buried sewage 

manholes and pipes 

Liquefaction:  

Uplift due to 

surrounding soil 

Koseki et al., 2000 1994 Hokkaido-

Toho-Oki 

Earthquake 

4 Uplift of buried sewage 

manhole and pipes (Fig. 

1.2-1) 

Liquefaction: 

Uplift due to 

surrounding refilled 

loose sand near 

sewage structures  

Yasuda and Kiku, 

2006; Tobita et al., 

2009; Kang et al., 

2013 

2004 Niigataken-

Chuetsu 

Earthquake 

5 Uplift of buried 

structures (An example 

of tanks uplift is in Fig. 

1.2-2) 

Liquefaction GEER, 2010 2010 Chile 

Earthquake 

6 Uplift of manholes and 

pipelines (Fig. 1.2-3)  

Liquefaction  Bhattacharya et al., 

2011; Chian and 

Tokimatsu, 2012; 

Kuwata, 2011 

2011 Tohoku 

Earthquake  

7 Uplift of manhole and 

damages to associated 

pipelines 

Liquefaction  Cubrinovski et al., 

2014 

2010-2011 

Christchurch 

Earthquake series  

9 Damages to buried 

pipelines 

Liquefaction Liang and Sun, 2000 1975 Haicheng 

Earthquake 

10 Damage failures of gas 

pipelines 

Liquefaction Kitaura and 

Miyajima, 1988 

1983 Nihonkai-

Chubu Earthquake 

11 Damages to the water 

distribution pipelines 

and failures in the gas 

distribution system 

Liquefaction Holzer, 1998 1989 Loma Prieta 

Earthquake 

12 Damage to water 

distribution systems 

and breaks in the 

underground gas 

distribution systems 

Liquefaction Chung, 1996 and 

Eidinger and 

Avila, 1999 

1995 Kobe 

Earthquake 

13 Damages to pipelines 

with most severe 

damages occurred in 

gas pipelines 

Liquefaction O’Rourke and 

Tawfik, 1983 

1971 San Fernando 

Earthquake 

14 Extensive damages to 

gas pipelines 

Liquefaction O’Rourke and 

Palmer, 1996 

1933 Long Beach 

Earthquake 
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Fig. 1.2-1 Uplifted pipe found during restoration work in Nagaoka City (Yasuda and Kiku, 2006) 

 

 

Fig. 1.2-2 Uplifted buried tanks during the 2010 Chile Earthquake (GEER, 2010) 
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Fig. 1.2-3 Pipeline uplift due to wide-area liquefaction in Itako city, Ibaraki prefecture (Kuwata, 

2011) 

 

1.2.2. State of the art for the countermeasures 

A state-of-the-art framework is the starting point to understand what has already 

been done in the field of liquefaction prevention for the proposal of new mitigation 

techniques. An overview of recent trends in countermeasure against liquefaction is 

widely provided in Orense (2015). In the following existing methods proposed over 

years for the mitigation of pipeline uplift will be recalled.  

Castiglia et al. (2017) illustrate some of the available techniques to control the 

stability of pipelines in liquefied soil that constitute the background of this experimental 

research. 

Ground improvements are often proposed to mitigate the effects of earthquakes 

for existing pipelines, using techniques such as compaction grouting, permeation 

grouting, jet grouting, in situ soil mixing and drain piles (Fig. 1.2-4). These techniques 

are proposed mostly for existing pipelines, but they can be used for new projects as 

well. However, dimensions of the equipment, noise and vibrations, amounts of materials 
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to be used and time for the realization are factors that are important for such kind of 

interventions.   

 

 

Fig. 1.2-4 Liquefaction remediation near buried pipeline by combination of ground improvement 

techniques (Andrus and Chung, 1995) 

 

Other conventional methods to prevent pipe flotation are based on the increase in 

weight of the pipe, most used in the industry are the pipe coating systems (Fig. 1.2-5) 

and the concrete weights (Fig. 1.2-6). Nowadays, the saddle-bag weights are also 

commonly used (Fig. 1.2-7). Another technology for pipeline buoyancy control is the 

screw anchors system (Fig. 1.2-6). It consists of two steel shafts with welded helices, one 

for each side of the pipe, screwed into the soil beneath it. They are connected on the 

top of the pipe with a saddle that inhibits the uplift. 
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Fig. 1.2-5 Pipe coating system (courtesy of SAIPEM Corporation) 

 

 

Fig. 1.2-6 Some pipeline stabilizing alternative: concrete weight and screw anchor (after ADS, 

2011) 

 

 

Fig. 1.2-7 Saddle-bag weights (CRC-Evans Weighting Systems, 2016) 
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In other cases, the increase in cover depth of the pipe is also employed, as well as 

the replacement of the backfill (often with granular materials) or the improvement of 

the backfill by mixture with additional materials. For this last point, recent studies have 

been done for example on the use of tire chips (Yoshida et al., 2008), granulated coal 

ash (Yoshimoto et al., 2014; Hyodo et al., 2007), coir fibers and synthetic fibers 

(Maheshwari et al., 2012) in saturated sandy soils showing beneficial effects in terms of 

increment in liquefaction resistance. This process is moving towards the recycling of 

waste materials which are abundantly available. 

 

Ling et al. (2003) proposed an overload method based on gravels and geosynthetic 

material to mitigate pipeline flotation (Fig. 1.2-8), verified with a series of centrifuge 

tests on pipe-soil systems. The results of the analyses showed a reduction in the uplift 

displacement thanks to the drainage of the fluid induced by the gravel placed above 

the pipe and to the overload induced by the block that expands the volume of soil 

reacting to the pressure below. 

 

 

Fig. 1.2-8 Schematic view of the overload method (after Ling et al., 2003) 

 

Mohri et al. (2003) showed a study on the geosynthetic reinforcement in the 

mitigation of pipeline flotation by analyzing five different cases (Fig. 1.2-9): 1) only sand 
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used as backfill; 2) sand as backfill confined by geogrids; 3) gravel as backfill with 

geosynthetic reinforcement; 4) geosynthetic reinforcement with a soil cement block 

above; and 5) geosynthetic reinforcement with a soil cement block below. Case 2 

reduced the flotation, cases 3 and 4 resulted more effective as compared to case 2 and 

showed similar behaviors, and case 5 was found to be most effective. The Authors 

specified that the geogrids can be used effectively to reduce the flotation of pipelines 

with the gravel and soil cement acting as backfill material. When the geogrid is placed 

by using sand as backfill, the system becomes an integrated body thus providing 

additional overburden weight. 

 

 

Fig. 1.2-9 Cross section of model tests (Mohri et al., 2003) 

  

Towhata et al. (2015) investigated the behavior of horn-type structure, drain pipes 

and chemical grouting as mitigation for the uplift of embedded lifelines through 

shaking table tests.  The horn structure was thought to exploit the possibility of a major 
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volume of soil in counteracting the uplift displacement (Fig. 1.2-10), the effectiveness 

of the system depends on the depth of the plate and its length and on the material 

used as surface layer.  

 

 

Fig. 1.2-10 Horn type structure as a remedial against floatation (after Towhata et al., 2015) 

 

Drain pipes were investigated to reduce the excess pore water pressure developing 

during the shaking and the system resulted to be effective in case of smaller drainage 

pipe spacing and installation interval (see Fig. 1.2-11) and most effective in presence of 

an unsaturated gravel layer at the top. Colloidal silica was used as the chemical material 

to solidify the soil surrounding the pipe. It has been observed that the injection interval 

plays a key role in the efficacy of the mitigation due to the more uniform distribution 

of the grouted material. Good results are also achieved if the colloidal silica is used in 

conjunction with a compacted sand layer or an unsaturated gravel cap, thus creating a 

stiff connection. 
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Fig. 1.2-11 Drainage pipes as mitigation system (after Towhata et al., 2015) 

 

 

 

Fig. 1.2-12 Use of colloidal silica for pipeline stability (after Towhata et al., 2015) 

 

Miyajima et al. (1992) also executed some shaking table tests to verify the efficacy 

of gravel drains, specifically gravel walls and gravel piles, to mitigate the effects of 

liquefaction on pipelines. The efficacy of the system in reducing the maximum excess 

pore water pressure and displacements is strongly dependent on the geometry of the 

gravel drains. 
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Fig. 1.2-13 Gravel drains (Miyajima et al., 1992) 

 

Yasuda et al. (2004) tested the effectiveness of some countermeasure through 1-g 

shaking table tests by installing a pair of wooden plates or wire nettings and stated that 

both systems prevent floatation acting on the movement of soil grains. Moreover, a 

pair of blades was attached in horizontal or vertical direction and reduced the speed 

and amount of floatation in a more effective way for the horizontal blades (Fig. 1.2-14). 

 

 

Fig. 1.2-14 Sketch of countermeasures for pipes (after Yasuda et al., 2004) 

 

1.3. PROBLEM STATEMENT 

The ground hazards associated with earthquakes are inevitable. In seismically active 

regions the soil liquefaction is identified as a major hazard to lifeline structures 

(Guidelines for the Seismic Design of Oil and Gas Pipeline Systems, 1984). In the pipeline 

route planning, often the designed route would cross a highly susceptible liquefaction 

area giving no alternative way for rerouting. Therefore, in planning, the effects of such 
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ground deformations need to be kept in mind otherwise resulting in damages of buried 

pipelines with important negative consequences.  The uplift of buried structures is 

among the threats of seismic-induced liquefaction phenomena. Obviously, this 

occurrence is more relevant for relatively light underground structures (i.e., for pipelines 

transporting natural gas). With reference to seismic-liquefaction induced uplift of 

onshore gas buried pipelines, new remedial measures want to be investigated to be 

applied in current practice. The step forward, as compared to the existing 

countermeasures adopted for liquefaction problems and specifically for pipelines 

stability, will be the identification of a system which could satisfy all the following 

requirements: 

- It should be environment-friendly in order to avoid a negative impact with the 

installation on site (this point has already been achieved from some of the 

solutions proposed and available in literature); 

- Low-cost solution with reference to inexpensive materials to be used, less 

amount to be employed, and lower costs of realization, transportation, and 

installation; 

- Easiness of realization and of arrangement in the excavation section. This point 

comes with less time and costs related to the necessity of a deeper or wider 

excavation section and with the possibility to be used everywhere with no 

exceptions for difficult areas (such as for example urbanized areas in which it 

can be difficult to access with big equipment and where vibrations and noise 

should be reduced as much as possible). Also, different is the case of a pre-

made solution which can directly be applied other than something which needs 

to be realized on the construction site; 

- It should be effective starting from the completion of the construction works, 

when the pipeline starts to be operative, and it should keep on working 

efficiently for a time span which is relevant as compared to the design life of the 

pipe. The use of chemical products, for example, can require additional time for 
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the solution to become effective, thus leaving the operative structure 

unprotected for some time. Moreover, the use of fibers such as coir fibers is 

somehow questionable, because of the necessity to be substituted very often 

due to their biodegradable characteristics. These aspects lead to additional 

uncertainties on the efficacy of the designed system, which cannot be accepted 

in a context in which already other sources of uncertainties affect the matter in 

hand;  

- It should be adoptable and effective for different soils characteristics (for which 

the liquefaction could occur) due to the variable soil conditions along the whole 

length of the pipeline track; 

- It should not solve the problem of uplift meanwhile shifting the problem to 

another unpredicted effect. This happens for example in the case of an increase 

in the weight of the pipe (e.g., concrete weight systems) thus leading to 

unexpected settlements of the buried structure. 

 

At the time, the available remedial measures for the specific problem of pipe uplift 

do not match all the mentioned criteria but only a few of them are respected for every 

single technique. Moreover, no standardization of the mitigation measure is achieved, 

because the available countermeasures need to be studied for the specific soil 

condition and, in some cases, for the site referred design earthquake. This research 

program aims at testing the effectiveness of some remedial measures, chosen to satisfy 

all the aforementioned requirements, which could be potentially used as a standard in 

the engineering practice. The information provided in this thesis can be used as a first 

step towards the standardization of the remedial measure for the uplift of buried 

pipeline in case of liquefaction hazard, to be considered in the design codes or 

guidelines as well. The results are well far from the identification of a final product, but 

with reference to the specific characteristics selected for the experimental tests, some 

mitigation-related geometries, strengths, and weaknesses can be highlighted. 
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Specifically, in this research work, three mitigation measures will be investigated: 

drain pipes, gravel bags, and geogrid sheets. The remedial measures and the principle 

of their efficacy will be discussed in upcoming chapters. Here only a few words will be 

spent about the current state of the research with reference to these systems in the 

application of liquefaction mitigation.  

As mentioned above, some research on drain pipes was already conducted with 

reference to the longitudinal development of the pipe and by accounting for the 

influence of the drains distance on the efficacy (see for example Towhata et al. (2015). 

This system, therefore, is not new for the specific problem. However, it is also not well 

addressed due to the multiple factors affecting its goodness in the mitigation.  

The gravel is being used in liquefaction problems since a long time, mostly for 

drainage purposes or as overloading system (see for instance the examples of Miyajima 

et al., 1992 and Ling et al., 2003 reported in §1.2). In this research the gravel will be used 

in the form of gravel bags to be placed above or below the pipe to mitigate its uplift. 

The bags will be studied as a non-liquefiable material and the benefits derived from 

overload and drainage will be reduced as much as possible.  

The use of geogrids in geotechnical engineering is increasing over years and it has 

been mostly used in the applications of steep slopes, retaining structures and 

embankments constructed over soft foundations. Geogrids are placed horizontally in 

the soil deposit and their role is to absorb the shear stress developed in the surrounding 

soil (Mohri et al., 2003).  The increase in soil liquefaction resistance for sandy soils by 

using fiber reinforcements started to be considered, but the use of geogrids is new in 

liquefaction applications. Other than the studies conducted by Mohri et al. (2003), 

Maheshwari et al. (2012) analyzed the effects of geogrid sheets as reinforcement on 

liquefaction resistance of Solani Sand through shaking table tests and stated that sand 

reinforcements reduced the maximum pore water pressure ratio and increased the 

build-up time for liquefaction. In this research, an attempt to study the effectiveness of 
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geogrid sheets placed horizontally in the soil deposit above the buried pipe to 

counteract its uplift is done. 
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2. MODEL TESTS 

Shaking table tests have been executed at the University of Tokyo to study the uplift 

mechanism of buried pipelines in liquefiable soils under seismic loading and the 

effectiveness of possible countermeasures. Tests have been contacted in two different 

time periods. The first set of tests, referred as T1, was performed from May up to 

November 2017 and consists of a total number of four tests, named T1_1, T1_2, T1_3, 

and T1_4. The second set of tests, T2, was performed during the period between May 

and August 2018 for a total number of seven tests, here referred as T2_1, T2_2, T2_3, 

T2_4, T2_5, T2_6, and T2_7. Due to some changes in the apparatus, because the soil box 

was substituted in the time gap between the two periods of texts execution, the 

differences will be recalled in the following with reference to the two groups of tests. 

 

2.1. APPARATUS AND MONITORING INSTRUMENTS DESCRIPTION 

2.1.1. Soil container 

1-g shake table with a rigid soil box is used for the experiments. For the first group 

of tests, the soil container is 260 cm long, 60 cm high and 40 cm wide, made of steel 

frames with transparent acrylic walls with black square mesh pattern of 10 cm x 10 cm. 

The base of the soil container and the two small lateral sides are enveloped with 

geotextile to reduce the boundary effects of the rigid box on the soil model (Fig. 2.1-1). 

The two small lateral sides are actually composed of geotextile bearings with additional 

filling damping material of about 1.5 cm thickness. The detail of the geotextile bearings 

is in Fig. 2.1-2. Previous studies have verified the waves absorption capacity of the 

bearings by comparing the acceleration time histories of sensors installed at different 

position in the free-field ground and also near the boundaries (Rasouli, 2014).  
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After the substitution of the soil box in March 2018, for the second group of tests, 

the main differences are related to the box dimensions and the connected saturation 

system. The new soil container is 282 cm long, 80 cm high and 40 cm wide (Fig. 2.1-3). 

 

 

Fig. 2.1-1 Shaking table apparatus 

 

  

Fig. 2.1-2 Geotextile bearings 
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Fig. 2.1-3 New soil container 

 

2.1.2. Saturation system 

The soil box in the bottom part is connected to a hosepipes infiltration system that 

provides water into the soil container and allows the water discharge. For the first group 

of tests, the complete system is shown in Fig. 2.1-4, Fig. 2.1-5, Fig. 2.1-6, Fig. 2.1-7 and 

is composed of: 1) a pipe for the charge; 2) a pipe for the discharge; 3) a tap which 

provides water to the system through the charge pipe; 4) a pump which allows water 

to flow away from the system through the discharge pipe; 5) a system of pipes directly 

connected to the soil container and located beneath it, this will be referred as hosepipes 

infiltration system; 6) valves to control the opening and closing phases of the pipes at 

point 5; 7) a valve for the charge which provides water to the system of point 5; 8) a 

valve for the discharge which takes out water from the system of point 5 or directly 

from the charge pipe; 9) at the inner base of the soil container, the connection of the 

water system with the box is ensured through holes protected with a net to avoid the 
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entrance of sand during the model preparation; and 10) a pressure gauge attached to 

the system to check the water pressure. 

This system allows water to rise uniformly and constantly into the soil box at low 

pressures reducing as much as possible the disturbance to the soil deposit. The pressure 

of the water is monitored thanks to the element at point 10 and the degree of openness 

of the charge valve in case of saturation and of the discharge valve in case of 

desaturation.  

 

Fig. 2.1-4 Water system: 1) Water charge pipe; 2) Water discharge pipe; 5 and 6) Hosepipes 

infiltration system and related valves; 7) Charge valve; 8) Discharge valve; and 10) Pressure gauge 

 

 

Fig. 2.1-5 Connection between pipes and soil container 
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Fig. 2.1-6 Water tap and pressure gauge 

 

Fig. 2.1-7 Discharge pump activation panel 

 

As for the previous case of tests T1, for tests T2 the soil box in the bottom part is 

connected to a hosepipes water supply system that provides water into the soil 

container and allows the water discharge. The infiltration system works in the same way 

as described above, it is composed of a pipe for the charge and a pipe for the discharge, 

both controlled by valves. These two pipes are connected to five more entries with their 

own valves directly incoming into the soil box from the bottom (Fig. 2.1-8). In the 

previous case, not all of the five pipes were working properly. Moreover, the main 

difference in this system is the introduction of a water bucket used to control the water 

pressure during the saturation process. The bucket can be moved upward and 

downward thanks to a system composed of a roll and a chain. The bucket is also 

connected with two pipes, one providing water to the infiltration system, and one to 

regulate the water overflow. In this way, the water level is kept constant inside the 

bucket and the water pressure for the saturation process is controlled from the height 

of the bucket and the water level in it. This system allows, after establishing the water 

pressure, to keep it constant meanwhile the water level is rising up in the ground model, 

simply by moving the bucket up during the saturation process (every 5 cm of model 

saturation). A metric bar is used to check the water head in the bucket and to increase 
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the bucket height.  For the model saturation, a pressure of 3 kPa is used. If the pressure 

is too low, it can happen that some layers of the soil deposit are not going to be 

saturated; if instead, the pressure is too high it will modify the grain set-up in the model 

thus changing the relative density characteristics. 3kPa is a good value to account for 

both problems. 

 

 

Fig. 2.1-8 Water pipe system: charge, discharge pipes and entries 

 

   

Fig. 2.1-9 Bucket for water supply 
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Piezometers are used to measure the water level in the ground model. These 

instruments are installed on the back side of the soil box and consist of a measurement 

bar and a plastic tube connected with the soil container (Fig. 2.1-10). The connection 

between tube and soil container is protected by a grid to avoid sand particles to get 

inside the tube (Fig. 2.1-11). Before the preparation of the soil model, the piezometers 

are cleaned by using air pressure inside the tube. Piezometers are closed during the 

phases of model preparation and shaking, due to the possibility of sand particles 

clogging at the connection between piezometer and soil container and because of the 

possibility of excess pore water pressure dissipation through the piezometer during the 

shaking. Piezometers are instead open after the model preparation to check the water 

table level in the model, and after each shaking step to check the level increase. 

 

 

Fig. 2.1-10 Piezometer 

 

Fig. 2.1-11 Connection protection 

 

2.1.3. Shake table operation and acquisition system 

The moving base has dimensions of 3 m and 2 m respectively in the longitudinal (x) 

and transversal (y) directions. The maximum loading capacity is 7 t, the maximum 
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allowable horizontal acceleration is 1g in both x and y directions, the maximum velocity 

is 27 cm/s, the maximum displacement ±20 cm and the operating frequency is in the 

range 2-50 Hz.  

The shake table is activated by a mechanical assembly and controlled by a PC (Fig. 

2.1-12), the data acquisition system consists of 6 data loggers connected to each other 

and to a PC for data recording (Fig. 2.1-13). Each data logger is provided with 10 

channels and the maximum data sampling frequency is 1000 Hz. In this research, a 

sampling frequency of 500 Hz is used for a total number of 49000 recorded data which 

provides a recording interval of 98 s. Acceleration (AC) and pore water pressure (PW) 

transducers and laser sensors (LS) are connected to the loggers (Fig. 2.1-13). 

 

  

Fig. 2.1-12 Shaking table activation system: PC for input motion and machine for the mechanical 

assembly 
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Fig. 2.1-13 Data acquisition system: data loggers, connection between transducers and sensors 

to the loggers, and Pc for data recording 

 

2.1.4. Recording sensors 

ARH-A accelerometers from Tokyo Sokki Kenkyujo Company are used to record the 

acceleration time histories in this research (Fig. 2.1-15). This accelerometer measures 

absolute acceleration in single direction only (the direction of + and – indicated on the 

face of the sensor). This means that the sensor direction needs to be orientated in the 

same direction of the shaking. If the main direction is orientated vertically, it will only 

record the 1g gravity acceleration. According to the sensor producer datasheet, the 

main features of the accelerometer are reproduced in Fig. 2.1-14. 
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Fig. 2.1-14 Datasheet for the ARH-A accelerometers as from the Tokyo Sokki Kenkyujo Company 

 

During the model preparation, accelerometers require to be placed carefully and a 

plastic cap attached to the base of the accelerometer is used to ensure a stable position 

of the sensor in the model even during the shaking (Fig. 2.1-16). Before the installation 

in the model, the accelerometers have been calibrated; specifically, the micro strain-

acceleration relationship was established to obtain the calibration factor, locating the 

accelerometers in the desired position and applying series of input motion. Immediately 

before the installation, the accelerometers are placed on a horizontal plate (Fig. 2.1-17) 

and the initial registered values are set as initial values before the recordings during the 

shakings. One accelerometer is placed at the base of the box to record the input 

acceleration time history at the base of the model (Fig. 2.1-18).  
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Fig. 2.1-15 ARH-A Acceleration Transducer 

 

Fig. 2.1-16 Installation of the accelerometers 

using the plastic cap 

 

 

Fig. 2.1-17 Acceleration transducers 

location for initial configuration 

 

Fig. 2.1-18 Base accelerometer 

 

P310AV-02 pore pressure transducer from SSK Co., Ltd. was used to record the 

excess pore water pressure time histories in this research (Fig. 2.1-20). According to the 

sensor producer datasheet, the main features of the pore water pressure transducers 

are reproduced in Fig. 2.1-19. 
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Fig. 2.1-19 Specifics for the Micro Pressure Transducers P310AV-02 as provided by the 

manufacturer 
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The cap of the transducer is mesh filter type and before the installation in the model 

the transducer should be saturated (Fig. 2.1-21) and the air bubbles entrapped in the 

cap should be removed to avoid mistakes in the recording due to the air pressure. These 

two points can be achieved by putting the transducers inside the water during the 

preparation of the model and by opening the cap under the water to allow air removal 

before the installation. Care should be taken during the installation, particularly the cap 

of the transducer must be placed perpendicularly to the shaking direction to avoid 

sudden changes in water pressure and the location of the transducers should not 

change during the test phases so that it would be always possible to refer to the initial 

position as a reference depth for the recorded excess pore water pressure. Before the 

installation in the model, the pore water pressure transducers have been calibrated. 

Specifically, the relationship between pore water pressure and electrical potential (i.e., 

voltage) was established to obtain the calibration factor, by measuring the voltage at 

different known water levels (which means at different known pressures). Also for these 

transducers, immediately before the installation in the model, the initial values recorded 

for wet transducers in contact with the atmosphere are set as initial values before the 

recordings during the shaking. 

 

 

Fig. 2.1-20 Micro Pressure Transducers P310AV-02 

 

Fig. 2.1-21 Pore water pressure 

transducers saturation 
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The cable of the sensors was fixed at the top of the box to avoid sensors sinking 

during liquefaction. During the first group of tests, it was observed cables to be tensed 

during the shaking, due to the bigger weight of the sensors as compared to the unit 

weight of the sand. For the second group of tests, to avoid cables breakage and to keep 

sensors position coherent with the ground displacements, the weight of AC and PW 

was adjusted to be similar to the saturated weight of the sand by fixing a layer of 

expanded polystyrene (EPS) on the body of the sensors (Fig. 2.1-22). 

 

  

Fig. 2.1-22 EPS addition for AC and PW sensors 

 

Laser sensor model IL-300 from KEYENCE was employed in this research (specifics 

from the manufacturer are in Fig. 2.1-23) to monitor ground settlements and structure 

displacements (Fig. 2.1-24). It is connected to an amplifier IL-1000 (Fig. 2.1-25) and a 

power unit KZ-U3. This sensor has a working range of 300 mm starting at 150 mm far 

from the target and up to a maximum distance of 450 mm. These sensors have been 

mounted on a steel frame structure at predefined heights and white, bright and flat 

targets were used on the monitored object for laser beam reflection (Fig. 2.1-26). Before 

the installation, the laser sensors have been calibrated. Specifically, the displacement-

voltage relationship was derived to obtain the calibration factor, by taking voltage 

values at known distances. 
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Fig. 2.1-23 Datasheet for the employed laser sensor as from Keyence  

 

 

Fig. 2.1-24 Laser sensor IL-300 

 

Fig. 2.1-25 Amplifier IL-1000 
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Fig. 2.1-26 Steel frame structure with fixed sensors and targets for laser reflection 

 

With a mounting bracket attached to the shaking table, a camera Nikon D800 is 

fixed in front of the face of the box (Fig. 2.1-27). This camera is used to take pictures of 

the interested area close to the pipe, during the shaking, to capture in a detailed way 

the deformation of the soil and the pipe displacement. Other two video cameras JVC 

Everio GZ-X500-N are installed on the main face of the model and on the top of the 

model to take respectively videos during the shaking and detailed pictures of the top 

ground when liquefaction occurs. The video camera on the frontal side was installed on 

a tripod far from the model to take its complete view. Instead, the video camera on the 

top was installed on a tripod or directly attached to a steel frame fixed on the soil box 

(Fig. 2.1-28) according to the specific test. 
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Fig. 2.1-27 Camera installation 

 

     

Fig. 2.1-28 Top video camera installation 

 

For the second series of tests, some improvements were made aiming to take good 

quality pictures for the soil deformation analysis. For this purpose, the settings for the 

camera were carefully selected to have a good resolution (Fig. 2.1-29), a proper light 

system was used to avoid the light reflection on the soil box wall and to get clear 

pictures. The light system and its location with reference to the soil box are shown in 

Fig. 2.1-30 and Fig. 2.1-31. 
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Fig. 2.1-29 Camera settings: aperture f/3.2, shutter speed 1/320, ISO 400 

 

 

Fig. 2.1-30 Light system 
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Fig. 2.1-31 Light location 

 

2.2. MODEL SCALE 

In this research, the experimental tests are executed using the shaking table 

apparatus. A scale of 1:10 is used for the model to reproduce in the small dimensions 

of the soil box the real condition. As well known the stress level in 1-g shaking table 

tests is lower than the real case, reason for what a law of similitude needs to be adopted. 

This law of similitude links the model and the real scale in terms of the dynamic behavior 

through coefficients to be applied for specific parameters of interest (Towhata, 2008). 

In this research, the similitude adopted is in Tab. 2.2-1. For 1-g gravitational field 

shaking table tests on soil-structure-fluid models, the similitudes proposed by Iai (1989) 

can be applied. 
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Tab. 2.2-1 Law of similitude adopted in this study for the shaking table tests 

N=10 Real/Model Prototype Model 

Geometry 1:N 1 0.1 

Weights 1:1 1 1 

Relative density - 
Loose/Medium soil 

density 

Medium soil 

density 

Input acceleration 1:1 0.1 g – 0.8 g 0.1 g – 0.8 g 

Input time history 

frequency 

1:N1/2; 

1:N3/4 

1-2 Hz 5 Hz 

Input time history duration Adjusted to have 20 cycles of shaking 4 s 

 

As discussed in Towhata (2008), the effective stress in the model is smaller than 

reality (in a model scale 1:10 the tensional state is reduced of about 10%) and this 

affects the soil deformation characteristics. To have similar dilatancy and similar shapes 

of stress-strain curves, the relative density of the deposit should be decreased in the 

model test and very loose sand should be used. Moreover, being the dimensions of the 

model smaller than the real soil deposit, the frequency of the input motion should be 

increased. This is related to the difference in the natural frequency of the soil deposit 

in the model and in the real case. In the model test, if the loading frequency is small 

(lower than 10 Hz), there is a very big gap between this frequency and the natural 

frequency of the soil deposit (around 30 Hz – 40 Hz; see for instance Koga et al., 1990 

and Towhata, 2008) that is not necessarily as much big as in the real case. 

For the input motion parameters see the reference §2.4. 

 

Lastly, please note that in the model test the permeability is higher than in the real 

case. This means that for both dynamic and dissipation processes the time relationship 

is not respected. If the permeability is a monitored parameter, it would be necessary to 

use a viscous fluid to saturate the model instead of the water (e.g. Ling et al., 2003; 
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Towhata, 2015; Otsubo et al., 2016; Chian and Madabhushi, 2010). For this research 

simple water is used. 

 

2.3. MODEL PREPARATION 

A sand hopper is used in this research to fill the soil box with dry Silica Sand n.7. 

The sand hopper is composed of a plastic transparent container with a funnel shape. 

The upper part is wider, then its transversal section is reduced in the lower part where 

an opening mesh is placed. Beneath it, three layers of filter are installed at a vertical 

distance of 5 cm from each other (Fig. 2.3-1a). The opening of the mesh at the base of 

the hopper allows controlling the relative density of sand from 40% to 100% and the 

filters to control the uniform distribution of the falling material in the soil box (Fig. 

2.3-1b).  The sand hopper is placed at a fixed height from the bottom of the soil box 

and has an effective falling height of 90 cm. This method is called air-pluviation, it allows 

the soil model to be uniform and it is similar to the natural depositional process of sand 

by air (Fig. 2.3-1c). 

In this research, the relative density of the soil model is set around 40-50%, which 

represents a soil of medium density. Particularly, more is the falling height, denser will 

be the soil because of the bigger energy induced by gravity. However, in this test it is 

not possible to control the distance between the hopper and the base of the soil 

container because the sand hopper is fixed to a structure with a pre-fixed height and 

only horizontal movement is allowed. For this specific case then, lesser is the amount 

of sand falling from the hopper, denser is the soil due to the lower energy involved in 

the collision grain-to-grain (Kolbuszewski 1948a, b). Ultimately, this air-pluviation 

method reproduces the grain-to-grain contact under gravity which represents the 

actual sedimentation process (Towhata, 2008). 
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a) 

 

b) 

 

c) 

Fig. 2.3-1 Sand hopper: a) Equipment; b) Opening mesh inside the sand hopper; and c) Air-

pluviation 

 

The calibration of the sand hopper is made fixing the opening of its mesh, locating 

a base beneath it so that it could reproduce the distance of the sand hopper from the 

soil container, inserting cylinders for the sand samples of known volume and weight on 

the base. The sand hopper is filled with sand and the opening mesh is opened to let 

the sand fall and fill the cylinders. Once the cylinders are filled, the mesh is closed and 

they are extracted and put on the balance. This process is repeated for more cylinders 

per time and more times to take a mean value of the obtained relative density. The 

process is then repeated changing the opening. Moreover, being the falling height not 

constant during the process of box filling, because the soil is accumulating in the box, 

the opening of the sand hopper varies for each new layer and specifically the opening 

diameter becomes smaller for the top layers. So again, the process is repeated elevating 

the base, thus reducing the falling distance. Once volume and weight are known, it is 

possible to check the relative density and to iterate the procedure for the sand hopper 

calibration. 

 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

MODEL TESTS 75 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

 

a) 

 

 

b) 

Fig. 2.3-2 Sand hopper calibration: a) Calibration setup; and b) Weight of the cylinder empty and 

after sand falling  

 

After the sand hopper calibration, the model can be prepared. Specifically, the 

model is divided into three columns, along them recording sensors are located. 

COLUMN 1 contains the pipe and is in the middle of the box, COLUMN 2 is 25 cm 

distant from it and is still affected by the deformation of the soil around the pipe, and 

COLUMN 3 represents the free field condition, being not influenced from the presence 

of the structure. This last column is placed in between COLUMN 1 and the soil box 

lateral wall, thus trying to reduce as much as possible the boundary effects of the box. 

Sensors are installed just in one half of the soil model being valid the symmetry principle 

for which the recordings would be mirrored on the other half. AC and PW are installed 

in alternated position along the column alignment, thus reducing their interaction 

during the shaking and making the computation of shear strain, shear stress and 

effective stress possible and comparable. The model is prepared in layers of 10 cm for 

a total of 5 layers and a half, named as LAYER 1, LAYER 2, LAYER 3, LAYER 4, LAYER 5 

and LAYER 6 from the bottom to the top ground surface.  
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Each layer is realized inserting into the box the 50% of the sand necessary to 

complete one layer, followed by the other 25% and the final 25%. The division in 

different amounts is related to the need of locating sensors at different heights during 

the model buildup. Part of the last amount is used to fill only the perimetrical areas of 

the soil box instead of the central part to best level the layer, otherwise uneven. Overall, 

around 770 kg of sand is used to prepare a single soil model for tests of group T1 and 

around 875 kg of sand was necessary for models of group T2. During the model 

preparation wooden horizontal plates are placed on the top of the soil container to 

collect the sand spilled out of the box. 

Accelerometers and pore water pressure sensors are installed at different heights in 

the soil model to record the acceleration time history of the layer in which the sensor 

is located or of the structure at which the sensor is fixed and the time history of the 

excess pore water pressure during the shaking, respectively. These transducers are used 

to study the response of the model, monitor the liquefaction stage and compute the 

shear stresses and shear strains.  

Specifically, for the general case no sensors are installed at the first layer because 

they would be affected by the boundary condition effect of the soil box base. For the 

other layers, 50% of one layer sand is air-pluviated in the box, then other 25% of sand 

is inserted and the pore water pressure sensors are installed, after that other 25% of 

sand is arranged to complete the layer and the accelerometers are located. All the layers 

are realized following this procedure. When the installation depth of the pipe is 

reached, the pipe is located in the soil box with some accelerometers and pore water 

pressure sensors attached on it (Fig. 2.3-3a). The pipe is placed along the small side of 

the box to monitor the behavior in its transversal section (Fig. 2.3-3b). The installation 

of the pipe needs to be perfectly horizontal and the steel structure perfectly vertical to 

avoid rotations of the structure (Fig. 2.3-3c). After the pipe installation, the preparation 

of the model continues in the same way, inserting sand and installing sensors at the 

fixed heights inside the model. Please note that the relative density of the soil near to 
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the pipe cannot be exactly the same as the far field condition because of the sand 

impacting on the structure. 

   

 

a) 

 

b) 

 

c) 

Fig. 2.3-3 Installation of the pipe: a) Installation of sensors on the pipe, b) Installation of the pipe 

in the model with attached sensors; and c) Horizontality checking 

 

A typical model layout is sketched in Fig. 2.3-4. 

 

 

Fig. 2.3-4 Schematization of a typical model layout 
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For tests of the second group, more accelerometers are placed in the free field 

column to better study the stress and strain response of the model. 

 

After the realization of each layer, black sand is used near the transparent wall of 

the box to mark the layer horizontally. A cylinder allowed the black sand to fall near the 

wall and the obtained layer was then levelled with a spatula or a T-shaped steel frame 

(Fig. 2.3-5).  

 

  

a) b) 

Fig. 2.3-5 Realization of the horizontal black sand layer: a) Cylinder; and, b) Spatula 

 

Vertical black lines are also realized installing, before the preparation of the model, 

hollow vertical frames. These frames are filled at the end of the layers preparation with 

black sand and gently extracted from the box wall allowing the black sand to fall down. 

Meanwhile extracting the frame, the vertical black sand line will be visible from the wall. 

(Fig. 2.3-6a). These black lines help in monitoring the deformation of the soil and the 

uplift of the pipe (Fig. 2.3-6b). 
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a) 

 

b) 

Fig. 2.3-6 a) Vertical frames for black lines; and b) Horizontal and vertical black sand lines in the 

completed model 

 

For the tests of group T2, only in one case horizontal and vertical black lines are 

used, in the other cases horizontal black lines are realized and a mesh of black dots is 

created to track their movements and compute the deformations around the pipe. The 

amount of sand to be inserted step by step was dependent also on the installation 

depth of the dots. To install the black dots a mesh was drawn on the transparent wall 

of the soil box and the dots were inserted manually after pouring the sand layer up to 

the installation depth. Vertical black lines are not prepared to avoid confused pictures 

in the interested area. The black dots are prepared using black plastic frames with a 

diameter of 1 cm filled with black-colored sand (Fig. 2.3-7). 
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Fig. 2.3-7 Black dots 

 

When the model is completed, the sand on the wooden plates is collected and 

weighted. The weight of the sand inside the box will be used to compute the initial 

relative density of the soil model. 

 Laser sensors are also installed on the top, to monitor the displacements of the 

ground and the displacements of the pipe. 

The soil is saturated after the complete preparation of the model from the bottom, 

with a hosepipes infiltration system delivering water at very low pressures (for details 

see §2.1). The water level in the soil box is controlled with piezometers. The soil model 

is fully saturated up to 50 cm from the base and partially saturated for the upper half 

layer. The top layer is intentionally kept partially saturated to allow laser sensors 

recordings. During the saturation of the model, even using low water pressure, the laser 

sensors have been activated to monitor any possible displacements of both pipe and 

ground model. The complete model saturation required about 5-6 hours for tests T1, 

depending on the openness of the valves. For tests T2 it was observed again that the 

saturation required 1 hour for a sand layer 10 cm high. The saturation process for this 

last case was monitored with a camera from the frontal side of the soil box and one 

example is shown in Fig. 2.3-8 through consecutive shots.  
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Fig. 2.3-8 Saturation process 
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 Once the test is performed, samples are taken at different heights inside the model 

to check the achieved relative density and compare it with the values obtained from 

the laser sensors measurements. The samples are taken trying to avoid the disturbance 

of the sand, using a proper mold which is manually installed in the model ground (Fig. 

2.3-9).  It is very difficult to take undisturbed samples in sandy soils and to fill the exact 

volume of the mold, however with samples taken at different heights in the model it 

was observed that the relative density achieved was uniform at different depths, as it 

was supposed to be. Some of the results are shown in ANNEX B. After the sampling, 

the water is discharged completely and the sand is manually extracted from the soil 

container and collected in rectangular boxes (Fig. 2.3-10) to be inserted in the oven 

(Fig. 2.3-11). The sand will get dry, after spending two days in the oven, and used again 

for next tests. A 2 mm sieve will be adopted to remove some dust accumulated in the 

sand over time and some crust obtained on the surface of the sand inside the oven (Fig. 

2.3-12). 

 

   

Fig. 2.3-9 Sand sampling for relative density check 
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Fig. 2.3-10 Sand extraction 

 

  

Fig. 2.3-11 Oven with sand boxes to get dry 

 

 

a) 

 

b) 

 

c) 

Fig. 2.3-12 Cleaning of already used sand: a) 2 mm sieve; b) Sand hopper filling process with the 

sieve to filter the sand; and c) Retained material from the sieve 
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2.4. INPUT MOTION 

The shaking is performed in the longitudinal x direction, thus studying the behavior 

of pipe and soil in the transversal section. The test program is based on incremental 

acceleration steps of 0.1 g, starting from 0.1 g up to 0.6 g (phase a) of uniform 

amplitude, 5 Hz sine wave having 4 s duration, followed by decremental acceleration 

steps with the same characteristics up to 0.1 g (phase b). In the end, an acceleration 

time history of 0.8 g is applied to verify if the maximum response of the model was 

achieved in terms of pipe vertical displacements (phase c). For the general case, a total 

number of 12 shaking steps was applied for each test. The test program is based on the 

idea of applying a series of foreshocks, followed by a mainshock, followed by some 

aftershocks reproducing a typical seismic sequence, eventually followed by a successive 

mainshock.  

The parameters of frequency and duration are selected based on the application of 

20 cycles of loading to the model (Towhata, 2008). Shaking table tests previously 

conducted in the same laboratory on soil models prepared with similar characteristics 

and subjected to similar waveforms 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 and the duration of the shaking is consequently 

adjusted to reach 20 uniform loading cycles. 

After the application of every single step, when the shaking ends it is necessary to 

wait for 2 minutes to allow complete recording. As soon as the recording is finished, 

data need to be saved and it is possible to proceed with the next step. Before the next 

step, if during the shaking an excess of pore water pressure is recorded, the excess 

water will be dissipated to re-establish the same water level in the ground model as 

before the shaking. 
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After the dissipation process, before applying the new shaking, it is ensured that 

laser sensors values are stable thus indicating the soil model has reached the new 

equilibrium condition. 

 

2.5. EXPERIMENTAL PROGRAM 

As already mentioned above, the experimental program is based on two groups of 

tests, T1 and T2, respectively composed of four and seven shaking table tests performed 

in two different period of times including in between some changes to the apparatus. 

Being not possible to directly compare the results of the two groups, they are treated 

like separate experimental programs, even if considerations will be done jointly in the 

concluding part. Also, the second group of tests was planned after observing the results 

of the first group. 

 

2.5.1. Experimental program for group T1 

For group T1, a summary of the tests with the used apparent unit weight, initial soil 

relative density and countermeasure is given in Tab. 2.5-1. 

 

Tab. 2.5-1 T1 tests summary 

TEST 

NAME 

SOIL RELATIVE DENSITY 

(%) 

PIPE APPARENT UNIT WEIGHT 

(g/cm3) 
MITIGATION METHOD 

T1_1 45 0.68 None 

T1_2 45 0.68 None 

T1_3 45 
0.68 Gravel above (30 cm*40 cm* 

5 cm) 

T1_4 45 
0.68 Gravel below (30 cm*40 cm* 5 

cm) 

 

T1_1 is the reference test to identify the soil deformations and the pipe uplift, T1_2 

differs due to the application of a pre-shake of 0.15 g before each shaking step, T1_3 
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and T1_4 are realized adding to the model a gravel bag to counteract the uplift of the 

structure. 

 

The characteristics of the pipe adopted in the model scale are available in Tab. 2.5-2. 

The diameter of the pipe, the weight, and the burial depth are discussed with the 

SAIPEM Specific Pipeline Onshore Department, in order to adopt values currently 

employed in the design practice. Specifically, the pipe laying depth is for the general 

test at 25 cm from the ground surface, its nominal diameter is DN100 and the apparent 

unit weight is 0.68 g/cm3. For more details about the materials and the structure see § 

2.6. 

  

Tab. 2.5-2 Model pipe characteristics 

External Diameter, De (cm) 11.40 

Thickness, t (cm) 0.35 

Internal Diameter, Di (cm) 10.70 

Pipe Length, Lpipe (cm) 40.00 

Apparent Unit Weight, ρapp (g/cm3) 0.68 
 

 

Fig. 2.5-1 Pipe arrangement in the model 

 

The layouts of T1_1, T1_2, T1_3, and T1_4 are respectively in Fig. 2.5-2, Fig. 2.5-3, 

Fig. 2.5-4 and Fig. 2.5-5 where vertical and horizontal sections of the soil container are 

shown with the distribution of the sensors for each layer, geometries, and distances. 
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Fig. 2.5-2 Model layout for T1_1 

 

 

Fig. 2.5-3 Model layout for T1_2 
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Fig. 2.5-4 Model layout for T1_3 

 

 

Fig. 2.5-5 Model layout for T1_4 
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T1_2 differs for the application of a pre-shake of 0.15 g before each shaking step, it 

consists of a single pulse motion as shown in Fig. 2.5-6. 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, which showed a horizontal displacement before the 

application of the load history. However, it is decided to keep the results of this test, 

because some interesting information can be derived. Specifically, results were used to 

understand how a single pulse perturbation with an overall amplitude smaller than the 

amplitude of the shaking step (except for 0.1 g) could affect the liquefaction resistance 

of soil deposit and specifically the response in uplift of the buried structure. Please 

consider that, for a matter of time and due to the unexpected event, the response of 

the model during the pre-shake was not recorded. 

 

 

Fig. 2.5-6 Base acceleration time history for the pre-shake in T1_2 

 

For T1_3 and T1_4 a gravel bag with dimensions of width 30 cm, length 40 cm, and 

height 5 cm is placed above the pipe for T1_3 and below the pipe for T1_4. The details 

of the arrangement of pipe with the gravel bag respectively for T1_3 and T1_4 are in 

Fig. 2.5-7 and Fig. 2.5-8. For more information about the used materials see § 2.6. 
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Fig. 2.5-7 Gravel bag above the pipe for T1_3 

 

  

Fig. 2.5-8 Gravel bag below the pipe for T1_4 

 

For T1_3, the bag is not attached to the pipe but it is entrapped in the vertical steel 

frames used to monitor the displacements (Fig. 2.5-7, Fig. 2.5-9) and, therefore, the 

movement is not completely free. For T1_4 the bag is instead connected to the pipe 

with steel bars because an independent vertical movement of the pipe and the bag was 

expected (see Fig. 2.5-8). 
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Fig. 2.5-9 Gravel bag entrapped in the vertical steel structure of the pipe 

 

Please note that for T1_4 the burial depth of the pipe was reduced of 5 cm (as shown 

in Fig. 2.5-5) to insert the gravel bag below it. This choice is due to the necessity not to 

be too much close to the base of the soil box in the model and thus allowing the 

liquefaction phenomenon to develop also in the layer below the structure. Of course, 

in the practice, this solution would be used increasing the excavation depth and 

keeping the burial depth of the pipe as indicated by the design standards.  

 

The reason behind the selection of a gravel bag as remedial measure comes from 

the problem statement as the insertion of a non-liquefiable layer in the column of the 

pipe would contrast the soil movement responsible of the uplift and, thus, reducing or 

preventing the uplift of the embedded structure. The gravel bag lends itself well to this 

aim because of its non-liquefiable properties, easiness of realization and installation in 

the field and also for the possibility to use this system together with the additional 

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. To assess 
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this aspect, two positions of the gravel are considered in the experimental program. 

The gravel bag is a new system introduced in this research even though the gravel has 

already been used as material to replace the in-situ soil by filling the dig or as an 

increase in weight of the structure. 

A gravel available in the laboratory was used for this research. The finest gravel was 

selected to reduce the drainage effect that could be exercised during the test execution 

from a 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 unfeasibility of reproducing the real 

permeability law in the scaled model, that is one of the most important aspects when 

drainage effect is considered. However, as shown in §2.6.3, with reference to Fig. 2.6-9, 

d20 of the gravel is about 2.2 mm, thus resulting in a coefficient of permeability of 

about 2 cm/s which shows a good drain material, so the effects of drainage could not 

be removed from the test. Please consider that, even if the gravel has exercised some 

dissipation of pore water pressure, no drainage system was used to allow the outflow 

of water from the model and that the gravel was not in contact with the ground surface 

as well. 

 

2.5.2. Experimental program for group T2 

Referring to the tests of the second group, a summary of the experimental program 

with the used apparent unit weight, soil relative density and countermeasure is given 

in Tab. 2.5-3. The relative density for these tests is about 50%, except than T2_2 for 

which, because of an error in setting the opening of the sand hopper mesh, it resulted 

in 40%. 

T2_1, T2_2, and T2_3 aimed at investigating the different behavior of the buried pipe 

increasing its apparent unit weight. Three different unit weights have been investigated 

as shown in Fig. 2.5-10 and Tab. 2.5-3, one lower than the water unit weight, one similar 
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to the soil unit weight and one bigger than the saturated soil unit weight. The aim is to 

verify if the buried structure will be subjected to uplift or settlements and to quantify 

their values. For the specific diameter used in the model tests, the apparent unit weight 

of 0.68 g/cm3 is coherent with the prototype in the real case.  For the other two cases, 

please note that the considered apparent unit weight exists only for smaller diameter 

of the pipe, but due to the difficulty in changing the pipe diameter in the tests, the 

bigger weight for the same diameter was adopted. The model layouts of these tests 

with sensors location and geometries are available in Fig. 2.5-11, Fig. 2.5-12 and Fig. 

2.5-13. 

Tests T2_4, T2_5, T2_6 and T2_7 focus instead on the countermeasures to be applied 

in case of pipe uplift and only for T2_4 in case of pipe settlements.  

 

Tab. 2.5-3 T2 tests summary 

TEST 

NAME 

SOIL RELATIVE 

DENSITY (%) 

PIPE APPARENT UNIT 

WEIGHT (g/cm3) 
MITIGATION METHOD 

T2_1 50 0.68 None 

T2_2 40 1.32 None 

T2_3 50 2.1 None 

T2_4 50 2.1 Gravel below (20 cm*40 cm* 5 cm) not attached 

T2_5 50 0.68 
Drain pipes (2φ2 cm with 25% opening mesh + 

piezometers φ8 mm) 

T2_6 50 0.68 Gravel above (20 cm*40 cm* 5 cm) attached 

T2_7 50 0.68 
3 geogrid sheets (30 cm * 40 cm) above the pipe 

(distance of 3.5 cm among them) 

 

 

a) 

 

b) 

 

c) 

Fig. 2.5-10 Pipe with different apparent unit weights: a) 0.679 g/cm3, b) 1.316 g/cm3, and c) 2.071 

g/cm3 
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Fig. 2.5-11 Model layout for T2_1 

 

 

Fig. 2.5-12 Model layout for T2_2 
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Fig. 2.5-13 Model layout for T2_3 

 

T2_4 is based on the use of a gravel bag placed below the pipe to check if it can 

contrast the settlements of the pipe with bigger apparent unit weight. In this new set 

of tests, the gravel is placed in a bag with the same characteristics as before but with 

smaller dimensions (i.e., bbag=20 cm, lbag=40 cm and hbag=5 cm) (Fig. 2.5-14). The smaller 

width of the bag (20 cm, which is 2 m in real scale) is used coherently with the typical 

size of the excavation section for the installation of a structure which is around 1 m of 

diameter in real scale. The bag is not connected to the pipe, in this way, there is the 

possibility to investigate a potential relative movement between the pipe and the gravel 

thus causing a misfunctioning of the system. The model layout for T2_4 is provided in 

Fig. 2.5-15. Also for this test, the same considerations as in the previous group T1 with 

reference to the necessity to reduce the burial depth of the pipe to allow the gravel bag 

location below the structure are valid.  
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a) b) 

Fig. 2.5-14 Arrangement of the system gravel bag and pipe: a) Lateral view; and b) Top view 

    

 

Fig. 2.5-15 Model layout for T2_4 

 

T2_5 is based on water drainage principle using drain pipes as a mitigation measure. 

Excess pore water pressure increases with time during the application of cyclic loading 

in undrained condition. It is possible to mitigate the excess pore water pressure by 
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dissipating the pore pressure. For this experimental program, the countermeasure is 

realized with two drain pipes of diameter 2 cm and length of 40 cm connected with 2 

piezometric tubes with a diameter of 8 mm to transport the water out from the ground. 

The drain pipes are placed immediately below the installation depth of the pipe and 

adjacent to it on the two later sides as visible in Fig. 2.5-17. Details of the arrangement 

of the drain pipes in the model are available in Fig. 2.5-16 and the model layout with 

geometrical information in Fig. 2.5-18. Drain pipes have already been used in other 

research works with different characteristics. 

 

  

a) b) 

Fig. 2.5-16 Drain pipes installation: a) Arrangement in the model; and b) Piezometric tubes 

 

 

Fig. 2.5-17 Position of the drain pipes with reference to the pipe location 
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Fig. 2.5-18 Model layout for T2_5 

 

T2_6 is designed to counteract the pipe uplift with a gravel bag placed above the 

pipe. The bag has the same dimension of that used for T2_4. The details of the 

installation in the model are in Fig. 2.5-19 and the model layout with geometrical 

information is shown in Fig. 2.5-20. For this test, the gravel bag is trapped in the steel 

frame of the pipe used to record the displacements from the top surface with the laser 

sensors. This means that, even if it is not completely attached to the pipe, the bag is 

not able to move independently from the buried structure, as seen also for T1_3. This 

choice was mainly related to the necessity to perform tests which could be as much 

comparable as possible, so to the necessity to keep the steel frames in the model for 

both reasons of having the same displacement recording system and having the steel 

frames effects in the model as a constant. Two aspects should be pointed out with 

reference to the used gravel bag: the first aspect comes with the reduced width of the 

gravel bag as compared to tests T1, which is important to investigate the effect of the 

dimension of the bag on the model response; the second aspect is related to the lower 
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weight of the gravel selected for this second group of test (see § 2.6), used to 

understand the benefit of the gravel on the uplift response when its weight is quite 

comparable with the sand weight. 

 

  

a) b) 

Fig. 2.5-19 Arrangement of the system pipe-gravel bag in the model: a) Frontal view; and b) 

Lateral view 

 

 

Fig. 2.5-20 Model layout for T2_6 
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The last test T2_7 includes geogrids as countermeasures. Three geogrid sheets are 

placed above the pipe with a wheel base of 3.5 cm. They consist in a polypropylene net 

of plastic material with an opening mesh of 0.84 mm prepared in sheets 30 cm wide 

and 40 cm long with a tensile strength of 580 N/5cm. Details of the installation are in 

Fig. 2.5-21 and the model layout is in Fig. 2.5-22. The aim of this test is to understand 

if the geogrids are able to provide a local strengthening of the soil deposit, thus 

contrasting the soil flow around the structure and consequently the uplift of the pipe. 

  

   

a) b) c) 

Fig. 2.5-21 Details of geogrid installation: a) Lateral view; b) Frontal view; and c) Top view 

 

 

Fig. 2.5-22 Model layout for T2_7 
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2.6. EMPLOYED MATERIALS 

2.6.1. Material for pipeline 

The pipeline is modeled with a 40 cm long PVC pipe closed with caps at both ends 

to avoid the entrance of sand and water. The caps are covered with a layer of a sponge 

of around 10 mm thickness and 15 mm width to reduce the friction between the pipe 

and the soil box walls. A steel structure is fixed at the pipe, moving together with it, 

monitoring the displacements of the pipe from the ground surface with the laser 

sensors. The details of the pipe are in Fig. 2.6-1. Its nominal diameter is DN100 and the 

apparent unit weight is 0.68 g/cm3. This weight is consistent with a steel pipe 

transporting natural gas at pressures in the range between 5 and 15 MPa. The apparent 

unit weight in the model scale is obtained adding a filling material inside the pipe, 

properly fixed at the base to avoid relative movement (Fig. 2.6-2). For some of the tests 

of group T2, additional filling material is used to increase the apparent unit weight of 

the pipe. 

 

 

 

a) 

 

 

b) 

 

c) 

Fig. 2.6-1 a) PVC pipe with caps and sponge; b) Sponge; and c) Steel structure to monitor the 

displacements 
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Fig. 2.6-2 Pipe with fixed filling material to adjust its weight 

 

2.6.2. The soil deposit 

Silica Sand with grade n. 7 is used to prepare the soil deposit. This is artificial sand 

produced from crushed rock, mostly composed of silicate minerals. It is uniformly 

distributed and its physical properties and grain size distribution are respectively shown 

in Tab. 2.6-1 and Fig. 2.6-3. 

 

 
 

Specific gravity, Gs 2.640 

Maximum void ratio, emax 1.129 

Minimum void ratio, emin 0.670 

Mean particle diameter,  

D50 (mm) 
0.170 

Effective particle diameter,  

D10 (mm) 
0.110 

Coefficient of uniformity, Uc 1.855 

Coefficient of curvature, U’c 0.945 

Fig. 2.6-3 Grain size distribution of Silica Sand n.7 Tab. 2.6-1 Silica Sand n.7 properties 
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Black-colored sand is used in the soil model to create a mesh of lines or dots visible 

from the transparent wall of the soil container to observe the soil deformation during 

the test. Particularly, this sand is prepared mixing 25 kg of the same Silica Sand n.7 with 

0.02 kg black color agent and 500 ml ethanol (Fig. 2.6-4). After mixing, it takes 24 hours 

to let the sand be dry. The black-colored sand obtained (Fig. 2.6-5) is placed in a small 

amount just adjacent to the transparent wall in the points of interest. 

 

 

Fig. 2.6-4 Black color agent and ethanol 

 

Fig. 2.6-5 Black sand 

 

2.6.3. Mitigation for pipeline uplift 

One of the systems employed to mitigate the pipe uplift is composed of a bag filled 

with gravel (see for instance tests T1_3, T1_4, T2_4 and T2_6). Specifically, it is a 

deformable bag of plastic material with an opening mesh of 0.84 mm (Fig. 2.6-6). The 

dimension of the bag is different for the two group of tests: for T1, it has dimensions of 

bbag=30 cm, lbag=40 cm and hbag=5 cm filled with fine gravel (Fig. 2.6-7) with a specific 

unit weight of 19 kN/m3 and grain size distribution shown in Fig. 2.6-9. For the tests T2, 

the bag has dimensions of bbag=20 cm, lbag=40 cm and hbag=5 cm and different gravel 

is used with a specific unit weight of 15.20 kN/m3 and grain size distribution as shown 

in Fig. 2.6-10. 
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Fig. 2.6-6 Bag details 

 

Fig. 2.6-7 Gravel bag for T1 

 

Fig. 2.6-8 Gravel bag for T2 

 

 

Fig. 2.6-9 Gravel grain size distribution for T1 

 

 

Fig. 2.6-10 Gravel grain size distribution for T2 
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Geogrids are also used as a mitigation measure in test T2_7 and are modeled with 

the same deformable net of plastic material with an opening mesh of 0.84 mm used for 

the gravel bag and they are prepared in sheets 30 cm wide and 40 cm long and have a 

tensile strength of 580 N/5cm  (see Fig. 2.5-21). 

 

The drain pipes used for test T2_5 are realized with two micro-fissured PVC tubes 

of diameter 2 cm and length of 40 cm having an opening ratio equal to 25% and 

properly covered with a fabric sheet to prevent the inflow of sand into the pipes. 

Connected to them there are two piezometric tubes of PVC with a diameter of 8 mm 

(Fig. 2.6-11 a and b). 

 

  

a) b) 

Fig. 2.6-11 Drain pipes: a) Micro-fissured PVC pipes; and b) Micro-fissured PVC pipes covered 

with fabric sheet 
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3. PIPELINE AND EXCAVATION TRENCH 

3.1. PIPELINE CHARACTERISTICS IN REAL FIELD AND MODEL SCALE 

In posing some confinements for this research, the only requirement for the 

characteristics of the pipelines in real applications was to consider light and big 

diameter pipeline. Light pipes are required for their tendency to uplift easier as 

compared to heavy structures. With reference to the diameter, according to the SNAM 

standardization for Italy, among others, the 48’’ pipe was selected, which has an external 

diameter of about 1.2 m. This dimension is related to a steel pipe with own 

characteristics of thickness and unit weight. However, in this research only used data 

was the external diameter and the total weight of the pipe and transported fluid. The 

pipe is considered as a rigid body, so no flexural stiffness was taken into account. This 

characteristic would be necessary to account for in the case the tests would have been 

conducted by studying the response of the pipe in the longitudinal development. This 

is not the case of this research. The pipe for the model test was selected to be as close 

as possible to the selected diameter and rigid enough to avoid flexural deformations. 

According to these necessities, a PVC pipe with an external diameter of 11.4 cm and a 

thickness of 0.35 cm (as seen in 2.5-2) satisfied the requirements. The stiffness was 

verified in the very first trial test (which results are not shown in the thesis) by comparing 

the response of three different accelerometers attached on the top of the pipe in three 

different positions along the 40 cm of the pipe length (Fig. 3.1-1). Accelerometers 

returned the same results for the different examined transversal sections. 
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Fig. 3.1-1 Check of pipe flexural stiffness 

 

3.2. EXCAVATION TRENCH IN REAL FIELD AND MODEL SCALE 

For the burial depth of the pipe and for the application of the countermeasures, a 

typical excavation trench is considered which details are available in Fig. 3.2-1 for a pipe 

of approximately 1 m of diameter in real applications. The dimensions of the excavation 

sections are important for the selection of the dimensions of the remedial measures. 

Concerns are mainly focused on the depth, for the remedial measures to be adopted 

below the pipe, and the width of the excavation section. The increase in the dimensions 

of a standard excavation section incurs in additional costs. This aspect was considered 

in the design of the countermeasures. 

 

   

Fig. 3.2-1 Pipeline trench standard used as a reference (left side) and adopted (right side) 
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In real soil deposit, the excavation is performed, the pipeline is installed directly or 

after preparing a proper bedding and the trench is backfilled with materials and criteria 

depending on the specific application. For the model test, the excavation of the trench 

after the model preparation would have disturbed the soil deposit in terms of relative 

density and it would be difficult to respect excavation dimensions and angles. 

Additionally, to keep the walls of the trench stable, the soil deposit should be saturated 

completely and then the water level should be reduced up to the installation depth of 

the pipe to allow the excavation. This approach is also not coherent with reality, because 

in saturated sandy soils pipelines are going to be installed with specific techniques in 

presence of water in the backfill. To reproduce a similar condition in the model test 

would be practically almost impossible. To avoid disturbance and knowing that real 

condition could not be entirely reproduced, an ideal case is considered for the 

experiments. The pipeline is installed meanwhile preparing the model. This means that, 

once the model reached in height the pipe laying depth, the pipe was simply placed in 

the model and pushed towards to bottom to level the ground immediately below and 

to avoid empty spaces. After this, the model preparation continued by pouring sand in 

a normal way with the sand hopper. The model was saturated at the end. By following 

this approach, the complete model has the same relative density, no disturbance was 

given because of the excavation process and for saturation and de-saturation, and the 

backfill was not compacted. The model preparation reproduced an ideal case in which 

the pipe was already installed on the top of a dry sand deposit, which was covered by 

same sand transported from wind with a velocity such that the sand arrangement could 

have overall same characteristics of relative density. Water raised up in the ground when 

the deposit was formed. In this way, the only disturbance is for the relative density in 

the area immediately around the pipe because of the sand impacting on the structure 

before falling down. There was no way to control the relative density in this area. 

However, being the relative density designed by using the opening of the sand hopper 

mesh, the falling distance and the velocity of the sand hopper movement, only two 
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disturbing points are the falling distance and the circular shape of the pipe. The falling 

distance is shortened for the presence of the pipe diameter and the shape of the pipe 

led the sand grains to slip along the curved sides. To reduce this disturbance, the model 

was prepared first in one half of the soil box, from one lateral wall up to the pipe, until 

reaching the pipe height and then the other half was also completed. In this way, 

because of the movement of the sand hopper which direction was inverted once about 

to be in correspondence of the installed pipe, sand was easily filling the space around 

the pipe without impacting much on the structure. It is believed that this approach 

should not have changed substantially the designed relative density. The only way to 

control how this sand impact has affected the relative density around the buried 

structure is the numerical simulation of the process. Even though samples could be 

taken after the tests execution in this area, as done for the free field ground to check 

the relative density uniformity, it is clear that it is already difficult to take undisturbed 

samples in the sand deposit and it is even more difficult in areas in presence of 

structures (how it can be for the pipeline and related remedial measures). 
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4. COMPUTATIONAL TOOLS FOR TEST ANALYSES 

In this section, the computational approach used for data analysis is presented. 

Particularly, as already mentioned in the previous sections, data will be derived based 

on the accelerometers, pore water pressure transducers and laser sensors recordings. 

Starting from these recordings, the computational tools mainly refer to the relative 

density computation from the laser sensors readings on the ground surface; the shear 

stress and shear strain from the accelerometer recordings; the vertical effective stress 

using the pore water pressure transducers; the number of cycles to liquefaction; and, 

displacements and deformations near the pipe using image analysis. Data analysis was 

performed in Matlab through automatized computational tools. The Matlab scripts 

were in part already developed for similar analysis (Baboz, 2018) and have been 

adjusted for the specific case of these tests and in part arranged to optimize the analysis 

procedure.  

 

4.1. WEIGHTS AND RELATIVE DENSITY 

When the model is prepared, the initial relative density of the soil is approximately 

known because of the relative density established for the model through the sand 

hopper calibration. However, based on the weight of the sand, Ws, employed to fill a 

pre-defined volume, V, of the soil container, the dry unit weight of the sand, γd, is 

obtained as in Eq. 4.1-1, the initial void ratio, e, can be computed through Eq. 4.1-2 and 

the initial relative density, Dr, for the specific model is identified by using Eq. 4.1-3.  

 

 

�� = ��
�  

Eq. 4.1-1 

 

� = �� ∙ ��
��

− 1 
Eq. 4.1-2 
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� (%) = �$%& − �
�$%& − �$�'

∙ 100 Eq. 4.1-3 

 

Where Gs is the specific gravity, emax and emin are the maximum and minimum void 

ratio respectively (these physical properties are available in Tab. 2.6-1), and γw is the 

water unit weight. 

 

4.2. VERTICAL EFFECTIVE STRESS 

The initial vertical effective stress, σ’v0, is computed for the general case of soil 

column for each i-th layer through Eq. 4.2-1, where γ’ is the soil effective unit weight 

and z is the depth. 

 

)′*+ = , �′ ⋅ .�
'

�/0
 

Eq. 4.2-1 

 

For the specific case of COLUMN 1, the initial vertical effective stress would be 

different because of the presence of the pipe and the pipe with the gravel and 

specifically equal to Eq. 4.2-2 for the tests with pipe only, Eq. 4.2-3 for tests with gravel 

above the pipe and Eq. 4.2-4 for tests with gravel below. 
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Eq. 4.2-2 
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Eq. 4.2-3 
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Eq. 4.2-4 

  

Where Wpipe, Lpipe and De are respectively the pipe weight, the length of the pipe 

and the external diameter of the pipe (available at Tab. 2.5-2); Wgravel, bbag, lbag and hbag 

are respectively the weight of the gravel and the bag dimensions (i.e., base, length and 

height); and, γw is the water unit weight. 

 

The vertical effective stress, σ’v, for each layer can be computed by Eq. 4.2-5, where 

Δu is the excess pore water pressure directly recorded from the PW transducers. During 

the shaking, excess pore water pressure is generated which led to a reduction in 

effective stress thus causing liquefaction phenomena. During the shaking, the excess 

pore water pressure time history is recorded, so the vertical effective stress time history 

can be computed. 

 

)′* = )′*+ −  ∆< Eq. 4.2-5 

 

To better analyze the liquefaction process, the effective stress path can be obtained 

by computing the shear stress presented in the next section (see §4.4). 

 

4.3. UPDATING OF PARAMETERS FOR NEXT SHAKING COMPUTATION 

After the application of the shaking, the laser sensors record a vertical displacement 

of the soil from which it is possible to update the parameters for next shaking 

computation. Specifically, from the soil settlement of the reference shaking step, it is 

possible to compute the new dry unit weight of the sand, the void ratio and the new 
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value of the relative density achieved using Eq. 4.1-1, Eq. 4.1-2 and Eq. 4.1-3. The initial 

vertical effective stress will also be updated as well. 

Another update concerns the position of the sensors in the model. After completing 

the tests execution, while emptying the soil box, the final position of the sensors with 

respect to their initial position was noted down. It has been observed that in the pipe 

column, the sensors placed above the burial depth of the structure (i.e., up to the base 

of LAYER 4) followed the same pipe vertical displacement, even for those not attached 

to the pipe; the sensors below the pipe were instead keeping their initial position until 

the end of the test. In the columns without structure, similar behavior was observed: 

the sensors placed in the above middle half of the soil deposit had the same settlements 

of the ground, instead, the sensors below LAYER 4 did not change their initial position 

with the application of the shaking steps. This approach schematized in Fig. 4.3-1 is 

used for the update of the position of the sensors in the model for the computation in 

following shaking steps. 

 

 

Fig. 4.3-1 Sensors position update 

 

4.4. SHEAR STRESS 

When the shaking is applied, each i-th layer of the soil model will be subjected to 

an inertial force, Fi, that is equal to the mass of the layer, mi, multiplied by the response 

acceleration of the layer, ai. In the case of the buried structure, it will be equal to the 
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mass of the structure multiplied by the response acceleration of the structure. The 

values of response acceleration are directly obtained from the accelerometer 

recordings. 

The shear stress in the horizontal plane (please remember that the shaking is 

horizontal and the accelerometers are located in order to get the values in the same 

direction of the shaking) is computed by summation of the inertial forces from the 

surface to the depth of interest, divided by the cross-section area of the reference 

column, A. Thus, the shear stress can be computed by using Eq. 4.4-1, in which the mass 

is expressed multiplying the density of the i-th mass, ρi, by the volume of the same 

mass, Vi. This last contribution can be expressed as the area of the cross section 

multiplied by the height of the layer, hi. For the case of the structure, this hi will 

represent the diameter of the pipe or the height of the bag as well. A scheme of the 

soil column for the shear stress computation is given in Fig. 4.4-1. 
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�/0
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'
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'

�/0
 

Eq. 4.4-1 

 

 

 

Fig. 4.4-1 Soil column scheme for shear stress computation 
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4.5. SHEAR STRAIN 

The horizontal shear strain is computed from the differential displacement between 

two accelerometers using Eq. 4.5-1, where Δd is the differential horizontal displacement 

between two consecutive accelerometers and Δh is the vertical distance between the 

couple of accelerometers. The horizontal displacement is obtained by double 

integration of the accelerometer recordings. A scheme of the soil column for the shear 

strain computation is given in Fig. 4.5-1.  

 

� = ∆B
∆ℎ 

Eq. 4.5-1 

 

 

Fig. 4.5-1 Soil column scheme for shear strain computation 

 

Alternatively, it is possible to directly measure the shear strain through strain 

gauges, but this is not the case here.  

 

With reference to the model layouts shown in the description of the experimental 

programs (Fig. 2.5-2, Fig. 2.5-3, Fig. 2.5-4, Fig. 2.5-5, Fig. 2.5-11, Fig. 2.5-12, Fig. 2.5-13, 

Fig. 2.5-15, Fig. 2.5-18, Fig. 2.5-20 and Fig. 2.5-22), the shear strain was taken at the 

middle between two following accelerometers referring to the layer name as indicated 

in layout. Shear stress was also computed at the same depth. Moreover, at this same 
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depth, pore water pressure transducers are located so that effective stress can be also 

referred at the same level in the ground model. 

After computing the shear strain and the shear stress it is possible to draw the shear 

stress paths on the τ-γ plots and the effective stress path as well. 

 

The double amplitude shear strain is also used in the thesis, it is computed with 

reference to the i-th cycle as the sum of absolute maximum and minimum shear strain 

as shown in Fig. 4.5-2. 

 

 

Fig. 4.5-2 Double amplitude shear strain for the i-th cycle 

  

4.6. FILTERING AND DOUBLE INTEGRATION 

Data recorded from the accelerometers are integrated to obtain velocity and 

displacement time histories using the Newmark-β method as expressed respectively in 

Eq. 4.6-1 and Eq. 4.6-2.  a is the acceleration, v is the velocity, d is the displacement, ᐃt 

is the time step and parameters β and Ꭹ are assumed equal to 1/4 and 1/2. Initializing 

the computation with C = 0 and B = 0, velocity and displacement will be obtained for 

each i-th step.  

 

C�D0 ≈ C� + (1 − �) ∙ Δt ⋅ a� + � ∙ ΔI ⋅ a�D0 Eq. 4.6-1 
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B�D0 ≈ B� + ΔI ⋅ C� + J1
2 − LM ∙ Δt� ⋅ a� + L ∙ ΔI� ⋅ a�D0 Eq. 4.6-2 

 

When data integration is performed, errors related to the numerical computations 

are also added to the errors of noise, drift and offset due to data recordings. To 

minimize the errors, the raw acceleration time histories are filtered using a fast-Fourier 

transform high-pass filter with a cutoff frequency of 2 Hz and the offset is adjusted; to 

minimize the errors related to the numerical computation, the filtering and offset-

adjusting procedure is applied at each integration step. 

 

4.7. PIPE VERTICAL DISPLACEMENT 

The pipe vertical displacement is computed by means of the laser sensors. Thanks 

to the steel structure fixed at the pipe, indeed, it was possible to monitor the 

movements of the pipe from the top of the soil box. Three laser sensors are used, so 

that the rotations in the two directions and the resulting vertical displacement could be 

determined. 

For comparisons, or in case it would not be possible to refer to the laser sensors 

recordings, the vertical displacement was measured from the pictures in successive 

shots. 

     

4.8. CRITERION FOR LIQUEFACTION ONSET AND NUMBER OF CYCLES 

For liquefaction phenomenon triggering definition different procedures are 

available, which can be mainly grouped in stress-based procedures, strain-based 

procedures and energy-based procedures (e.g. Green, 2001; Kramer, 1996). For the 

specific experimental tests conducted in this research work, the liquefaction initiation 

can be easily computed through the excess pore water pressure or the strain amplitude. 

The initiation of sand liquefaction is conventionally achieved when the excess pore 
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water pressure or the strain amplitude become significant during the application of the 

earthquake shaking. Therefore, for the definition of the onset of liquefaction a threshold 

for the excess pore water pressure or the strain amplitude needs to be fixed thus 

defining the liquefaction triggering criteria. Generally, when the excess pore water 

pressure, ᐃu, reaches the same value of the soil initial effective stress, σ’v0, liquefaction 

occurs.  On the other hand, when the strain amplitude reaches values of about 3-5% 

liquefaction is triggered (Ishihara, 1993).   

 

In the case of soil-structure interaction problems, and specifically in case of uplift of 

buried structures, the generation of excess pore water pressure is fundamental to the 

initiation of liquefaction. For this reason, the criterion used to determine if the soil layers 

had liquefied or not is based on the excess pore water pressure development, using the 

excess pore water pressure ratio, ru, given by the ratio between the excess pore water 

pressure, ᐃu, and the initial effective stress, σ’v0, as in Eq. 4.8-1. 

 

NO = ∆<
)′*+

 
Eq. 4.8-1 

 

Conventionally, the threshold used for liquefaction is set as ru=1. However, it has 

been observed that liquefaction occurs also for smaller values that may be able to 

produce very large strain. Towhata (2008) observed that with excess pore water 

pressure bigger than 60% of the initial effective stress, shear strain amplitude starts to 

increase consistently and the sand becomes significantly soft. Thus, ru=0.6 can be used 

as a threshold. 

In this study, the threshold was defined by plotting the shear strain versus the pore 

water pressure ratio for the free field column for all the layers in which AC and PW 

sensors were available. The threshold is set as the value of excess pore water pressure 

ratio for which the loops start to become important in amplitude (i.e., the shear strain 

is becoming significant) and shape (i.e., the response in terms of strain changes 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

COMPUTATIONAL TOOLS FOR TEST ANALYSES 119 
 

 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

drastically as compared to the beginning of the shaking, indicating that something 

happens in the soil model at that stage). Specifically, this evaluation is done with 

reference to the transition from the shaking amplitude of 0.2 g (a) to 0.3 g (a) and from 

the bottom layers to the upper ones. These amplitudes and the response in different 

soil layers are fundamental to define whether the liquefaction has occurred or not and 

in which part of the soil model. In addition, these plots were used in conjunction with 

observation of the soil behavior during the shaking, i.e., water on the ground top 

surface, sand boils and big deformations of the soil layers monitored from the 

transparent wall of the soil box. All these aspects are potentially indicating the 

liquefaction phenomenon took place. The plots of shear strain against excess pore 

water pressure ratio are available in ANNEX A, and the threshold for liquefaction 

triggering is set at ru=0.6. 

 

Strain criteria could also be used but introducing some more uncertainties in the 

liquefaction triggering evaluation. As described above, the shear strain is computed 

through the displacements obtained from double integration of the acceleration time 

histories (Eq. 4.5-1). To be accurate, other than approximations due to the integration 

procedure, the accelerometers should move exactly with the soil layer (with no relative 

oscillations) and the distance between two accelerometers in the column for which the 

shear strain is computed should be precise. Both of these aspects are difficult to verify. 

Consequently, the strain criteria are not used in this study, but the double strain 

amplitude corresponding to the ru threshold will be provided to give an idea of the 

achieved percentage of strain.    

 

When a shaking time history is applied to a soil deposit in which liquefaction 

phenomenon is of major concern, the increase of pore water pressure during the 

shaking leads to accumulated effects for which the duration of the shaking or the 

number of cycles are very important parameters to account for. Having used the pore 

water pressure-based criterion for the liquefaction onset, the number of cycles to reach 
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liquefaction is computed with reference to a pore water pressure ratio threshold equal 

to 0.6. 

 

4.9. IMAGE ANALYSIS 

A particles image tracking analysis is performed to observe the soil flow around the 

buried structure due to liquefaction. This image-based technique is used to quantify 

the soil displacements and deformations in the interested area. For this purpose, black 

dots (Fig. 2.3-7) are placed in the model with a distance of 5 cm both in horizontal and 

vertical directions creating a regular mesh of targets that will be the reference points to 

be tracked. It was verified that the markers would not be covered during the test from 

the soil around and that they could follow the soil movements without influencing its 

behavior. For this reason, the grid of markers was not so much dense.  

The camera used to capture the images was fixed at the shake table. It was verified 

that no relative movements between the camera and the monitored object occurred. 

The camera was installed to be planar with the object planes, its working distance was 

fixed and its focal distance was consequently adjusted to capture the area of interest 

meanwhile reducing the distortion.  

The center of the black dots is used as tracking point, the coordinates of the dots 

are taken with reference to the image-space and then transformed in the object-space 

coordinates by using a reference frame known in both object and image spaces (White 

et al., 2003). The intersections of the black grid drawn on the soil box transparent acrylic 

wall are used as a reference frame (Fig. 4.9-1).  
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Fig. 4.9-1 Black dots and reference frames used for the image analysis 

 

Once the displacement vectors of the dots are available, the deformations can be 

computed with reference to the scheme in Fig. 4.9-2 through  Eq. 4.9-1, Eq. 4.9-2, Eq. 

4.9-3 respectively for normal strain in x direction, εx, normal strain in y direction, εy, and 

shear strain, γxy, as suggested by Huang et al. (2015). 

 

 

Fig. 4.9-2  Relationship between geometric strain deformation and coordinates (Huang et al., 

2015) 

 

P& = (@′& − Q′&) − (@& − Q&)
(@& − Q&)  

Eq. 4.9-1 

 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

COMPUTATIONAL TOOLS FOR TEST ANALYSES 122 
 

 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

PR = ST′R − Q′RU − STR − QRU
STR − QRU  

Eq. 4.9-2 

 

�&R = S@′R − Q′RU − S@R − QRU
(@& − Q&) + (T′& − Q′&) − (T& − Q&)

STR − QRU  
Eq. 4.9-3 

 

 

 

 

 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 123 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

5. DISCUSSION ON EXPERIMENTAL RESULTS 

Results of the two groups of tests will be presented separately and then general 

considerations will be sorted out at the end of the chapter. The model response was 

investigated by monitoring the acceleration and pore water pressure time histories and 

the vertical displacement of pipeline and free field ground. 

5.1. EXPERIMENTAL RESULTS FOR TESTS T1 

Thanks to the installation of the camera in front of the model, subsequent shots are 

available during the tests execution. These pictures give an immediate idea of the soil 

behavior around the pipe and of the pipe vertical displacements. For this purpose, for 

each test the picture after every loading step is provided and the deformed 

configuration can be compared with the initial configuration of the model. Pictures for 

the single test are grouped together and are available in Fig. 5.1-2, Fig. 5.1-3, Fig. 5.1-4 

and Fig. 5.1-5 respectively for T1_1, T1_2, T1_3, and T1_4. Please note that for test T1_1, 

pictures are available only up to 0.6 g (a) because of some problems occurred with the 

camera. On the pictures a reference unit is indicated, which is the height of the black 

mesh drawn on the soil box wall, to have a reference scale.  On the single pictures, the 

cumulative pipe vertical displacement after each shaking step and the relative 

dissipation phase is provided. The complete quantitative results of the pipe 

displacement are available in Fig. 5.1-11 and will be discussed in the following.  

From the vertical and horizontal black lines used on the face of the model, it is 

possible to observe how the soil deformations are relevant for T1_1, are bigger for T1_2 

and are small for tests with mitigation measure T1_3 and T1_4. The deformed black lines 

after the application of 0.6 g (a) are compared with the initial black lines configuration 

in Fig. 5.1-6, Fig. 5.1-7, Fig. 5.1-8, Fig. 5.1-9 respectively for T1_1, T1_2, T1_3, and T1_4. 

The comparison is done also quantifying the inclination angle of the deformed vertical 

lines as compared to the initial lines and the width of the upper horizontal line in the 
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pipe column before the shaking and for the deformed configuration. As well as for the 

soil deformations, which are big in the case of T1_2, the biggest pipe uplift can be 

observed for T1_2 and in case of remedial measure it appears to be almost zero. For 

the tests T1_3 and T1_4, a detail of the geometry is provided in Fig. 5.1-1. 

 

   

Fig. 5.1-1 Geometrical detail of the layout with mitigation measure for T1   

   

 

Fig. 5.1-2 Soil deformation and pipeline uplift for test T1_1 

 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 125 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

 

 

Fig. 5.1-3 Soil deformation and pipeline uplift for test T1_2 

 

The blue spot observed in the pictures of Fig. 5.1-3 was unexpectedly appeared 

because of some color agent used previously in the sand that spread out during the 

saturation process. 
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Fig. 5.1-4 Soil deformation and pipeline displacement for test T1_3 
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Fig. 5.1-5 Soil deformation and pipeline displacement for test T1_4 
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Fig. 5.1-6 Black lines deformed configuration after 0.6 g (a) for T1_1 

 

 

Fig. 5.1-7 Black lines deformed configuration after 0.6 g (a) for T1_2 

 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 129 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

 

Fig. 5.1-8 Black lines deformed configuration after 0.6 g (a) for T1_3 

 

 

Fig. 5.1-9 Black lines deformed configuration after 0.6 g (a) for T1_4 

 

Cumulative pipe vertical displacements achieved with the application of the shaking 

steps and dissipation phases are shown in Fig. 5.1-11. The negative values show the 

uplift and the positive ones are for the settlements. It is recorded a maximum 

cumulative uplift of about 15 mm for test T1_1, instead the application of a pre-shake 

of 0.15 g reduces the liquefaction resistance of the soil recording uplift values almost 
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equal to twice. During the pre-shake, being unexpected as mentioned, the model 

response was not recorded. However, starting from the pre-shake after 0.3 g (a) and up 

to the pre-shake before 0.2 g (b), it seemed that soil experienced liquefaction (only 

from visual observation of soil model). The excess water on the top ground surface after 

the pre-shake was discharged as done for the regular shaking steps. After the discharge, 

the new values from laser sensors were noted down. With reference to the free field 

ground, it was found that only settlements in the range 0-0.5 mm were induced by the 

pre-shake. Therefore, the pre-shake did not increase the soil relative density but the 

shaking step immediately after the pre-shake induced bigger settlements as well as 

bigger pipe uplift. As it is well known, not only the soil densification but also the 

liquefaction history (i.e., stress and strain history) of the soil deposit play an important 

role in liquefaction and re-liquefaction events. This is a typical example. Free field 

ground resulted in bigger settlements (Fig. 5.1-12) and the buried structure resulted in 

bigger uplift during the shaking inducing liquefaction after the pre-shake.   

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. For T1_1, results with the application of 0.8 g 

(c) are not available, considerations for this test are provided only up to the application 

of 0.1 g (b). 

 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. 

Only for T1_2, the uplift is already recorded at 0.2 g (a). 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 probably due to the increase in 

relative density of the soil achieved with the application of all the steps. Due 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 
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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 Fig. 5.1-12 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. Specifically, for the settlements of the free field, the values 

recorded from the laser sensor LS5 are used. For some of the tests, in the model layout 

also a laser sensor LS6 is located on the free ground. However, as shown in Fig. 5.1-10, 

there is a portion of the soil above the pipe which is going to be uplifted because of 

the pipe movement, a portion of the soil in the column immediately adjacent to the 

pipe column that is going to settle more as compared to the free field, because involved 

in the soil loops around the pipe, and the free field ground. The LS6, being very close 

to the pipe, follows the settlements of the column involved in the soil flow. 

 

 

Fig. 5.1-10 Ground deformations 
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Fig. 5.1-11 Cumulative pipe vertical displacements for T1 

 

 

Fig. 5.1-12 Cumulative free field ground settlements for T1 
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The results show efficacy for both cases with the remedial measure of gravel above 

the pipe, T1_3, and below the pipe, T1_4, but some additional consideration is 

necessary. 

Comparing Fig. 5.1-4 with Fig. 5.1-5, and Fig. 5.1-8 with Fig. 5.1-9, 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. To better understand this aspect, the excess pore water 

pressure time histories of the sensors in the column of the pipe for tests T1_3 and T1_4 

are compared with each other and with the other tests too. Comparisons are shown in 

Fig. 5.1-14, Fig. 5.1-15 and Fig. 5.1-16, where three shaking steps are taken as example 

(i.e., 0.3 g (a), 0.6 g (a) and 0.3 g (b). Specifically, in the figures, it is possible to compare 

the results for test T1_3 on the left-hand side with the results of T1_4 in the middle. For 

the PW sensors used in the figures please refer to the layouts shown in Fig. 2.5-2, Fig. 

2.5-3, Fig. 2.5-4 and Fig. 2.5-5 and redrawn in a zoomed view in Fig. 5.1-13. 

  

    

Fig. 5.1-13 Zoom on sensors arrangement for the pipe column in T1 
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Fig. 5.1-14 Pore water pressure in the pipe column during the application of 0.3 g (a) 
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Fig. 5.1-15 Pore water pressure in the pipe column during the application of 0.6 g (a) 
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Fig. 5.1-16 Pore water pressure in the pipe column during the application of 0.3 g (b) 

 

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 necessary to connect the pipe and the gravel bag otherwise the large pressure will 
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allow the structure to uplift leaving the gravel in its own position. Second is that the 

pore water pressure is higher in a wider area. For the last 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 Fig. 5.1-14, Fig. 

5.1-15 and Fig. 5.1-16, where the pore water pressure time histories are compared 

among all of the tests. T1_3 shows overall lower values. In the excess pore water 

pressure time histories, the starting time for the pore pressure to increase is different 

thus depending on the different time gap between the beginning of the recordings and 

the start in the application of the shaking among the four tests.  

One more observation about the efficacy of the gravel above or below the pipe is 

that in the real practice 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 all these considerations, the system with the gravel above the pipe is considered 

at the end of this first experimental program most effective. 

 

To evaluate the liquefaction response of the soil model, the number of cycles to 

reach liquefaction, using the excess pore water pressure ratio equal to 0.6 as triggering 

criterion, was computed for the three columns of sensors in the model and showed in 

the following Fig. 5.1-17, Fig. 5.1-18, Fig. 5.1-19 and Fig. 5.1-20 for tests T1_1, T1_2, T1_3 

and T1_4 respectively. With reference to the 20 cycles of input motion, whenever the 

Nc value is missing at the related shaking step it means that liquefaction was not 

triggered. Please note that in column 1, PW sensors referred in the plots as PIPE TOP, 

PIPE MIDDLE, and PIPE BOTTOM are actually attached to the pipe, so the response in 

excess pore water pressure can be affected by the pipeline displacements. As well the 

sensors near the gravel can be influenced by the presence of the gravel, both for the 

displacement of the bag and for the difference in permeability at the interface sand-

gravel. Moreover, the PW sensor located in LAYER 5 is showing liquefaction easier as 

compared to the other layers, as expected for the more superficial layers. However, in 
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COLUMN 1, being the sensor located 5 cm below the water level in the soil model, due 

to the pipe uplift it can be moved towards the surface and the number of cycles to 

liquefaction increases because the liquefaction in the superficial layer, which is partially 

saturated, is difficult to be achieved as compared to the layers immediately below. 

Accounting for these aspects, overall the liquefaction is triggered starting from 0.2 g (a) 

only in some layers of the soil deposit and it is widely triggered at 0.3 g (a). COLUMN 

2, which is not far from the pipe column and is affected by the uplift phenomenon, 

shows a different behaviour as compared to the free field COLUMN 3. Once started the 

liquefaction process continues with the application of the shaking steps with a less 

number of cycles for all of the layers up to 0.6 g (a). In phase b, the number of cycles to 

reach liquefaction is again increased because of the decrease in amplitude of the 

following shakings and due to the increase in relative density achieved with the 

application of the shaking history. LAYER 2, being subjected to the higher effective 

stress, is less prone to liquefaction as observed in the computed number of cycles. In 

the pipe column, the pore water pressure ratio below the pipe is higher as compared 

to the sensors at the same depth in absence of structure, this is due to the less initial 

effective stress at the pipe laying depth due to the light weight of the buried structure. 

The number of cycles to liquefaction is the lowest for the PIPE BOTTOM in all of the 

tests (for T1_4 in which the gravel is below the pipe, the lowest Nc is for the sensor 

below the gravel). 

The number of cycles here computed is of course dependent on the criterion used 

to define the threshold for the pore water pressure ratio to be considered as triggering 

for liquefaction. Actually, if we observe the response in acceleration of the different 

layers, it is found that liquefaction: 

- Is not triggered for 0.2 g (a), except for tests T1_2, in which the pre-shake 

reduces the liquefaction resistance of the soil deposit, and for the top layer of 

T1_4 which may be due to a bigger degree of saturation of the surficial layer 

(i.e., the uniformity of the degree of saturation in the models was not checked, 
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it could happen that some non-uniformity occurred in the model saturation 

process. Moreover, the water table was controlled with piezometers, which 

sometimes, because of the shaking, could get stuck and less sensitive to the 

water changes in the soil model. If for this specific test, the water table is a little 

higher as compared to the other tests, also the upper layer could result in a 

higher degree of saturation which could be responsible of a more prone 

behavior to liquefaction, reason for what liquefaction occurred from a very early 

stage of the shaking history as compared with the other tests); 

- is triggered everywhere with the application of 0.3 g (a), except that in LAYER 2 

because of the high effective stress. 

When liquefaction occurs, the acceleration response exhibits an amplification or an 

attenuation, which means that the amplitude of the sinusoidal waves increases or 

decreases thus resulting in an accumulation of energy or in a dissipation of energy 

respectively. This effect is much more evident for superficial layers and is instead very 

small at higher depths in the soil deposit due to the higher effective stress which 

reduces the liquefaction susceptibility. For a complete view of the phenomenon in the 

model, the pore water pressure ratio and the response acceleration time histories for 

all the tests in case of 0.2 g (a) and 0.3 g (a) are shown in Fig. 5.1-21, Fig. 5.1-22, Fig. 

5.1-23, Fig. 5.1-24, Fig. 5.1-25, Fig. 5.1-26, Fig. 5.1-27, Fig. 5.1-28, Fig. 5.1-29, Fig. 5.1-30, 

Fig. 5.1-31, Fig. 5.1-32, Fig. 5.1-33, Fig. 5.1-34, Fig. 5.1-35 and Fig. 5.1-36. 

When liquefaction occurs, the excess pore water pressure is high, sand loses its 

shear resistance and behaves like a fluid and large deformations and large acceleration 

responses are observed. When the excess pore water pressure is limited, and it does 

not reach 0.6 in this specific case, the limited generation of excess pore water pressure 

can lead to partial liquefaction only and also the response in acceleration and 

deformation is limited.   
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Fig. 5.1-17 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T1_1 

 

 

Fig. 5.1-18 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T1_2 

 

 

Fig. 5.1-19 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T1_3 
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Fig. 5.1-20 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T1_4 

 

 

Fig. 5.1-21 Input base acceleration and response acceleration time histories for T1_1 0.2 g (a) 
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Fig. 5.1-22 Input base acceleration and response acceleration time histories for T1_1 0.3 g (a) 
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Fig. 5.1-23 Input base acceleration and response acceleration time histories for T1_2 0.2 g (a) 
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Fig. 5.1-24 Input base acceleration and response acceleration time histories for T1_2 0.3 g (a) 
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Fig. 5.1-25 Input base acceleration and response acceleration time histories for T1_3 0.2 g (a) 
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Fig. 5.1-26 Input base acceleration and response acceleration time histories for T1_3 0.3 g (a) 
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Fig. 5.1-27 Input base acceleration and response acceleration time histories for T1_4 0.2 g (a) 
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Fig. 5.1-28 Input base acceleration and response acceleration time histories for T1_4 0.3 g (a) 
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Fig. 5.1-29 Excess pore water pressure ratio time histories for T1_1 0.2 g (a) 
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Fig. 5.1-30 Excess pore water pressure ratio time histories for T1_1 0.3 g (a) 
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Fig. 5.1-31 Excess pore water pressure ratio time histories for T1_2 0.2 g (a) 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 152 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

 

Fig. 5.1-32 Excess pore water pressure ratio time histories for T1_2 0.3 g (a) 
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Fig. 5.1-33 Excess pore water pressure ratio time histories for T1_3 0.2 g (a) 
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Fig. 5.1-34 Excess pore water pressure ratio time histories for T1_3 0.3 g (a) 
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Fig. 5.1-35 Excess pore water pressure ratio time histories for T1_4 0.2 g (a) 
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Fig. 5.1-36 Excess pore water pressure ratio time histories for T1_4 0.3 g (a) 

 

To further investigate the soil response, the value of double amplitude shear strain 

achieved with the number of cycles necessary for the pore water pressure ratio to reach 

the value of 0.6 is shown in Fig. 5.1-37. By reminding that the strain is computed from 

the double integration of the acceleration data, the amplitude of the shear strain is 

directly related to the amplitude of the acceleration. In the column of the pipe results 

of shear strain are not provided, because of the presence of the structure, indeed, being 
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the sensors attached to the pipe or located in the gravel bag, the shear strain would be 

computed based on the displacement of the pipe and of the gravel. Results will be 

shown only with reference to the free field column. Please consider that the shear strain 

is not available for LAYER 2 because no accelerometers were placed at the interface 

between LAYER 2 and LAYER 1 and it is not available also for LAYER 3 in case of T1_1 

COLUMN 3. Overall the shear strain double amplitude increases meanwhile the soil 

liquefaction resistance decreases (i.e., a lower number of cycles is required to reach 

liquefaction) with increasing the input motion amplitude. In the same way, for the phase 

b, the shear strain double amplitude decreases meanwhile the soil liquefaction 

resistance increases (i.e., a bigger number of cycles is required to reach the liquefaction) 

with decreasing the amplitude of the input motion. Please remember that other than 

increasing and decreasing the amplitude of the shaking steps, the soil is experiencing 

a liquefaction history and a reconsolidation after the dissipation of the excess pore 

water pressure developed during each step. 

The maximum double amplitude shear strain is also plotted for each shaking step 

with the additional information of the number of cycles to achieve the maximum value 

(Fig. 5.1-37). With this information it is possible to understand if overall the soil is 

showing a dissipative behavior or not, thus reaching the maximum double amplitude 

shear strain at the end of the shaking (i.e., 20 cycles) in case of non-dissipative behavior 

or before decaying in amplitude in following cycles and how this aspect will evolve with 

subsequent shakings. Overall, it seems that the maximum double amplitude shear strain 

is reached before the end of the 20 cycles for the first and last shakings of small 

amplitude and for the deeper layers (i.e., 0.1 g, 0.2 g and 0.3 g and for LAYER 3 more 

than LAYER 4), instead it is achieved at the end of the input time history for the bigger 

amplitude acceleration steps and for the more superficial layers (i.e., LAYER 5 for 0.4 g, 

0.5 g, 0.6 g and 0.8 g). 
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Fig. 5.1-37 Double amplitude shear strain for ru=0.6 and maximum double amplitude shear strain 

vs shaking steps at different layers for T1_1 column 3 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 159 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

In liquefaction studies, as already mentioned, the pore water pressure plays an 

important role and its role is also important in the evaluation of the structure uplift. 

Because of the dynamic load, the pore water pressure histories are characterized by 

very big oscillations. For this specific aspect, it would be difficult to consider the 

maximum pore water pressure ratio of the time history because it would actually 

represent the maximum pressure value of the dynamic spikes. In order to have a 

parameter which could be used as an indicator of pore water pressure for each shaking 

step and each PW sensor, the residual value of the pore water pressure time history at 

the end of the 20 cycles is taken as reference parameter and results are shown in Fig. 

5.1-38, Fig. 5.1-39, Fig. 5.1-40 and Fig. 5.1-41. The residual value of the pore water 

pressure ratio increases up to 0.3 g (a), then decrease or keeps almost constant values 

up to around 0.4 g (b) or 0.3 g (b) and then decreases again up to the end of the shaking 

steps. This trend is observed for the columns in absence of the structure and even in 

the decreasing and constant phase the values of ru, residual are significant. For COLUMN 

1, the trend is different because of the presence of the structure which displacements 

influence the pore water pressure. As already observed from the pore water pressure 

time histories, also the residual value of the excess pore water pressure ratio is the 

biggest for the sensor below the pipe, and in case of T1_4, the biggest value is for the 

sensor laterally attached to the pipe. Please note that in some cases, some negative 

value of the ratio is observed. This can be due to the partial saturation of the upper 

layer in the case of the top PW sensor or to the very big acceleration amplitude in case 

of 0.8 g (c) for which strange behaviors have already been mentioned in the manuscript. 
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Fig. 5.1-38 Residual pore water pressure ratio vs shaking steps at different layers for T1_1 

 

 

Fig. 5.1-39 Residual pore water pressure ratio vs shaking steps at different layers for T1_2 

 

 

Fig. 5.1-40 Residual pore water pressure ratio vs shaking steps at different layers for T1_3 
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Fig. 5.1-41 Residual pore water pressure ratio vs shaking steps at different layers for T1_4 

 

5.2. EXPERIMENTAL RESULTS FOR TESTS T2 

In this section, the results of tests T2 are presented. As done for the previous group 

of tests, the comparison between the initial configuration and the configuration 

achieved after each loading step and the related dissipation phase is provided in terms 

of pictures including the area near the pipe. Pictures are available for all of tests T2_1, 

T2_2, T2_3, T2_4, T2_5, T2_6 and T2_7 respectively in Fig. 5.2-1, Fig. 5.2-2, Fig. 5.2-3, Fig. 

5.2-6, Fig. 5.2-9, Fig. 5.2-10 and Fig. 5.2-11. A reference unit is indicated as a reference 

scale and the cumulative pipe displacement is provided on the single picture. For the 

tests with the remedial measure T2_4, T2_5, T2_6, and T2_7, a detail of the geometry is 

shown in Fig. 5.2-5.  

Black dots and black lines give a general idea of the soil deformations and the pipe 

uplift is qualitatively caught. By using a line to link the black dots in the model in the 

original and deformed configuration, some additional image is shown to support the 

description of the results. Specifically, for the tests with the remedial measures for the 

uplift (T2_5 drain pipe, T2_6 gravel bag and T2_7 geogrids) and the reference test T2_1, 

the inclination angle of the deformed vertical lines with reference to the initial lines and 

the distance (in the deformed configuration) between reference dots are shown in Fig. 

5.2-15, Fig. 5.2-16, Fig. 5.2-17 and Fig. 5.2-18. The angle is taken using the inclination 
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of the upper part of the vertical lines and the distance is selected for dots which are 

involved in the soil flow so that could be representative of a big deformation and a 

related pipe uplift in case of smaller distance. The measurements are taken with 

reference to the deformed configuration after 0.3 g (b). Please note that the image 

analysis results will be shown in § 5.2.1.  

Quantitative results in terms of pipe vertical displacements are shown together for 

the tests with different pipe apparent unit weight T2_1, T2_2, and T2_3 in Fig. 5.2-4, for 

the tests concerned with the heavier pipe T2_3 and T2_4 in Fig. 5.2-7 and for the tests 

which are based on the remedial measures for the uplift T2_5, T2_6, and T2_7 with 

reference to T2_1 in Fig. 5.2-8. The cumulative free field ground settlements are shown 

in Fig. 5.2-19 together with the information of the relative density achieved for every 

shaking step and the related dissipation phase. Also for this group of tests, the negative 

and positive values indicate respectively the uplift and the settlements.    
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Fig. 5.2-1 Soil deformation and pipeline displacement for test T2_1 
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Fig. 5.2-2 Soil deformation and pipeline displacement for test T2_2 
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Fig. 5.2-3 Soil deformation and pipeline displacement for test T2_3 
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Fig. 5.2-4 Cumulative pipe vertical displacements for T2_1, T2_2 and T2_3  

 

A first observation is that T2_1, which is the reference test for this second group to 

quantify the pipe uplift in case of light pipe without mitigation measure, shows a 

cumulative maximum uplift of 46.8 mm (Fig. 5.2-4). This value is much higher than the 

recorded value for test T1_1 of the previous experimental program (which was 15 mm). 

In this second group of tests also the initial relative density of the soil is higher (50% 

for T2_1 as compared to 45% of T1_1), thus expecting lower displacements. This is a 

clear indication that differences between the two groups of tests are affecting the 

results and cannot be directly comparable. In the following, this aspect will be recalled 

and better assessed. 

A second observation is related to the different pipe apparent unit weight, which 

results are available in Fig. 5.2-4. By adopting three different ρapp, it is observed that for 

a pipe with ρapp similar to the sand dry unit weight the structure still exhibits an uplift, 

instead with ρapp slightly bigger than the saturated sand unit weight the pipe is 

subjected to downward movement. Because of some mistake in the sand hopper 
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calibration, T2_2 is conducted with a lower initial relative density of 40%. Keeping in 

mind this aspect, the 9.5 mm of recorded cumulative uplift for this test (which is already 

very small) could actually be almost zero in the same test condition with an initial 

relative density like the other tests of 50%. In any case, for this specific test, uplift or 

stability of the buried structure can be expected but no settlements would occur. For 

the last case of bigger ρapp, a cumulative maximum settlement of 24 mm is observed. 

This result needs to be carefully considered in the field applications when the apparent 

unit weight of the tube is going to be bigger than the saturated unit weight of the soil. 

In this case, indeed some remedial measure for the settlements also need to be adopted 

for specific site conditions and pipe weight thus avoiding huge settlements. 

 

  

  

Fig. 5.2-5 Geometrical detail of the layout with mitigation measure for T2   
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Fig. 5.2-6 Soil deformation and pipeline displacement for test T2_4 
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Fig. 5.2-7 Cumulative pipe vertical displacement for T2_3 and T2_4 

 

Based on the results of the first experimental program, where the gravel bag had 

positive effects in contrasting the pipe uplift, for the case of heavier pipe the gravel bag 

is tested as a possible countermeasure for the experienced settlement in T2_3. The 

reason behind this choice is again directly linked to the use of a non-liquefiable material 

in the column of the pipe which could create a discontinuity in the liquefied sand flow. 

Moreover, being the soil deposit less prone to liquefaction meanwhile increasing in 

depth because of the increase in the initial effective stress, by locating the gravel bag 

below the pipe the performance of the remedial measure is expected to be more 

effective for the settlement reduction other than if it could be placed above. The results 

in terms of settlements for this test T2_4 show a reduction of the maximum cumulative 

settlement of 5 mm as compared to the reference test T2_3 (Fig. 5.2-7). Considering 

that settlements are anyhow expected because of the soil densification with the 

application of the shaking steps, a first check can be done in terms of comparison 

between the pipe settlements and the free field ground settlements. However, this 
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comparison led for both tests T2_3 and T2_4 at lower values of pipe settlements as 

compared to the free field ground settlements (Fig. 5.2-19), this is in agreement with 

the presence of the pore water pressure acting from the bottom of the buried structure 

thus contrasting the downward movement. The use of an extremely heavy pipe would 

have helped more in understanding the effectiveness of the remedial measure. An only 

possible consideration is that the settlements seem to be more uniform for the 

presence of the gravel bag which is going to distribute the weight of the pipe on a 

larger surface. 

 

 

Fig. 5.2-8 Cumulative pipe vertical displacements for T2_1, T2_5, T2_6 and T2_7 
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Fig. 5.2-9 Soil deformation and pipeline displacement for test T2_5 
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Fig. 5.2-10 Soil deformation and pipeline displacement for test T2_6 
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Fig. 5.2-11 Soil deformation and pipeline displacement for test T2_7 

 

Three different remedial measures for pipe uplift have been investigated in this 

research: drain pipes, gravel bag and geogrids. 

The drain pipes adopted reduce the uplift of the structure of 14.5 mm, resulting in 

a maximum cumulative uplift of 32.5 mm (Fig. 5.2-8). The system with these specific 

characteristics seems not effective against the matter in hand because of the low 
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reduction in the uplift. However, it can contribute to the stability of the structure if used 

in conjunction with other remedial measures. One interesting aspect is that up to the 

dissipation phase of 0.5 g (a), the uplift is showing overall the same values of the 

unmitigated system and the effect of uplift reduction is developed only in the last part 

of the test execution. From these results, it can be stated that the drain capacity of the 

possible arrangement of drain pipes considered in this work is inadequate. This aspect 

can be confirmed looking at the development of excess pore water pressure time 

histories in the pipe column and by comparison with the reference test for example for 

the case of 0.3 g (a) in Fig. 5.2-24. Actually, no reduction in pore water pressure is 

recorded for the test with drain pipes. Being sure that the system was actually working, 

because it was possible to observe the water coming from the vertical pipes during the 

test execution, the amount of discharged water is not enough to prevent liquefaction 

and to stabilize the system. The efficacy of the drain pipes starts to increase at higher 

relative densities, achieved with the application of previous shakings (about 64-69%, 

see Fig. 5.2-8 and Fig. 5.2-19 together) when less amount of water needs to be 

discharged from the model. This is again supported from the pore water pressure time 

histories plots in comparison with the reference test and the other tests with mitigation 

measure, for example for the application of 0.6 g (a) and 0.3 g (b) available in Fig. 5.2-24. 

Excess pore water pressure in case of drain pipes is smaller than the other cases. Other 

solutions could be tested such as using widespread drain pipes or different diameters 

of the tubes as well as a different percentage of the opening mesh, but it was not 

assessed in this experimental work. The reasons are linked to the unfeasibility to 

reproduce the real permeability law in the scaled model in this experimental program 

and the necessity to investigate new remedial measures instead of already tested 

solutions. As already mentioned, case studies on this system are already available (see 

for example Towhata et al., 2015). 

The gravel bag which was already used, with different characteristics in the previous 

tests, resulted to be very effective against the pipe uplift also for test T2_6.  Indeed, the 
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maximum uplift value is reduced by 39 mm compared to T2_1 and the maximum 

cumulative uplift is found to be only 8.2 mm, showing very good performances (Fig. 

5.2-8). For this specific application of the gravel bag, it is clear from pictures observation 

that the soil loops around the pipe try to develop but because of the presence of the 

gravel bag the path gets extended. The bag represents indeed an obstacle for the soil 

flow, which gets wider to overcome the bag that is bigger than the pipe diameter. This 

process results in a complete developed mechanism from above the gravel up to the 

pipe laying depth and in a short path from above the gravel up to immediately below 

it (Fig. 5.2-12a). This configuration leads to a different soil deformation as compared 

with the other tests. The soil deformation, which usually follows the same inclination 

angle from below the pipe up to the ground top surface, in case of the gravel it would 

be divided in two different inclination angles, one for the lower part which belongs to 

the pipe and one for the upper part which belongs to the gravel. This phenomenon is 

visible only in the area close to the structure and the gravel bag (Fig. 5.2-17 and Fig. 

5.2-12b). 

 

 

a) 

 

b) 

Fig. 5.2-12 Semi-elliptical loops (a) and soil deformation (b) in presence of the gravel bag 

 

The good performances of the gravel bag acknowledged in this test can be 

improved in actual implementation by increasing the dimension of the bag or by 

adopting a drainage system together with it. Please note that, as already said the soil 
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loops around the structure are generated because of the liquefaction in the soil around 

the system composed of pipe and gravel and then contrasted thanks to the presence 

of the gravel. However, the gravel bag has a width of 20 cm only and the use of a larger 

bag could not allow the development of the mechanism at all. This is what was observed 

from the previous tests T1_3 in which a wider gravel bag was used, but it cannot be 

assessed with certainty because it was also seen that in the previous tests condition 

effects of liquefaction seemed to be minimized. Even without considering the results of 

T1_3, it is clear that for the complete development of the loops energy is required. The 

energy is given by the pressure of the water and it would take more energy to undergo 

a longer path like in case of the presence of a wider gravel bag and the pressure 

exercised would be almost the same. This aspect leads to assume the soil deformations 

would be less and consequently the uplift would be even lower than the recorded value 

for the examined case. Last characteristic of this test to focus on is related to the first 

settlements observed in the vertical pipeline displacement of Fig. 5.2-8. This result can 

be associated with the model preparation. In the model preparation the soil is poured 

up to the installation depth of the pipe, then the pipe is installed together with the 

gravel bag and then the sand is again inserted in the model. Being the gravel bag a 

little wider than the pipe and considering that no special techniques are used for the 

areas close to the structure (always the sand hopper is used), some empty space or very 

loose zone can create immediately below the gravel bag. This phenomenon can lead to 

a rearrangement of the gravel bag and the structure (which are partially connected 

because of the presence of the vertical steel frames) with the first shakings thus 

recording few settlements. 

Geogrids reduce the maximum uplift of approximately 32 mm as compared to the 

test T2_1, resulting in a cumulative maximum uplift of 14.7 mm (Fig. 5.2-8). This value 

is bigger than the uplift recorded by using the gravel bag as countermeasure but it is 

acceptable for the specific problem in hand if we consider the uplift of 46.8 mm 

achieved in absence of remedial measures. Two observations can be derived from the 
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test execution. One observation is that, by visual monitoring of the model during the 

shaking, the upper geogrid sheet showed a kind of swelling effect due to the water 

pressure acting from the bottom and to the low installation depth of the sheet inside 

the model (i.e., 3.6 cm from the top surface, see T2_7 in Fig. 5.2-5). Due to this 

phenomenon, it is difficult to understand if the efficacy of the upper sheet during the 

test was compromised, however, it was not possible to perform an additional test to 

verify this aspect as well as to account for the option of using fewer sheets or different 

sheets characteristics. Second observation refers to the deformed configuration of the 

sheets detected after the test execution meanwhile removing the sand from the model. 

In the deformed configuration of the top ground surface, it was observed a curved 

shape, the ground level was higher in the column of the pipe and lower on the two 

lateral sides of the pipe cross-section; the first aspect linked to the upward pipe 

movement and the second aspect to the soil settlement. This behavior reflects the soil  

flow around the pipe and can be seen in all the pictures of the deformed configuration 

which deal with the uplift problem (i.e., Fig. 5.2-1, Fig. 5.2-9, Fig. 5.2-10, Fig. 5.2-11, Fig. 

5.2-15, Fig. 5.2-16, Fig. 5.2-17, and Fig. 5.2-18). In the same way, the geogrid sheets 

exhibited a curved-shape deformed configuration as shown in Fig. 5.2-13 and Fig. 

5.2-14. Important aspect is that, because of the soil settlements on the two lateral sides 

of the structure, the external parts of the sheets involved in the downward movement 

of the soil would behave like a constraint for the upward movement of the central 

column (Fig. 5.2-13) thus increasing the effectiveness of the system meanwhile 

increasing the soil densification. With reference to this last point, looking at the plot of 

Fig. 5.2-8, it is found that the contribution of the geogrids in reducing the pipe uplift 

starts to be significant at higher relative density showing no effectiveness for first 

shakings up to 0.3 g (a). Up to this stage, recordings show values of uplift similar to the 

case without mitigation. Together with this outcome, it is important to precise that for 

this test the vertical frames connected to the pipe and used for vertical displacements 

monitoring (Fig. 2.6-1c) have been removed to allow the location of sheets. These 
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vertical frames, available in all the other tests, exercise anyhow friction in the vertical 

pipe movement by interacting with the soil around. This contribution, even though can 

be neglected in case of liquefaction, is missing for this test and could affect the results 

of the first shakings for which liquefaction does not occur (i.e., generally 0.1 g a and 0.2 

g a). This can be an explanation for big values of first shakings. 

 

 

Fig. 5.2-13 Schematic view of deformed geogrid sheets configuration 

 

 

Fig. 5.2-14 Geogrid sheet in the model after test execution 
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The uplift values for test T2_7 are taken from image analysis because of the absence of 

the structure used for pipe displacement monitoring, which would have been a 

disturbance for the installation of the geogrid sheets. For this reason, being the 

precision level lower as compared to the laser sensors adopted in other cases, it was 

not possible to differentiate the uplift belonging to the acceleration step and the 

dissipation phase. One single value is shown on the plot, after the dissipation phase of 

each step. For test T2_6, a problem in the laser sensors used for the structure appeared 

during the test execution, so values of uplift are taken from the laser sensor up to the 

dissipation phase of the step 0.3 g (a) and then manually from the image analysis as 

done for T2_7. The reliability of the image analysis will be addressed in the following in 

a specific dedicated paragraph §5.2.1. However, it is important to point out here that 

for the tests in which the laser sensors measurements were available, the uplift has also 

been computed by image analysis to check which could be the amount of error 

affecting the results. It was found that the results by image analysis are overestimated 

by a mean relative error of 15%. Mean relative error is the mean value of the ratio 

between the difference of the value derived from the image analysis and the value 

recorded from the laser sensor divided by the value recorded from the laser sensor. 

This is mainly due to the deformation of the sponge in between the pipe and the soil 

box transparent wall during the pipe movement. 

 

Comparing the soil deformations of tests with employed remedial measures for 

pipe uplift, it is possible to confirm what already highlighted above. The drain pipes 

(Fig. 5.2-16) show slightly lower deformation as compared with the reference test (Fig. 

5.2-15), angles are smaller and distance of the reference points is bigger, which is 

coherent with a lower pipe uplift. Gravel bag (Fig. 5.2-17) shows the widest points 

distance as compared to all of the considered tests (i.e., Fig. 5.2-15, Fig. 5.2-16, and Fig. 

5.2-18) and in relation to the angles they are bigger if we consider the inclination of the 

upper part which is subjected to big deformations but they are the smallest if we just 
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consider the inclination angle of the lower part. Again, these observations are coherent 

with the lowest pipe uplift. Geogrid sheets (Fig. 5.2-18) show as well minor values of 

distance and major angles with regard to gravel bag thus leading to a small increase in 

pipe uplift.       

 

 

Fig. 5.2-15 Deformed lines configuration for T2_1 

 

 

Fig. 5.2-16 Deformed lines configuration for T2_5 
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Fig. 5.2-17 Deformed lines configuration for T2_6 

 

 

Fig. 5.2-18 Deformed lines configuration for T2_7 

 

Comparing all the results in terms of uplift for the pipe with low apparent unit 

weight (Fig. 5.2-8), the gravel bag resulted to be the best system. The geogrids seem 

to be a valid alternative to the gravel bag but because of their efficacy starting from 

higher relative density, the system should be further investigated. In this specific set of 

tests, the incremental and decremental acceleration steps wanted to reproduce a series 
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of foreshock, mainshock and aftershock but it is also important to consider the 

possibility of a mainshock directly occurring. In this last case, additional considerations 

need to be done for the case of geogrids.  

 

 

Fig. 5.2-19 Cumulative free field ground settlements for T2 

 

The free field settlements (Fig. 5.2-19) are computed by the mean of the values 

recorded from LS5 and LS6. For these tests, the mean is possible because both of the 

laser sensors are located on free field ground. 

 

In the following, some comments on the pore water pressure time histories 

recorded for the pipe column in case of the reference test T2_1 and the tests including 

a mitigation measure T2_5, T2_6, and T2_7 are needed. Specifically, a zoomed view of 

the pore water pressure sensors arrangement in the pipe column is provided in Fig. 

5.2-20. The pore water pressure time histories are shown for three cases taken as an 
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example, 0.3 g (a), 0.6 g (a) and 0.3 g (b) in order to analyze both the incremental phase 

a and the decremental phase b. 

By comparing the excess pore water pressure time histories for all of the sensors of 

the pipe column for T2_5, T2_6 and T2_7 in case of application of 0.3 g (a) no substantial 

differences can be found (Fig. 5.2-21). Only two details are relevant, first detail is for 

T2_6 which presents for the sensors immediately below and above the gravel bag a 

strange shape of the recordings, second detail refers to T2_7 which shows lower pore 

water pressures for the sensors above the pipe in the area in which geogrids are located. 

For the first point, the pore water pressure is increasing at the beginning of the 

application of the shaking and meanwhile the shaking proceeds it decreases almost up 

to zero. This behavior can be explained with the higher permeability of the gravel bag 

as compared to the sand around which led the pressure to be dissipated immediately 

during the shaking. The reason why the water pressure increases again after the end of 

the shaking is due to the water rising to the ground top surface immediately after the 

shaking stops. This effect exercised from the gravel is not observed again for example 

during the application of 0.6 g (a) and 0.3 g (b) (Fig. 5.2-22 and Fig. 5.2-23), because of 

the sand filling the gravel interparticle voids. For the second point of sensors in case of 

geogrids, it seems that the presence of the geogrids is increasing the liquefaction 

resistance of the soil deposit. The pore water pressure time histories recorded in the 

area above the pipe are indeed, for all the cases reported as example in Fig. 5.2-21, Fig. 

5.2-22, Fig. 5.2-23 and Fig. 5.2-24, lower than those recorded from the sensors of the 

other tests at the same depth and also sharply smaller as compared to the recordings 

of the sensors immediately below (such as PW85). This behavior is less evident only in 

the case of 0.3 g (b), stage in which the liquefaction resistance is increased overall in 

the models because of the liquefaction history experienced from the soil deposit and 

the related reconsolidation process. The reduction in pore water pressure, as a way to 

investigate the liquefaction resistance of a sand deposit, was already experienced by 

Maheshwari et al. (2012).  
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Please note that for PW6027 in both tests T2_5 and T2_7 (Fig. 5.2-22), an increase 

in excess pore water pressure appears after the shaking, which would show a water 

inflow towards the sensor that is not coming from anywhere, as also confirmed from 

the recordings of the other sensors. At the same time, the same sensor PW6027 does 

not show the same behavior in other tests, thus clarifying that it is not depending on a 

malfunctioning of the sensor itself. This trend can be due to a rotation of the sensor 

(which must be horizontal in the model), for which the head is recording the pressure 

of the water other than the pressure of the water in the model; or, it can be due to the 

presence of air-bubbles generated in the sensor head. 

 

    

Fig. 5.2-20 Zoom on sensors arrangement for the pipe column in T2 
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Fig. 5.2-21 Pore water pressure in the pipe column for the tests T2 with mitigation measures 

during the application of 0.3 g (a) 
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Fig. 5.2-22 Pore water pressure in the pipe column for the tests T2 with mitigation measures 

during the application of 0.6 g (a) 
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Fig. 5.2-23 Pore water pressure in the pipe column for the tests T2 with mitigation measures 

during the application of 0.3 g (b) 
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Fig. 5.2-24 Comparison of excess pore water pressure time histories in the pipe column for tests 

T2_1, T2_5, T2_6 and T2_7 during the application of 0.3 g (a), 0.6 g (a) and 0.3 g (b) 
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In the same way as done for tests T1, to evaluate the liquefaction response of the 

soil model, the number of cycles to reach liquefaction, using the excess pore water 

pressure ratio equal to 0.6 as triggering criterion, was computed for the three columns 

of sensors in the model and showed in Fig. 5.2-25, Fig. 5.2-26, Fig. 5.2-27, Fig. 5.2-28, 

Fig. 5.2-29, Fig. 5.2-30, and Fig. 5.2-31 for tests T2_1, T2_2, T2_3, T2_4, T2_5, T2_6, and 

T2_7 respectively. Same consideration can be done, please refer to the observations for 

results of T1. Also here, overall the liquefaction is triggered starting from 0.2 g (a) only 

in some layers of the soil deposit and it is widely triggered at 0.3 g (a) but for this group 

of tests also the LAYER 2 is subjected to liquefaction. This could be due to a bigger or 

more uniform degree of saturation which characterizes tests T2. The number of cycles 

is less for the superficial LAYER 5 in free field columns and for the PIPE BOTTOM in the 

pipe column. Referring to the response in acceleration of the different layers, it is found 

that liquefaction is already triggered at 0.2 g (a) in the most superficial layers and is 

triggered everywhere with the application of 0.3 g (a), also in LAYER 2. Also here, for a 

complete view of the phenomenon in the model, the pore water pressure ratio and the 

response acceleration time histories for all the tests in case of 0.2 g (a) and 0.3 g (a) are 

shown in Fig. 5.2-32, Fig. 5.2-33, Fig. 5.2-34, Fig. 5.2-35, Fig. 5.2-36, Fig. 5.2-37, Fig. 

5.2-38, Fig. 5.2-39, Fig. 5.2-40, Fig. 5.2-41, Fig. 5.2-42, Fig. 5.2-43, Fig. 5.2-44, Fig. 5.2-45, 

Fig. 5.2-46, Fig. 5.2-47, Fig. 5.2-48, Fig. 5.2-49, Fig. 5.2-50, Fig. 5.2-51, Fig. 5.2-52, Fig. 

5.2-53, Fig. 5.2-54, Fig. 5.2-55, Fig. 5.2-56, Fig. 5.2-57, Fig. 5.2-58, and Fig. 5.2-59. Please 

consider that in some cases the acceleration or the pore water pressure ratio recording 

is missing because of the some problem occurred with the sensors during the test 

execution. The recordings are placed in the picture by following the position of the 

sensors in the reference test layout. The missing record can be easily identified in the 

layout. Specifically, the sensor PW8706 has been removed from the analysis because it 

was showing unexpectedly high results. Sensor PW81 and AC69 did not work for T2_2 

and AC17 for T2_6. For T2_2 and T2_3 also AC74 was not used for computation because 

strange values were recorded during the tests for bigger amplitude input motion. T2_3 
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showed lower excess pore water pressure in COLUMN 2 and 3 as compared to all the 

other tests and consequently the number of cycles is reported for very few points, 

indicating the liquefaction was not triggered in the model. A possible explanation for 

this behavior can be again found in the degree of saturation of the model. In relation 

to this aspect, it should be mentioned that for the different tests there could be a 

different time gap between the end of the saturation process and the beginning of the 

shaking. More information on this point are provided in §5.4. This difference in time 

also affects the response of the soil model.    

 

 

Fig. 5.2-25 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T2_1 

 

 

Fig. 5.2-26 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T2_2 
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Fig. 5.2-27 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T2_3 

 

 

Fig. 5.2-28 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T2_4 

 

 

Fig. 5.2-29 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T2_5 
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Fig. 5.2-30 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T2_6 

 

 

Fig. 5.2-31 Number of cycles vs shaking steps at different layers for each column in the soil 

model for T2_7 
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Fig. 5.2-32 Input base acceleration and response acceleration time histories for T2_1 0.2 g (a) 
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Fig. 5.2-33 Input base acceleration and response acceleration time histories for T2_1 0.3 g (a) 
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Fig. 5.2-34 Input base acceleration and response acceleration time histories for T2_2 0.2 g (a) 
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Fig. 5.2-35 Input base acceleration and response acceleration time histories for T2_2 0.3 g (a) 
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Fig. 5.2-36 Input base acceleration and response acceleration time histories for T2_3 0.2 g (a) 
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Fig. 5.2-37 Input base acceleration and response acceleration time histories for T2_3 0.3 g (a) 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 199 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

 

Fig. 5.2-38 Input base acceleration and response acceleration time histories for T2_4 0.2 g (a) 
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Fig. 5.2-39 Input base acceleration and response acceleration time histories for T2_4 0.3 g (a) 
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Fig. 5.2-40 Input base acceleration and response acceleration time histories for T2_5 0.2 g (a) 
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Fig. 5.2-41 Input base acceleration and response acceleration time histories for T2_5 0.3 g (a) 
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Fig. 5.2-42 Input base acceleration and response acceleration time histories for T2_6 0.2 g (a) 
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Fig. 5.2-43 Input base acceleration and response acceleration time histories for T2_6 0.3 g (a) 
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Fig. 5.2-44 Input base acceleration and response acceleration time histories for T2_7 0.2 g (a) 
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Fig. 5.2-45 Input base acceleration and response acceleration time histories for T2_7 0.3 g (a) 
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Fig. 5.2-46 Excess pore water pressure ratio time histories for T2_1 0.2 g (a) 
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Fig. 5.2-47 Excess pore water pressure ratio time histories for T2_1 0.3 g (a) 
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Fig. 5.2-48 Excess pore water pressure ratio time histories for T2_2 0.2 g (a) 
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Fig. 5.2-49 Excess pore water pressure ratio time histories for T2_2 0.3 g (a) 
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Fig. 5.2-50 Excess pore water pressure ratio time histories for T2_3 0.2 g (a) 
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Fig. 5.2-51 Excess pore water pressure ratio time histories for T2_3 0.3 g (a) 
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Fig. 5.2-52 Excess pore water pressure ratio time histories for T2_4 0.2 g (a) 
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Fig. 5.2-53 Excess pore water pressure ratio time histories for T2_4 0.3 g (a) 
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Fig. 5.2-54 Excess pore water pressure ratio time histories for T2_5 0.2 g (a) 
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Fig. 5.2-55 Excess pore water pressure ratio time histories for T2_5 0.3 g (a) 
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Fig. 5.2-56 Excess pore water pressure ratio time histories for T2_6 0.2 g (a) 
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Fig. 5.2-57 Excess pore water pressure ratio time histories for T2_6 0.3 g (a) 
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Fig. 5.2-58 Excess pore water pressure ratio time histories for T2_7 0.2 g (a) 
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Fig. 5.2-59 Excess pore water pressure ratio time histories for T2_7 0.3 g (a) 

 

Also for this group of tests, for a better understanding of the soil response, the 

double amplitude shear strain achieved with the application of the cycles for which the 

pore water pressure ratio reaches the value of 0.6 is plotted with the shaking steps for 

COLUMN 3 of all the tests in Fig. 5.2-60. The shear strain at the reference depth of the 
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PW sensors, which is at the middle of each layer, was computed as a mean of the shear 

strain calculated from the couple of AC sensors placed above and in the middle of the 

reference layer and from the couple of AC placed in the middle and at the bottom of 

the same layer. Please consider that, due to the malfunctioning of AC69 and AC74, for 

the reference layers the shear strain was computed by using the other couple of sensors 

instead of the mean. For T2_7 the double amplitude shear strain is available also for 

LAYER 1. Again, the same consideration can be done of the inverse relationship 

between the number of cycles and shear strain double amplitude. 

The maximum double amplitude shear strain is also plotted as for the previous tests 

T1 in Fig. 5.2-61, Fig. 5.2-62, Fig. 5.2-63, Fig. 5.2-64, Fig. 5.2-65, Fig. 5.2-66, and Fig. 

5.2-67. Being the AC sensors of COLUMN 3 more for tests T2, the additional information 

of the number of cycles to achieve the maximum double amplitude shear strain is 

provided separately in the table of the same figures. Thanks to the bigger number of 

accelerometers available in the free field column, for each layer it was possible to 

compute two values of shear strain, one for the upper half and one for the lower half 

(indicated respectively as UP and DOWN in the figures). One important aspect that was 

not possible to notice in previous tests is that the difference in shear strain for the upper 

and lower part of a single layer (i.e., for a height of 5 cm of the soil deposit) can change 

substantially. In this way, it is possible to optimize the shear strain computation 

(notwithstanding the limitation of the double integration method) and catch more 

precisely the deformation profile of the soil column. With reference to the number of 

cycles, the outcome for this set of tests is completely opposite to what stated before. 

The maximum double amplitude shear strain is reached before the end of the 20 cycles 

for the middle shaking steps (i.e., 0.3 g (a) up to 0.4 g (b) and for the upper layers. 
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Fig. 5.2-60 Double amplitude shear strain for ru=0.6 vs shaking steps for T2 COLUMN 3 
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Fig. 5.2-61 Maximum double amplitude shear strain vs shaking steps for T2_1 COLUMN 3 and 

related number of cycles 

 

 

 

Fig. 5.2-62 Maximum double amplitude shear strain vs shaking steps for T2_2 COLUMN 3 and 

related number of cycles 
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Fig. 5.2-63 Maximum double amplitude shear strain vs shaking steps for T2_3 COLUMN 3 and 

related number of cycles 

 

 

 

Fig. 5.2-64 Maximum double amplitude shear strain vs shaking steps for T2_4 COLUMN 3 and 

related number of cycles 
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Fig. 5.2-65 Maximum double amplitude shear strain vs shaking steps for T2_5 COLUMN 3 and 

related number of cycles 

 

 

 

Fig. 5.2-66 Maximum double amplitude shear strain vs shaking steps for T2_6 COLUMN 3 and 

related number of cycles 
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Fig. 5.2-67 Maximum double amplitude shear strain vs shaking steps for T2_7 COLUMN 3 and 

related number of cycles 

 

Residual excess pore water pressure ratios are shown in Fig. 5.2-68, Fig. 5.2-69, Fig. 

5.2-70, Fig. 5.2-71, Fig. 5.2-72, Fig. 5.2-73 and Fig. 5.2-74. Also here considerations are 

the same as for T1 results. The only difference is that the acceleration amplitude for 

which there is a change in the trend of the ratio is already 0.2 g (a) for most of the cases. 

 

 

Fig. 5.2-68 Residual pore water pressure ratio vs shaking steps at different layers for T2_1 

 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 227 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

 

Fig. 5.2-69 Residual pore water pressure ratio vs shaking steps at different layers for T2_2 

 

 

Fig. 5.2-70 Residual pore water pressure ratio vs shaking steps at different layers for T2_3 

 

 

Fig. 5.2-71 Residual pore water pressure ratio vs shaking steps at different layers for T2_4 
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Fig. 5.2-72 Residual pore water pressure ratio vs shaking steps at different layers for T2_5 

 

 

Fig. 5.2-73 Residual pore water pressure ratio vs shaking steps at different layers for T2_6 

 

 

Fig. 5.2-74 Residual pore water pressure ratio vs shaking steps at different layers for T2_7 
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5.2.1. Image analysis results 

With reference to the black dots used on the front face of the soil model, it was 

possible to track their movements during the tests execution. A general mesh of 60 

dots is considered for the tracking, 6 dots in the vertical alignment and 10 dots in the 

horizontal alignment. The mesh is characterized by missing points near the buried 

structure, depending on the position of the structure and the relative remedial measure 

(Fig. 5.2-75). The image analysis is shown for a window of -25 cm and + 25 cm for the 

horizontal axis x and of 0 cm and 30 or 35 cm for the vertical axis y (depending for 

deformations and displacements respectively). The axis origin is set in the vertical of the 

pipe and at the depth of 35 cm from the ground top surface. The grid shown in the 

plots is corresponding to the same grid drawn on a typical photo taken as an example 

in Fig. 5.2-75.  

In image analysis techniques, it is important to make some considerations on the 

image distortion. Being the camera fixed at the shake table, there was a fixed distance 

of the camera from the soil box wall. In this situation, even reducing as much as possible 

the distortion and trying to let it be outside from the interested area, a degree of 

distortion affects the analyzed pictures.  

Fig. 5.2-76 is taken as a reference picture to make some general consideration on 

the distortion encountered in this work. The red box identifies the area considered to 

track the dots displacements and it should match the black lines grid drawn on the soil 

box wall. The other two columns of dots and the last row are not considered in the 

computation because the error caused by the distortion would be very big. It can be 

stated that the mesh of dots identified by columns 3, 4 5, 6, 7 and 8 is not affected by 

distortion. This is a very important aspect because we are mainly concerned about the 

displacements and deformations in the area close to the pipe. Distortion starts to 

appear from columns of dots 2 and 9 and affects most columns 1 and 10 with the 

biggest effects on the dots in the bottom row. With reference to these two external and 

bottom dots, at their corresponding position in both vertical and horizontal directions, 
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the reference frame is shifted of around 0.45 cm in the distorted picture as compared 

to the real position. It means that the position of the dots in the picture is affected by 

a maximum error of around ±0.45 cm. If we would consider each single shaking step 

for the evaluation of displacements and deformations this error could be consistent 

(i.e., equal to 100%) as compared to the displacement value of the dots, but by 

considering the cumulative displacements achieved after the application of the 

shakings steps up to 0.6 g (a) it can be acceptable for the specific purpose of this 

analysis. This analysis wants to provide a comparison of the displacement and 

deformation field in the model for the different tests. In this case, the maximum error 

is going to be for the general test of maximum 45% for the most distorted point. By 

considering this limitation of the approach, the displacement field of the black dots, 

obtained from the difference in the dots coordinates between initial position and after 

the application of 0.6 g a(a), which can be seen like the displacement field of the soil 

because of the dots following the soil deformation, is shown in Fig. 5.2-77 for T2_1, in 

Fig. 5.2-81 for T2_2, in Fig. 5.2-85 for T2_3, in Fig. 5.2-89 for T2_4, in Fig. 5.2-93 for T2_5, 

in Fig. 5.2-97 for T2_6 and in Fig. 5.2-101 for T2_7. The displacements are given in cm 

coherently with the axis scale. In the same way, the deformation field in terms of normal 

strain in x-direction, εx, normal strain in y-direction, εy, and shear strain, γxy, is available 

in Fig. 5.2-78, Fig. 5.2-79 and Fig. 5.2-80 for T2_1, in Fig. 5.2-82, Fig. 5.2-83 and Fig. 

5.2-84 for T2_2, in Fig. 5.2-86, Fig. 5.2-87 and Fig. 5.2-88 for T2_3, in Fig. 5.2-90, Fig. 

5.2-91 and Fig. 5.2-92 for T2_4, in Fig. 5.2-94, Fig. 5.2-95 and Fig. 5.2-96 for T2_5, in Fig. 

5.2-98, Fig. 5.2-99 and Fig. 5.2-100 for T2_6, in Fig. 5.2-102, Fig. 5.2-103 and Fig. 5.2-104 

for T2_7. Please consider that the mesh of dots was not so much dense, also due to the 

insertion of the pipe and the remedial measure. To have a clear view of the deformation 

field, the number of tracking dots should be increased. Always keeping in mind the 

limitations of the procedure, consider also that the computation of the shear strain is 

done in terms of γxy instead of the maximum shear strain γmax. 

 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 231 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

 

Fig. 5.2-75 Reference scheme for the image analysis 

 

 

Fig. 5.2-76 Image distortion 
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Fig. 5.2-77 Displacement field for T2_1 after the application of 0.6 g (a) 

 

 

Fig. 5.2-78 Deformation field εx for T2_1 after the application of 0.6 g (a) 
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Fig. 5.2-79 Deformation field εy for T2_1 after the application of 0.6 g (a) 

 

 

Fig. 5.2-80 Deformation field γxy for T2_1 after the application of 0.6 g (a) 
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Fig. 5.2-81 Displacement field for T2_2 after the application of 0.6 g (a) 

 

 

Fig. 5.2-82 Deformation field εx for T2_2 after the application of 0.6 g (a) 
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Fig. 5.2-83 Deformation field εy for T2_2 after the application of 0.6 g (a) 

 

 

Fig. 5.2-84 Deformation field γxy for T2_2 after the application of 0.6 g (a) 
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Fig. 5.2-85 Displacement field for T2_3 after the application of 0.6 g (a) 

 

 

Fig. 5.2-86 Deformation field εx for T2_3 after the application of 0.6 g (a) 
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Fig. 5.2-87 Deformation field εy for T2_3 after the application of 0.6 g (a) 

 

 

Fig. 5.2-88 Deformation field γxy for T2_3 after the application of 0.6 g (a) 
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Fig. 5.2-89 Displacement field for T2_4 after the application of 0.6 g (a) 

 

 

Fig. 5.2-90 Deformation field εx for T2_4 after the application of 0.6 g (a) 
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Fig. 5.2-91 Deformation field εy for T2_4 after the application of 0.6 g (a) 

 

 

Fig. 5.2-92 Deformation field γxy for T2_4 after the application of 0.6 g (a) 
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Fig. 5.2-93 Displacement field for T2_5 after the application of 0.6 g (a) 

 

 

Fig. 5.2-94 Deformation field εx for T2_5 after the application of 0.6 g (a) 
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Fig. 5.2-95 Deformation field εy for T2_5 after the application of 0.6 g (a) 

 

 

Fig. 5.2-96 Deformation field γxy for T2_5 after the application of 0.6 g (a) 
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Fig. 5.2-97 Displacement field for T2_6 after the application of 0.6 g (a) 

 

 

Fig. 5.2-98 Deformation field εx for T2_6 after the application of 0.6 g (a) 
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Fig. 5.2-99 Deformation field εy for T2_6 after the application of 0.6 g (a) 

 

 

Fig. 5.2-100 Deformation field γxy for T2_6 after the application of 0.6 g (a) 
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Fig. 5.2-101 Displacement field for T2_7 after the application of 0.6 g (a) 

 

 

Fig. 5.2-102 Deformation field εx for T2_7 after the application of 0.6 g (a) 
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Fig. 5.2-103 Deformation field εy for T2_7 after the application of 0.6 g (a) 

 

 

Fig. 5.2-104 Deformation field γxy for T2_7 after the application of 0.6 g (a) 

 

Some consideration about the displacement fields for different tests can be done. 

The first observation is that from the displacement field of T2_1, it is possible to verify 
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that the uplift mechanism described in the introduction has taken place in this set of 

tests as well by forming two semi-elliptical loops on the two sides of the buried pipe 

thus confirming previous studies. Additionally: 

• The displacement fields for the tests T2_1, T2_2 and T2_3 cannot be directly 

compared because of the different apparent unit weight used for the pipe and 

because of the different relative density of T2_2. Anyway, it can be stated how 

for T2_3 only settlements occur, and they are overall uniform in amplitude in 

the soil deposit (slightly reducing towards the bottom rows). For T2_2, the 

vertical displacements of the central column are smaller than T2_1, reflecting 

the smaller uplift of the pipe recorded for this test, instead the soil settlements 

on the two lateral sides are bigger than those in T2_1, again coherently with the 

lower initial relative density for which the soil deposit experienced bigger 

settlements for the same shaking condition (see Fig. 5.2-19). In terms of 

deformations, εx, εy and γxy are very small for T2_3, γxy are bigger for T2_2; 

instead, εy are smaller for T2_2 in the pipe column; 

• A comparison for T2_3 and T2_4 can be done and results of both displacement 

and deformation fields in presence of the gravel bag below the pipe are very 

similar to those of T2_3 without remedial measure for the settlements. This 

observation again confirms what was claimed before in terms of impossibility 

to study the eventual benefit of the gravel bag below in preventing settlements 

with the used unit weight of the pipe; 

• By comparing the reference test T2_1 with the test T2_5 with used drain pipes 

for the mitigation, results in terms of displacement and deformation fields are 

the same. An only slight difference can be observed in the smaller amplitude for 

T2_5 of the displacement vectors very close to the pipe and involved in the uplift 

mechanism, as it should be expected for the slight smaller uplift values recorded 

for this test; 
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• For T2_6, in presence of the gravel bag above the pipe, from the displacement 

vectors, it is possible to confirm what stated in Fig. 5.2-12. As compared to T2_1, 

there is a reduction in the soil displacements in the vicinity of the system pipe 

and gravel. The displacement vectors, indeed, are very small in amplitude in this 

area as compared to those of T2_1. The gravel bag allows smaller displacements 

and reduces the pipe uplift. The deformations are smaller as well. 

• The mechanism of uplift in terms of displacement vectors for T2_7 is the same 

experienced for T2_1. The presence of the geogrids in the model does not 

modify the sand grains movement path but reduces the amount of displaced 

sand. On the left-hand side of Fig. 5.2-101, the soil flow is very similar to that 

recorded for T2_1, but the displacements are smaller. 

In some cases, it is difficult to compare the displacement and deformations field 

because of the asymmetry of the results. It is verified that it is not related only to a 

wrong movement of the dots (that could be linked to the installation, that as mentioned 

was done by hand), but actually reflects a asymmetric response of the pipe. Specifically, 

the pipe does not go back to the initial position but exhibits at the end of the shaking 

a cumulative horizontal displacement or rotation. The attempt to correlate this 

occurrence to the polarization on the input motion at the shaking table was not tried, 

at the moment of writing this document. Instead, this phenomenon can be related to a 

minor defect in the installation of the pipe. As mentioned in the thesis, the pipe has 

attached an overburden on its internal base to modify its weight in accordance with the 

apparent unit weight to be investigated. This overburden is placed in the exact middle 

of the pipe, so that if a rotation is provided the pipe rotates until it stops in its exact 

original position, with an exception if the table on which this test is performed is not 

perfectly horizontal. If the pipe longitudinal axis is not placed in the soil model perfectly 

aligned with the center of the soil box, or if the pipe is installed with an inclination of 

few degrees as compared to the axis of the overburden, or if the installation plan is not 

perfectly horizontal, these imperfections will contribute during the shaking to 
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cumulative horizontal displacements and rotation of the pipe transversal section. 

During the installation phase, care has been taken for such details using, for example, 

a level to check the horizontality of the pipe in both directions and of the installation 

plan, and a ruler for the position in the exact center. The installation was also more 

difficult because of the presence of the sensors attached at the base of the pipe. This 

asymmetry was most evident for T2_2 and T2_7. These two tests have two particularities 

with respect to the others. T2_2 has a lower relative density and a bigger pipe apparent 

unit weight. The impact of the input motion on the model could have, due to some 

defect in the installation and to the initial looser density of the sand, displaced the pipe 

horizontally (a horizontal cumulative displacement of the pipe is observed from the 

pictures). Moreover, if the pipe shows a very small cumulative rotation, because of the 

steel frames attached to the pipe for displacement monitoring, a bending moment is 

going to generate which will affect the asymmetry. In this test also a rotation of the 

pipe was experienced, that could be linked to the horizontal movement. T2_7 instead, 

was the only test in which the vertical steel frame attached to the pipe was removed 

because of the geogrid installation. These steel frames, in the other tests, if the pipe 

was placed correctly would also ensure a stability of the pipe for the impact of the 

shaking on the model (if not placed correctly they would, instead, contribute to increase 

the instability) and they were a good support to check the pipe installation details (the 

level could be used easier with the support of the frames). Then, for this specific test, 

the cause of asymmetry can be found in the imperfect installation of the pipe which 

exhibits a small cumulative rotation. For the cumulative pipeline horizontal 

displacement and rotation check Fig. 5.2-2 and Fig. 5.2-11. 

 

For verification purpose, an attempt to compare the deformation obtained from 

image analysis and from AC sensors (according to the formulations in §4.5 and §4.6) 

has been done. For COLUMN 1, because of the presence of the buried structure and, 

for some tests, of the remedial measure, dots used for the deformations and 
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accelerometers installed in the soil are very few and cannot be used for comparison. 

COLUMN 2 is, instead, 25 cm distant from COLUMN 1 and the deformations computed 

from dots tracking are available at a distance of 20 cm (Dots columns 9_10). For this 

case, even with the limitations of a difference of 5 cm in the computation, results of the 

comparisons are available in Tab. 5.2-1, Tab. 5.2-2, Tab. 5.2-3, Tab. 5.2-4, Tab. 5.2-5, and 

Tab. 5.2-6. T2_7 is not provided because of the absence of sensors in COLUMN 2. In the 

tables, the absolute value of γxy from image analysis and the values at the same depth 

of the absolute residual shear strain obtained from AC recordings and the absolute 

value of the maximum shear strain are provided. It is difficult to derive considerations 

from this comparison, because of too many variables affecting the results, i.e., boundary 

conditions for the dots, integration procedure for the recordings, the distance between 

the column of sensors and the column of dots, the image distortion which affects the 

external dots columns and the lower rows. Boundary conditions can be assessed with 

numerical simulation and image distortion can be corrected and results updated. By 

correcting the distortion, it would be possible to use the additional external columns 

too, which were removed from the image analysis, and results of deformations can be 

derived in the same column of sensors location. 

 

Tab. 5.2-1 Shear strain from image analysis and AC recordings comparison for T2_1 at 0.6 g (a) 

T2_1 (0.6 g a) 

IMAGE ANALYSIS RECORDED 

Z (cm) 

from ground top surface 

Absolute 

γxy (%) 

Absolute 

γresidual (%) 

Absolute 

γmax (%) 

10 6.46 1.15 19.05 

15 0.16 1.2 31.38 

20 4.01 1.16 20.99 

25 1.87 3.25 5.69 

30 5.55 4.23 15.54 

  



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 250 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

Tab. 5.2-2 Shear strain from image analysis and AC recordings comparison for T2_2 at 0.6 g (a) 

T2_2 (0.6 g a) 

IMAGE ANALYSIS RECORDED 

Z (cm)  

from ground top surface 

Absolute 

γxy (%) 

Absolute 

γresidual (%) 

Absolute 

γmax (%) 

10 24.37 0.27 25.8 

15 22.21 0.17 24.72 

20 39.24 4.12 48.65 

25 14.21 1.86 48.52 

30 8.81 2.6 24.02 

 

Tab. 5.2-3 Shear strain from image analysis and AC recordings comparison for T2_3 at 0.6 g (a) 

T2_3 (0.6 g a) 

IMAGE ANALYSIS RECORDED 

Z (cm)  

from ground top surface 

Absolute 

γxy (%) 

Absolute 

γresidual (%) 

Absolute 

γmax (%) 

10 3.49 0.83 32.09 

15 9.69 1.71 31.03 

20 8.69 0.85 35.97 

25 10.71 3.8 34.84 

30 5.04 5.28 26.73 

 

Tab. 5.2-4 Shear strain from image analysis and AC recordings comparison for T2_4 at 0.6 g (a) 

T2_4 (0.6 g a) 

IMAGE ANALYSIS RECORDED 

Z (cm)  

from ground top surface 

Absolute 

γxy (%) 

Absolute 

γresidual (%) 

Absolute 

γmax (%) 

10 3.32 0.7 18.09 

15 0.01 1.32 28.98 

20 5.31 0.65 18.28 

25 5.20 2.9 3.5 

30 3.20 4.17 15.37 
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Tab. 5.2-5 Shear strain from image analysis and AC recordings comparison for T2_5 at 0.6 g (a) 

T2_5 (0.6 g a) 

IMAGE ANALYSIS RECORDED 

Z (cm)  

from ground top surface 

Absolute 

γxy (%) 

Absolute 

γresidual (%) 

Absolute 

γmax (%) 

10 0.46 2.3 18.62 

15 0.35 0.55 31.73 

20 7.38 1.08 19.17 

25 14.13 4.79 4.96 

30 6.76 5.0 16.83 

 

Tab. 5.2-6 Shear strain from image analysis and AC recordings comparison for T2_6 at 0.6 g (a) 

T2_6 (0.6 g a) 

IMAGE ANALYSIS RECORDED 

Z (cm)  

from ground top surface 

Absolute 

γxy (%) 

Absolute 

γresidual (%) 

Absolute 

γmax (%) 

10 0.14 1.91 18.67 

15 8.56 1.22 31.26 

20 5.52 1.26 20.27 

25 10.32 3.29 4.52 

30 7.42 4.43 15.52 

 

 

5.3. SOME CONSIDERATIONS ABOUT THE TESTS REPEATABILITY 

Specific tests to assess the repeatability of tests results were not performed due to 

the limited available time for the experiments and some technical issues which delayed 

the experimental schedule. However, being the soil models prepared with the same 

characteristics and providing the same shaking history two observations for the 

repeatability can be done: 



The experimental study of buried onshore pipelines seismic-liquefaction induced 
vertical displacement in shaking table tests and its remedial measures 

DISCUSSION ON EXPERIMENTAL RESULTS 252 
 

 
 

 

Massimina Castiglia                                    PhD in Geotechnical Earthquake Engineering 

 

1. The model response in terms of pipe uplift did not show questionable results 

in terms of comparison among the different tests. The results seemed to be 

comparable with each other and reflected the absence or the adoption of 

the remedial measure (Fig. 5.1-11, Fig. 5.2-4, Fig. 5.2-7 and Fig. 5.2-8). Even 

though the response of the pipe could be better assessed with a 

repeatability test, it is important to precise that the procedure adopted for 

the models’ preparation was kept strictly the same for all the tests. 

2. A free field column was also monitored for all the tests. Being a free field 

column and being soil characteristics and shaking histories same, the 

comparison of the free field AC and PW recordings should give very similar 

results. If this is true, it means that the repeatability of the test is addressed 

in terms of model response and, if care is taken for the detail in the pipe 

installation, it is addressed for the pipeline response as well. This comparison 

was performed and showed very similar results. Some example for both T1 

and T2 is shown in Fig. 5.3-1, Fig. 5.3-2, Fig. 5.3-3, Fig. 5.3-4, Fig. 5.3-5, Fig. 

5.3-6, Fig. 5.3-7 and Fig. 5.3-8. 
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Fig. 5.3-1 Free field AC recordings comparison for T1_1, T1_3 and T1_4 using 0.3 g (a) as example 

 

Please note that AC69 in T1_4 tilted and that the base acceleration is lower for T1_1 

as compared to T1_3 and T1_4. This happened because, before the execution of these 

last tests, the connection between soil box and shake table was strengthened.  
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Fig. 5.3-2 Free field AC recordings comparison for T1_1, T1_3 and T1_4 using 0.6 g (a) as example 
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Fig. 5.3-3 Free field PW recordings comparison for T1_1, T1_3 and T1_4 using 0.3 g (a) as example 

 

PW02_1 and PW83 for T1_3 are showing very low values of excess pore water 

pressure. The reason for that is not clear. The water table is kept at the same height as 

for the other tests. Some non-uniformity in the degree of saturation could have affected 

the results, or the presence of the accelerometers in the same column, installed 5 cm 

distant to the PW could have interacted with the PW sensors (touching the head of the 

PW). 
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Fig. 5.3-4 Free field PW recordings comparison for T1_1, T1_3 and T1_4 using 0.3 g (a) as example 
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Fig. 5.3-5 Free field AC recordings comparison for T2_4, T2_5 and T2_6 using 0.3 g (a) as example 
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Fig. 5.3-6 Free field AC recordings comparison for T2_4, T2_5 and T2_6 using 0.6 g (a) as example 
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Fig. 5.3-7 Free field PW recordings comparison for T2_4, T2_5 and T2_6 using 0.3 g (a) as example 
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Fig. 5.3-8 Free field PW recordings comparison for T2_4, T2_5 and T2_6 using 0.6 g (a) as example 

 

5.4. GENERAL COMMENTS 

In the following, few general considerations which can be done for both series of 

tests will be provided. 

 

Checks on the degree of saturation were already performed from other researchers 

of the laboratory before tests T1, on models prepared with the same characteristics and 

using the same procedure for model preparation. Iqbal (2017) computed through 

moisture content the degree of saturation of the top 10 cm layer (only partial saturated, 
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because the water level was kept at the base of the considered layer), and it was found 

the degree of saturation to be 85%~90% in the upper part and 92%~97% in the bottom 

part of the layer. With this test, it is verified that the degree of saturation in the model 

is high (i.e., almost 100%) but its uniformity in the ground model was not checked. With 

tests T2, during the model saturation the pressure of the water was kept constant with 

the height. Thanks to the possibility to monitor the water pressure, it is believed that 

the uniformity of the degree of saturation is better achieved. Moreover, with reference 

to the water supply system, for tests T1 only three pipes were working, instead, for T2 

there were five operative pipes. The water distributed from more entries is also a good 

way to achieve a better saturation of the soil deposit. This is the reason why often in 

the thesis it is indicated the degree of saturation as potential responsible for the 

difference in the model response between the two groups of tests. 

Another important aspect which could have affected the model response and the 

degree of saturation of the prepared models is the time gap between the end of the 

saturation process and the beginning of the shaking. The model saturation took overall, 

for both tests T1 and tests T2 about 1 hour for a layer of 10 cm, which means that 

overall 5-6 hours were enough to saturate the complete model. Depending on the 

availability of the person in charge for operating the shaking table apparatus, it could 

happen that for some of the tests the shaking was performed the same day of the 

saturation and, instead, in other circumstances the model was saturated the day before 

of few days before the execution (i.e., the day 1 only saturation was performed in the 

morning or in the afternoon, when the saturation was completed the model was left 

saturated until the day 2 in which the test was executed). The difference between the 

characteristics of these models is that, when the shaking was performed the day after 

or few days after, there was the possibility to check again before the execution the level 

of the water table and provide additional water if necessary. In this way, by leaving the 

model saturated for a long time, if there was some non-uniformity in the model with 

reference to the degree of saturation, the time gap between the end of the saturation 
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and beginning of the shaking would have solved such non-uniformity. For a complete 

understanding of the time between the end of saturation and the beginning of the 

shaking, details of the time gap are available in Tab. 5.4-1. 

 

Tab. 5.4-1 Summary of the time gap between end of saturation and beginning of shaking for T1 

and T2 

Reference test 
Time gap between end of 

saturation and beginning of shaking 

T1_1 15 minutes 

T1_2 16 hours 

T1_3 15 minutes* 

T1_4 2 hours and 30 minutes 

T2_1 40 hours 

T2_2 39 hours 

T2_3 38 hours 

T2_4 29 hours 

T2_5 39 hours 

T2_6 48 hours 

T2_7 16 hours 

*After the model saturation, consistent water leakage was observed 

at the base of the soil box. Due to the unavailability of the shake table 

operator, it was not possible to execute the test immediately after the 

saturation. Water was discharged from the model and the day after the 

model was saturated again before executing the test. 

 

With the application of subsequent shakings, the soil densifies. This is due to the 

reconsolidation process achieved after the liquefaction of the soil deposit and after the 

dissipation of the excess pore water pressure, thus leading to grain rearrangement and 

ground settlements. When small shaking amplitudes are applied, the excess pore water 

pressure is very small and liquefaction does not occur in the soil model; in these cases, 

the relative density of the soil changes slightly (Fig. 5.1-12 and Fig. 5.2-19). Values of 
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relative density achieved with the shaking steps are overall consistent for all the 

investigated cases. For the tests with an initial relative density of 45%, after the tests 

execution, a final relative density in the range 62%-64% was found (Fig. 5.1-12), for the 

test with the initial relative density 40%, a final relative density of 83% was achieved 

(Fig. 5.2-19), and for the tests with initial relative density of 50%, a final relative density 

in the range 74%-80% was obtained (Fig. 5.2-19). The relative density was computed as 

specified in §4.1and 4.3 and it was verified to be uniform in the ground model by 

sampling (according to the procedure described in §2.3). Results of relative density 

check are available in ANNEX B. 

 

In general, other than some errors or some strange behavior as already mentioned 

for the event of 0.8 g (c), both in the case of free field ground and in presence of the 

buried pipe, the dissipation phase led to a settlement (Fig. 5.1-11,Fig. 5.1-12, Fig. 5.2-4, 

Fig. 5.2-7, Fig. 5.2-8, and Fig. 5.2-19). In the case of pipe displacements, the settlements 

stop when the system gets stable, which is to say no more uplift or settlements of the 

pipe are recorded with additional input motions. The settlements attained with the 

dissipation phase are expected coherently with the increase in relative density achieved 

immediately after the pore water pressure dissipates and soil grains are rearranged. 

However, the dissipation process is time-related and in the shake table model, because 

of the higher permeability, the process is very fast as compared to the real soil deposits. 

Sand boils and water on the top started to appear immediately after the initiation of 

the shaking, as soon as liquefaction is triggered, together with the uplift or the 

settlements of the buried structure. Immediately at the end of the shaking sand boils 

and water on the top are much more evident and soil settlement occurs. The vertical 

displacement of the pipe does not continue after the end of the shaking, it occurs 

completely during the seismic excitation. This indicates that together with the end of 

the shaking, the process is going to end and also the discharge of the excess water in 

the model does not affect the soil settlements consistently. This is because the 
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dissipation comes when at the end of the shaking water rises up in the model and the 

discharging process only removes the excess water from the box. The process is 

schematized in Fig. 5.4-1. In this thesis, the dissipation phase was always referred to the 

phase from the end of the shaking up to the end of the discharge. 

    

 

Fig. 5.4-1 Excess pore water pressure vs time and related phenomenon observed in the 

model 

 

The vertical pipe displacement limited to the shaking time is consistent with what 

was already observed in literature with reference to model tests on buried structures 

conducted with both 1-g shaking table and centrifuge as mentioned in the introduction 

of this manuscript (Koseki et al., 1997; Sasaki and Tamura, 2004; Chian et al., 2014). 

Actually, the uplift is not related to the time in which the input motion starts or ends, 
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but it is related to the excess pore water pressure development, as it is also highlight 

by Huang et al. (2014). Being, in the model tests of this research, the permeability very 

high and the drainage path short, the dissipation occurs immediately with the end of 

the shaking, the phenomenon is instantaneous. This is the reason why the uplift is 

experienced only during the shaking and the dissipation-related settlement occurs 

immediately when the shaking ends. In real soil condition, the uplift would continue 

until the level of pore water pressure in the model is still consistent (i.e., the equilibrium 

of the vertical forces acting on the pipe is not respected). The dissipation phase will 

take some time to be completed (depending on the specific characteristics of the soil 

deposit) and the settlements of the structure associated with the complete dissipation 

will be slow. This is for example well understood with case histories in which the 

liquefaction manifestations took place after the end of the earthquake shaking. One 

example is reported for the 1964 Niigata earthquake, for which the sand boils started 

after the shaking and continued for 20 minutes more (Towhata, 2008).  

 

After each shaking step, before starting the next phase the excess pore water 

pressure has been discharged through the water discharge pipe. In Tab. 5.4-2 the 

discharging time, computed as mean time values among the tests of the second group, 

is listed. No pore water pressure dissipation occurred in case of application of 0.1 g in 

both phases a and b. For the remaining steps, the discharging time increases with 

increasing the amplitude of the shaking. 
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Tab. 5.4-2 Excess pore water pressure discharging time 

Shaking step Discharging time (s) 

0.1 g (a) 0' 00'' 

0.2 g (a) 1' 03'' 

0.3 g (a) 3' 27'' 

0.4 g (a) 4' 42 '' 

0.5 g (a) 5' 16'' 

0.6 g (a) 5' 32'' 

0.5 g (b) 4' 37'' 

0.4 g (b) 3' 45'' 

0.3 g (b) 2' 47'' 

0.2 g (b) 1' 44'' 

0.1 g (b) 0' 00'' 

0.8 g (c) 2' 51'' 

 

During the liquefaction, with the uplift of the structure, the development of a wedge 

on the top ground was observed. This wedge was much more visible in absence of the 

steel frames for the laser sensors attached to the pipe (Fig. 5.4-2). In this same picture, 

which refers to the case with geogrids, immediately on the two sides of the wedge it is 

also possible to observe a bulge which is due to the swelling effect of the geogrid sheet 

as mentioned above. 

 

 

Fig. 5.4-2 Formation of a wedge on the ground surface in case of pipe uplift and swelling effect 

due to the geogrids 
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It can happen, during the tests execution to have some accelerometers to be tilted, 

due to some inaccuracy in the sensor installation or due to some tensed cables. An 

example is shown in Fig. 5.4-3. The related recording signals show a trend of the 

acceleration moving towards the positive or negative quadrant in the time history 

depending on the sensor rotation. The recordings can be easily corrected by knowing 

the tilting angle of the sensor. In the results here shown, the acceleration time histories 

were not corrected, so that it could be possible to detect such kind of problems even 

in the deeper layers of the soil deposit. 

 

   

Fig. 5.4-3 Accelerometer tilting and example or recordings 

 

In case of tilted accelerometers, they have not been used in the computation of 

shear strain and shear stress, otherwise leading to erroneous estimates. The procedure 

for the correction of tilting sensors is easy to be applied but the computation of the 

tilting angle as a function of time is not so easy. With reference to Fig. 5.4-4, when the 

accelerometer is placed vertically (i.e., with + and – in the direction of the shaking), it is 

going to record the response acceleration of the ground model; when the 

accelerometer is placed with an inclination angle of 90° (i.e., with + and – in the vertical 

direction), it is going to record the gravity acceleration only; and, when the 

accelerometer tilts of an angle α with reference to its vertical position, it records an 
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acceleration (RA) that is given by the sum of two components, gravity acceleration (G) 

and horizontal acceleration (HA), according to Eq. 5.4-1. From this equation, the 

horizontal acceleration that represents the response acceleration of the model can be 

derived as in Eq. 5.4-2. 

 

 

Fig. 5.4-4 Accelerometer recordings in case of tilting 

 

V@ = �@ ∙ cos Z + � ∙ sin Z Eq. 5.4-1 

 

�@ = V@ −  � ∙ sin Z
cos Z  

Eq. 5.4-2 

 

The final tilting angle after the test execution can be measured directly checking the 

AC position in the ground model, and at the same time, it is possible to detect the time 

t for which the tilting process started. This t can be seen from the recorded time history 

of the related AC (for example, in Fig. 5.4-3, the tilting process started at about 7 s). In 

the specific case of these experimental tests, the accelerometer which is tilting, does 

not tilt with positive and negative angles by following the shaking (thanks to the cap 

that is used to have a stable position of the sensor in the model) but shows a cumulative 

tilting angle with successive shakings. In this condition, by knowing the final tilting 

angle and the time at which the tilting process started, the cumulative tilting angle can 
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be used by increasing it during the time steps for better correction of the recorded time 

history.  

 

Among the remedial measures, the gravel bag has shown positive results for the 

uplift of a buried pipeline in both experimental programs T1 and T2. Moreover, from 

the previous group of tests the layout with gravel above the pipe resulted to be better 

than the gravel placed below because of fewer soil deformations, lower pore water 

pressures and because of some practical reasons connected to the excavation costs and 

the necessity to connect the gravel bag at the pipe. Actually, about the connection, it 

would be always good practice to link the bag at the pipe for the case of gravel above 

too. Indeed, 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 Fig. 2.5-7, Fig. 2.5-9 and Fig. 

2.5-19) 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. In real soil 

conditions, irregular loadings (that are 3-component solicitations) could dislocate the 

gravel bag thus potentially leading to a malfunctioning of the system for the current 

earthquake and also for future seismic events. 

 

In a real-life scenario, the connection can be realized by using a bend to be installed 

during the pipe and bag installation phase. The band does not have specific 

characteristics, it just needs not to allow relative movements between bag and pipe. 

The gravel bag, which comes on the site with specific dimensions, has pre-set openings 

for the band and a related band to be installed. The openings can be in the middle of 

the bag cross-section or in two different points (close to the extremities), thus resulting 

respectively in two or four openings, depending on the length of the gravel bag. Once 
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pipe and bag are installed, on the top the band will be closed. A simple scheme of the 

possible connection for bag installed below and above the pipe is shown in Fig. 5.4-5. 

 

 

Fig. 5.4-5 Connection between gravel bag and pipe during the installation phase 

 

Of course, if the gravel bag is installed for already existing structures, this kind of 

connection cannot be realized. In this situation, being the excavation performed only 

up to the top of the pipe it is difficult to realize any kind of connection. 

 

It was not possible to quantify the effect of the steel frames attached to the pipe 

during the tests execution for the different examined cases. Future numerical modelling 

would clarify this aspect. However, with reference to the gravel, passing the steel frames 

through the gravel bag, they have hindered the relative movements and they have 

provided stiffness to the system pipe and bag. This model condition would be 

reproduced in the real ground with the connection between pipe and bag. 

  

After observing the small settlements of the pipe arranged with gravel bag in the 

tests T1 and the results of tests T2, it appears a good practice to use gravel with a unit 

weight similar to that of the soil deposit. This will prevent possible uncontrolled 

settlements of the structure. 

 

 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, 
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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. 

 

Remedial measures here presented refer to new construction systems, indeed some 

of the systems were also adopted below the pipelines and need to be placed before 

the installation of the structure. However, the gravel above the pipe, as well as the 

geogrids can also be applied to an existing network in critical areas only by removing 

the superficial backfill up to the top of the pipe.  

 

Often for uplifting stability, an increase in weight of the pipe is used such as cast 

concrete weight systems. According to the results of this experimental program, the 

weight addition should be carefully designed if used for the light buried structure to 

avoid unpredicted consistent settlements. 

 

5.5. SOME CONSIDERATIONS ON THE UPLIFT 

The uplift of the pipe with reference to the excess pore water pressure time histories 

is analyzed for tests T1_1 and T2_1 without remedial measures. As observed from the 

results shown previously in this manuscript, for T1_1 the uplift starts at 0.3 g (a) and 

continues up to 04 g (b). Instead, for T2_1, uplift starts at 0.2 g (a) and continues up to 

0.2 g (b). See, for instance, Fig. 5.1-11 and Fig. 5.2-4 For the steps in which uplift is 

experienced, the pore water pressure time history of the sensor beneath the pipe 

(PW93) is shown together with the uplift time history in Fig. 5.5-1, Fig. 5.5-2, Fig. 5.5-3, 

Fig. 5.5-4, Fig. 5.5-5, Fig. 5.5-6, Fig. 5.5-7, Fig. 5.5-8, Fig. 5.5-9, Fig. 5.5-10, Fig. 5.5-11, 

Fig. 5.5-12, Fig. 5.5-13, Fig. 5.5-14, and Fig. 5.5-15. 

Please consider that the uplift recording is taken as a mean of LS2, LS3 and LS4 

recordings. In the plots, it is indicated the starting time of uplift, the number of loading 
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cycles after which the uplift starts with the corresponding value of excess pore water 

pressure, and the maximum and minimum threshold of excess pore water pressure after 

the triggering of uplift which keeps the upward movement of the pipe until the end of 

the shaking. 

In the comments on the two different group of tests, it was already highlighted the 

difference in the model response. Here this difference can be further discussed. In T1_1, 

the value of excess pore water pressure for which the uplift starts is comparable for 

shaking steps of the same amplitude, but the number of cycles required to start the 

uplift is increasing for successive shaking steps, due to the increase in relative density 

of the soil deposit. Contrarily, for T2_1, values of excess pore water pressure to initiate 

the uplift are decreasing in successive steps, while the required number of cycles is 

almost the same (after the first shaking of 0.2 g (a) from which the uplift was triggered). 

In this second case, it seems that the previous shakings are making the uplift to be 

achieved easier in next shaking steps. This response in the uplift of the model can be 

understood better by looking at Fig. 5.2-4 and Fig. 5.2-8, where for T1_1 overall the 

amount of uplift is reducing in next steps; instead, in T2_1 the amount of uplift is almost 

constant (except that for the last two steps). This behavior poses a question if also for 

the liquefaction phenomenon occurring in next steps for T2_1, the previous shakings 

are making the soil more susceptible to liquefaction. To assess this question, it is 

possible to refer to the number of cycles required to cause liquefaction for the different 

shaking steps, available for T1_1 and T2_1 respectively in Fig. 5.1-17 and Fig. 5.2-25. For 

T1_1 (but this consideration can be extended in general to the tests of group T1), it is 

clear that the number of cycles to cause liquefaction is decreasing with increasing the 

shaking amplitude in the loading phase (a) and it is increasing in phase (b) in which the 

amplitudes are decreasing, thus showing a sort of U-shape path for successive shaking 

steps. For T2_1 (and again this consideration can be extended to all the tests of group 

T2), the number of cycles to cause liquefaction is decreasing while increasing the 

shaking amplitudes in loading phase a and then it continues for next shakings of phase 
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(b) with a sub-horizontal trend, thus showing a sort of L-shape path for successive 

shaking steps. It can be concluded that the uplift response of the pipe for T2_1, that is 

achieved easier in next shaking steps reflects the liquefaction response of the ground 

model, which is being triggered easier in next shaking steps.   

 

 

Fig. 5.5-1 Uplift and pore water pressure time histories for T1_1 at 0.3 g (a) 
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Fig. 5.5-2 Uplift and pore water pressure time histories for T1_1 at 0.4 g (a) 

 

 

Fig. 5.5-3 Uplift and pore water pressure time histories for T1_1 at 0.5 g (a) 
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Fig. 5.5-4 Uplift and pore water pressure time histories for T1_1 at 0.6 g (a) 

 

 

Fig. 5.5-5 Uplift and pore water pressure time histories for T1_1 at 0.5 g (b) 
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Fig. 5.5-6 Uplift and pore water pressure time histories for T1_1 at 0.4 g (b) 

 

 

Fig. 5.5-7 Uplift and pore water pressure time histories for T2_1 at 0.2 g (a) 
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Fig. 5.5-8 Uplift and pore water pressure time histories for T2_1 at 0.3 g (a) 

 

 

Fig. 5.5-9 Uplift and pore water pressure time histories for T2_1 at 0.4 g (a) 
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Fig. 5.5-10 Uplift and pore water pressure time histories for T2_1 at 0.5 g (a) 

 

 

Fig. 5.5-11 Uplift and pore water pressure time histories for T2_1 at 0.6 g (a) 
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Fig. 5.5-12 Uplift and pore water pressure time histories for T2_1 at 0.5 g (b) 

 

 

Fig. 5.5-13 Uplift and pore water pressure time histories for T2_1 at 0.4 g (b) 
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Fig. 5.5-14 Uplift and pore water pressure time histories for T2_1 at 0.3 g (b) 

 

 

Fig. 5.5-15 Uplift and pore water pressure time histories for T2_1 at 0.2 g (b) 
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Some considerations about the safety factor for the uplift are also needed. The 

safety factor has been computed with reference to Eq. 1.1-2, for all the tests without 

remedial measure and for tests T2_5 in which the drain pipes contribution was very 

limited. Results are shown in the following Tab. 5.5-1, Tab. 5.5-2, Tab. 5.5-3, Tab. 5.5-4, 

Tab. 5.5-5 and Tab. 5.5-6. Tests with remedial measures are not included because of the 

necessity to add some attention of extra contributions that cannot be easily quantified 

now (such as the dissipation of the gravel and the response of the geogrids). From the 

check on the safety factor, it is found that the formulation proposed by Koseki et al. 

(1997) was used satisfactorily to verify the stability of the pipe equilibrium with the 

results of this research work. Moreover, with reference to the use of a different soil unit 

weight in case of total or partial liquefaction, as mentioned in §1.1, there are not 

substantial differences in the safety factor evaluation, so that the unit weight of the 

water can be used reasonably in the computation of the buoyancy. Additionally, the 

excess pore water pressure cannot be neglected from the equilibrium, thus misreading 

the phenomenon.  

 

Tab. 5.5-1 Safety factor for T1_1 

T1_1  

Δu max 

beneath the 

pipe PW93 

(kPa) 

SAFETY 

FACTOR 

(γf=γsat) 

SAFETY 

FACTOR  

(γf=γ') 

SAFETY 

FACTOR 

(γf=γw) 

SAFETY 

FACTOR 

(γf=γsat 

without ᐃu) 

Pipe 

displacement 

(+ settlement, 

- uplift) (mm) 

Initial condition 0.00 1.93 1.93 1.93 1.05 0.00 

0.1 g (a) 0.11 0.99 2.01 1.71 1.05 0.00 

0.2 g (a) 0.55 0.79 1.33 1.20 1.05 0.14 

0.3 g (a) 2.33 0.43 0.56 0.54 1.05 -4.00 

0.4 g (a) 1.86 0.48 0.65 0.61 1.02 -2.55 

0.5 g (a) 1.77 0.49 0.66 0.63 1.01 -3.19 

0.6 g (a) 2.05 0.44 0.58 0.55 0.99 -1.85 

0.5 g (b) 1.79 0.46 0.62 0.59 0.96 -1.90 

0.4 g (b) 1.95 0.43 0.57 0.55 0.94 -1.12 

0.3 g (b) 1.51 0.48 0.67 0.64 0.92 0.00 

0.2 g (b) 0.83 0.61 0.96 0.88 0.92 0.42 

0.1 g (b) 0.04 0.89 1.87 1.62 0.91 0.17 
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Tab. 5.5-2 Safety factor for T1_2 

T1_2 

Δu max 

beneath the 

pipe PW93 

(kPa) 

SAFETY 

FACTOR 

(γf=γsat) 

SAFETY 

FACTOR  

(γf=γ') 

SAFETY 

FACTOR 

(γf=γw) 

SAFETY 

FACTOR 

(γf=γsat 

without ᐃu) 

Pipe 

displacement 

(+ settlement, 

- uplift) (mm) 

Initial condition 0.00 1.93 1.93 1.93 1.05 0.00 

0.1 g (a) 0.12 0.98 2.00 1.70 1.05 0.01 

0.2 g (a) 1.41 0.57 0.80 0.75 1.05 -2.30 

0.3 g (a) 1.29 0.58 0.83 0.78 1.03 -3.67 

0.4 g (a) 1.46 0.53 0.75 0.70 1.00 -3.53 

0.5 g (a) 1.43 0.52 0.73 0.69 0.97 -4.40 

0.6 g (a) 1.63 0.47 0.64 0.61 0.93 -5.18 

0.5 g (b) 1.68 0.44 0.60 0.57 0.88 -4.96 

0.4 g (b) 1.48 0.44 0.62 0.59 0.84 -3.42 

0.3 g (b) 1.20 0.47 0.68 0.64 0.81 -0.45 

0.2 g (b) 0.85 0.53 0.82 0.77 0.80 0.56 

0.1 g (b) 0.03 0.79 1.66 1.45 0.80 0.70 

0.8 g (c) 1.01 0.50 0.75 0.71 0.80 -0.48 

 

Tab. 5.5-3 Safety factor for T2_1 

T2_1 

Δu max 

beneath the 

pipe PW93 

(kPa) 

SAFETY 

FACTOR 

(γf=γsat) 

SAFETY 

FACTOR  

(γf=γ') 

SAFETY 

FACTOR 

(γf=γw) 

SAFETY 

FACTOR 

(γf=γsat 

without ᐃu) 

Pipe 

displacement 

(+ settlement, 

- uplift) (mm) 

Initial condition 0.00 1.95 1.95 1.95 1.06 0.00 

0.1 g (a) 0.07 1.00 2.09 1.79 1.05 0.34 

0.2 g (a) 1.33 0.58 0.83 0.78 1.05 -2.38 

0.3 g (a) 1.48 0.54 0.76 0.72 1.03 -10.86 

0.4 g (a) 1.64 0.48 0.66 0.63 0.97 -6.92 

0.5 g (a) 1.57 0.47 0.64 0.61 0.91 -3.98 

0.6 g (a) 1.49 0.46 0.64 0.61 0.86 -7.39 

0.5 g (b) 1.22 0.47 0.68 0.64 0.81 -6.36 

0.4 g (b) 1.14 0.45 0.66 0.62 0.75 -4.90 

0.3 g (b) 1.00 0.45 0.67 0.63 0.71 -2.83 

0.2 g (b) 0.97 0.43 0.65 0.62 0.68 -0.81 

0.1 g (b) 0.14 0.62 1.20 1.09 0.67 1.69 

0.8 g (c) 1.52 0.36 0.49 0.47 0.67 2.11 
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Tab. 5.5-4 Safety factor for T2_2 

T2_2 

Δu max 

beneath the 

pipe PW93 

(kPa) 

SAFETY 

FACTOR 

(γf=γsat) 

SAFETY 

FACTOR  

(γf=γ') 

SAFETY 

FACTOR 

(γf=γw) 

SAFETY 

FACTOR 

(γf=γsat 

without ᐃu) 

Pipe 

displacement 

(+ settlement, 

- uplift) (mm) 

Initial condition 0.00 2.54 2.54 2.54 1.39 0.00 

0.1 g (a) 0.07 1.34 2.81 2.35 1.39 1.23 

0.2 g (a) 1.64 0.69 0.95 0.89 1.38 -1.60 

0.3 g (a) 1.56 0.69 0.95 0.90 1.34 -6.10 

0.4 g (a) 1.24 0.72 1.05 0.98 1.27 -1.06 

0.5 g (a) 1.38 0.67 0.95 0.90 1.23 -0.06 

0.6 g (a) 1.65 0.60 0.83 0.79 1.20 -1.23 

0.5 g (b) 1.73 0.57 0.77 0.74 1.16 -0.45 

0.4 g (b) 1.55 0.59 0.82 0.78 1.13 -0.08 

0.3 g (b) 1.42 0.60 0.85 0.81 1.11 -0.11 

0.2 g (b) 1.13 0.66 0.96 0.92 1.09 0.17 

0.1 g (b) 0.08 1.02 2.04 1.88 1.07 0.34 

0.8 g (c) 1.79 0.52 0.70 0.68 1.07 0.11 

 

Tab. 5.5-5 Safety factor for T2_3 

T2_3 

Δu max 

beneath the 

pipe PW93 

(kPa) 

SAFETY 

FACTOR 

(γf=γsat) 

SAFETY 

FACTOR  

(γf=γ') 

SAFETY 

FACTOR 

(γf=γw) 

SAFETY 

FACTOR 

(γf=γsat 

without ᐃu) 

Pipe 

displacement 

(+ settlement, 

- uplift) (mm) 

Initial condition 0.00 3.32 3.32 3.32 1.80 0.00 

0.1 g (a) 0.02 1.78 3.84 3.25 1.80 0.98 

0.2 g (a) 2.01 0.81 1.07 1.02 1.79 0.70 

0.3 g (a) 2.00 0.81 1.07 1.02 1.78 1.34 

0.4 g (a) 2.06 0.79 1.05 1.00 1.78 3.50 

0.5 g (a) 1.97 0.81 1.08 1.03 1.78 4.42 

0.6 g (a) 1.96 0.82 1.09 1.04 1.78 4.17 

0.5 g (b) 1.92 0.83 1.10 1.06 1.77 3.81 

0.4 g (b) 1.80 0.86 1.15 1.11 1.77 3.08 

0.3 g (b) 1.78 0.86 1.16 1.12 1.77 1.85 

0.2 g (b) 1.58 0.91 1.26 1.21 1.77 -0.31 

0.1 g (b) 0.03 1.73 3.59 3.23 1.75 -0.31 

0.8 g (c) 1.60 0.90 1.24 1.19 1.75 1.09 
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Tab. 5.5-6 Safety factor for T2_5 

T2_5 

Δu max 

beneath the 

pipe PW93 

(kPa) 

SAFETY 

FACTOR 

(γf=γsat) 

SAFETY 

FACTOR  

(γf=γ') 

SAFETY 

FACTOR 

(γf=γw) 

SAFETY 

FACTOR 

(γf=γsat 

without ᐃu) 

Pipe 

displacement 

(+ settlement, 

- uplift) (mm) 

Initial condition 0.00 1.95 1.95 1.95 1.06 0.00 

0.1 g (a) 0.08 1.01 2.09 1.79 1.06 0.73 

0.2 g (a) 1.53 0.55 0.76 0.72 1.05 -1.82 

0.3 g (a) 1.73 0.51 0.69 0.66 1.04 -8.20 

0.4 g (a) 1.85 0.46 0.62 0.59 0.98 -9.46 

0.5 g (a) 1.74 0.45 0.60 0.58 0.91 -3.95 

0.6 g (a) 1.94 0.40 0.53 0.51 0.87 -3.53 

0.5 g (b) 1.68 0.42 0.57 0.54 0.83 -4.06 

0.4 g (b) 1.48 0.42 0.59 0.56 0.79 -1.68 

0.3 g (b) 1.29 0.43 0.62 0.59 0.76 -0.50 

0.2 g (b) 1.05 0.46 0.69 0.65 0.75 0.42 

0.1 g (b) 0.14 0.68 1.33 1.21 0.74 0.53 

0.8 g (c) 1.90 0.35 0.47 0.45 0.74 -0.62 
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6. CONCLUSIONS AND RECOMMENDATIONS 

As an attempt to study the effectiveness of alternative remedial measures for the 

stability of onshore buried pipelines subjected to uplift in liquefiable soils under seismic 

excitation, a series of 1- shaking table tests were performed. The behavior of the 

pipeline is studied with reference to its transversal cross-section by applying series of 

horizontal sine wave input motion with different amplitudes and the response of the 

soil and the structure is evaluated by means of accelerometers, pore water pressure 

transducers and laser sensors installed in the model. Three different pipe unit weights 

have been used in the model tests and three different remedial measures are 

investigated. Results can be summarized with the following conclusions. 

 

I. In absence of specific countermeasures: 

•  A pipe with an apparent unit weight lower than the sand unit weight is 

subjected to uplift once liquefaction occurs; 

• A pipe with an apparent unit weight similar to the dry sand unit weight is 

slightly subjected to uplift once liquefaction occurs; 

• A pipe with an apparent unit weight bigger than the saturated sand unit 

weight is subjected to subsidence once liquefaction occurs. 

The amount of vertical displacements depends on several factors, such as initial 

relative density of the soil deposit, degree of saturation, input motion characteristics 

and excess pore water pressure development. 

 

II. By adopting remedial measures to counteract the uplift it is found that: 

•  Drain pipes can provide additional stabilization to the system, but their 

single contribution is limited if we consider a possible arrangement of the 

drain pipes in the excavation section; 
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• The installation of a gravel bag above the pipeline is very effective for the 

problem in hand and resulted in the best remedial measure in this 

experimental work; 

• Geogrid sheets placed above the pipeline are a valid alternative to the 

gravel bag but because of their efficacy starting from higher relative 

density, the use of geogrid for the specific application should be further 

investigated. 

These results are mainly based on the measurements of pipe vertical displacements 

and comparisons in terms of excess pore water pressure time histories, which play an 

important role in the uplift phenomenon. 

 

III. For the specific set of tests performed in this research: 

• In view of standardization of possible remedial measures for the 

liquefaction-induced uplift of onshore buried gas pipeline, by considering 

a typical trench section for the design, some geometrical indication has 

been provided in this thesis; 

• The countermeasures have been selected to fulfill a set of requirements, 

which are considered necessary for the specific application of underground 

structures with long route and designed to account for the dimension of 

the pipeline trench to avoid additional costs of non-standard excavation; 

• Among other possible remedial measures and among other fulfilled 

requirements, a gravel bag to be placed above the pipe and geogrids to be 

installed above the pipe are selected due to the suitability to be designed 

by not accounting for the soil characteristics, which can be highly variables; 

• The efficacy of the remedial measures has been verified with a complete 

shaking history, to make sure about the effectiveness of the 

countermeasures in case of multiple events of liquefaction.  
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Even though, considerations derived from the experimental modelling need to be 

possibly supported by numerical simulation to clarify the influence of specific factors 

which could not be assessed during the experimental campaign and the variability of 

investigated characteristics, the identification of suitable remedial measures and 

preliminary dimensioning are a first step towards the standardization. 

 

Summarizing:  

- for a sandy soil deposit of 2.8 m length, 0.4 m width and 0.55 m height, 

prepared with an initial relative density of about 50% and fully saturated up 

to 0.5 m; 

- with a DN 100 buried pipe of 0.68 g/cm3 apparent unit weight, 40 cm long; 

- by applying 12 sinusoidal waves of 5 Hz frequency and 4 s duration, with 

amplitude changing in subsequent stages (i.e., 0.1 - 0.6 g, step 0.1 g, 

incremental phase (a); 0.5 - 0.1 g, step 0.1 g, decremental phase (b) and 0.8 

g phase (c). 

 

It was observed: 

• A cumulative maximum pipe uplift of 46.8 mm, without remedial measure; 

• A cumulative maximum pipe uplift of 32.5 mm, with drain pipes (i.e., 2φ2 

cm 40 cm long with 25% opening mesh + 2 piezometers φ8 mm) as a 

remedial measure; 

• A cumulative maximum pipe uplift of 8.2 mm, with a gravel bag (i.e., 20 cm 

by 40 cm by 5 cm, with unit weight of 15.2 kN/m3) as a remedial measure; 

• A cumulative maximum pipe uplift of 14.7 mm, with geogrids (i.e., 3 geogrid 

sheets of polypropylene with an opening mesh of 0.84 mm of dimensions 

30 cm wide and 40 cm long, placed above the pipe at distances of 3.5 cm, 

with tensile strength of 580 N/5cm) as a remedial measure. 
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Finally, it can be concluded that: 

• A gravel bag with a unit weight similar to the unit weight of the sand deposit 

(not like an overburden), with dimensions in the transversal section of 20 

cm by 5 cm is effective against the uplift of a DN100 pipe. In practice, gravel 

bag can be used with a connected system to allow water outflow, increasing 

the effectiveness of the system. Moreover, the possibility to connect the 

gravel bag to the pipe during the installation provides bigger stability of 

the system, avoiding possible relative displacements of pipe and bag in case 

of an earthquake; 

• 3 geogrid sheets 30 cm wide with a mesh of 0.84 mm and a tensile strength 

of 580 N/5cm are effective against the uplift of a DN100 pipe. However, for 

practical application and for standardization it is important to assess the 

efficacy of the system starting from lower soil relative density;  

• Both the gravel bag and the geogrids showed efficacy not limited to the 

single event of liquefaction but for liquefaction occurrence in subsequent 

shaking events. 

The tests have been conducted by referring to new pipelines projects when the 

excavation needs to be performed for the installation of the pipelines. For existing 

constructions, the gravel bag and the geogrids can also be used, being designed above 

the pipe, after excavating up to the installed top pipeline. 

 

By accounting for the tests results and the limitations of this research work, the 

following recommendations are needed: 

I. The main factor which could have affected the differences in the results of 

the two experimental programs is the different degree of saturation and its 

uniformity in the ground model. This would explain the less-prone 

liquefaction behavior of the first group of tests. However, the degree of 
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saturation and its uniformity in the soil model could not be assessed 

satisfactorily. This aspect should be improved in future applications; 

II. As already mentioned, it was not possible to reproduce the permeability of 

the real soil deposit by using a viscous fluid. Even though it is difficult to 

make the permeability five times smaller in these model tests, the use of a 

viscous fluid is recommended in future works, by adding, for example, 

Metolose or Carboxymethyl cellulose to regular water; 

III. The tests were performed with reference to the pipeline transversal section 

only by applying input motion in single horizontal direction. It would be 

interesting to study the application of the remedial measures in the 

longitudinal pipe development and also with double horizontal component 

of ground shaking as well. For the specific dimensions of the soil box, the 

buoyancy mechanism could not be studied completely if the pipe could be 

placed in the longitudinal direction, because of the small dimension of the 

soil box (which is only 40 cm in the short side) and due to the boundary 

conditions exercised from the soil box wall;  

IV. In these tests, the shear strain was computed by double integration of the 

accelerometer recordings, which is anyhow an approximation due to the 

limitation of the procedure. In this thesis, which is mainly interested in the 

development of pore water pressure, the shear strain was only used as 

additional information to better understand the model response. Even if the 

level of accuracy of the shear strain measurements is not optimized, it can 

be acceptable for this specific purpose but, for other applications, it is always 

good practice to verify the accuracy of the measurements or to use strain 

gauges for reliable measurements; 

V. Some assumptions were made here to determine the onset of liquefaction. 

The connection between liquefaction and other parameters, partially 

discussed in Castiglia and Santucci de Magistris (2018), can be further 
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analyzed in the near future, taking the advantage of the big amount of data 

collected during the experimental campaigns;    

VI. The system used to track the vertical displacement of the pipe was 

composed of a steel frame attached to the pipe and coming out from the 

soil deposit and three laser sensors attached to the soil box and recording 

the vertical movement of the horizontal plate of the steel frame. Due to the 

application of the input motion, during the different phases of the time 

history, the transversal section of the pipe was rotating. When big 

amplitudes of the input motion were applied, because of the big rotations 

of the structure, the laser sensors measurement could be out of range thus 

missing or distorting the measurement. An optimization of the acquisition 

system for the pipeline displacement would be a good improvement; 

VII. The image analysis is a good way to show in a simplified manner the 

displacements and deformations of the soil around the structure. However, 

it requires competences in different fields, such as photography, 

programming language and statistics other than geotechnics. During the 

tests execution, an attempt to shoot the soil model in following steps was 

done, but pictures are affected by distortion on the two external lateral 

sides. This is a very common problem when performing image analysis.  For 

the specific aim of this thesis, the distortion was not corrected and the image 

analysis was implemented in a simplified way. Please note that software 

packages are available which allow tracking the sand particles movement by 

using particles image velocimetry analysis. These computational tools, 

starting from the information of the time gap among following shots, 

determine the velocity of the particles from which it is possible to derive the 

displacement field. However, when the displacement field is of main interest, 

it would be better to directly track the displacements other than the 

velocities. Additionally, these software packages are often calibrated for 
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small deformations and are out of range for the deformations reached by 

means of shake table models. For further study, the distortion should be 

corrected and the image analysis technique should be improved. Moreover, 

for future works, the number of dots in the soil model should be increased 

thus increasing the accuracy of computation; 

VIII. In these experimental programs, the same input motion time history was 

applied for all the tests so that results could be comparable. However, it 

would be interesting to study the effect of input motion characteristics on 

the models. This could be a further development; 

IX. Numerical analyses have not been performed up to now. The calibration of 

numerical models would help in considering the effects due to the variations 

of some factors in the analyses without performing additional model tests 

for each specific case. Although the liquefaction phenomena numerical 

simulation is still a challenge, thanks to the very big amount of data obtained 

from the model tests, the calibration of numerical analyses would be 

advisable, starting from a geotechnical characterization of the sand which is 

not available; 

X. Here, only the soil-structure interaction is accounted for, but it would be 

interesting to study the response in terms of soil-structure-transported fluid 

interaction. 
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ANNEX A: SHEAR STRAIN VS EXCESS PORE WATER PRESSURE RATIO 

In this ANNEX, some example of shear strain vs excess pore water pressure ratio 

derived from data analysis are shown in Fig. A. 1, Fig. A. 2, Fig. A. 3, Fig. A. 4, Fig. A. 5, 

Fig. A. 6 and Fig. A. 7. These plots are used to identify the threshold for triggering of 

liquefaction, according to the explanation in §4.8.  

 

 

Fig. A. 1 Shear strain vs excess pore water pressure ratio for T1_1 at 0.2 g (a) and 0.3 g (a) 

 

 

Fig. A. 2 Shear strain vs excess pore water pressure ratio for T1_2 at 0.2 g (a) and 0.3 g (a) 
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Fig. A. 3 Shear strain vs excess pore water pressure ratio for T1_3 at 0.2 g (a) and 0.3 g (a) 

 

 

Fig. A. 4 Shear strain vs excess pore water pressure ratio for T1_4 at 0.2 g (a) and 0.3 g (a) 
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Fig. A. 5 Shear strain vs excess pore water pressure ratio for T2_1 at 0.2 g (a) and 0.3 g (a) 

 

 

Fig. A. 6 Shear strain vs excess pore water pressure ratio for T2_5 at 0.2 g (a) and 0.3 g (a) 
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Fig. A. 7 Shear strain vs excess pore water pressure ratio for T2_6 at 0.2 g (a) and 0.3 g (a) 
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ANNEX B: RELATIVE DENSITY CHECK 

A density check was performed after the execution of the tests to verify the achieved 

relative density and its uniformity in the soil model, as described in §2.3. The sampling 

for the density check was difficult to accomplish due to the difficulties in extracting 

undisturbed samples. In the following, the results of two tests (i.e., T2_2 and T2_3) are 

reported, for which all the samples could be used for the checking. Please consider that, 

the samples were taken with a cylindrical mold, with a height of 11.66 cm and a radius 

of 2.97 cm; the details of the mold, together with the sampling scheme is shown in Fig. 

B. 1. Specifically, a total of 5 samples for two different depths in the soil model were 

considered. The sampling was performed on the two external sides of the soil model, 

out from the area in which cables of sensors were located and avoiding the areas close 

to the lateral soil box walls. The first row of samples was taken at the top of the ground 

model, the second row was taken at the top of LAYER 3.  

  

 

Fig. B. 1 Sampling scheme and mold 
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For the computation of the relative density please refer to §4.1. Results of the check 

are in Tab. B. 1 and Tab. B. 2. A first observation is that the mean of the relative density 

computed at the top and at the middle of the soil deposit returns overall same values. 

This observation is true for both tests, thus indicating uniformity in the ground model. 

A second observation is that, results of the check are coherent with results obtained 

from the laser sensors after the tests execution, which show for T2_2 a relative density 

of 83% and for T2_3 a relative density in the range 74%-80% (see Fig. 5.2-19). 

 

Tab. B. 1 Relative density check for T2_2 

T2_2 γd (kg/m3) e Dr (%) Mean Dr (%) 

LEFT_UP_1 1509.7 0.75 83% 

80% 

LEFT_UP_2 1491.4 0.77 78% 

LEFT_UP_3 1503.5 0.76 81% 

RIGTH_UP_4 1497.3 0.76 80% 

RIGTH_UP_5 1494.5 0.77 79% 

LEFT_DOWN_1 1501.3 0.76 81% 

81% 

LEFT_DOWN_2 1490.5 0.77 78% 

LEFT_DOWN_3 1499.8 0.76 80% 

RIGTH_DOWN_4 1507.8 0.75 82% 

RIGTH_DOWN_5 1511.8 0.75 83% 

 

Tab. B. 2 Relative density check for T2_3 

T2_3 γd (kg/m3) e Dr (%) Mean Dr (%) 

LEFT_UP_1 1487.4 0.77 77% 

77% 

LEFT_UP_2 1477.2 0.79 74% 

LEFT_UP_3 1499.1 0.76 80% 

RIGTH_UP_4 1484.0 0.78 76% 

RIGTH_UP_5 1486.1 0.78 77% 

LEFT_DOWN_1 1484.9 0.78 76% 

74% 

LEFT_DOWN_2 1471.6 0.79 73% 

LEFT_DOWN_3 1484.3 0.78 76% 

RIGTH_DOWN_4 1457.4 0.81 69% 

RIGTH_DOWN_5 1472.5 0.79 73% 

 


