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Abstract 
Structures with shallow foundations are susceptible to excessive settlement and rotation in 

the event of earthquake-induced soil liquefaction. Despite recent advances in predicting the 

seismic response of shallow strip foundations on liquefiable soil, significant modelling�trelated 

uncertainties remain. Moreover, liquefaction research has predominantly focused on struc-

tures in isolation, ignoring Structure-Soil-Structure Interaction (SSSI), despite the fact that its 

significance has been documented in many case histories from recent major earthquakes. 

Aiming to bridge the apparent gap in the literature, this work studies the response of struc-

tures with shallow strip foundations on liquefiable sand and the effect of SSSI.  

The problem is studied through coupled hydromechanical analyses, employing the finite 

differences (FD) method, modelling nonlinear soil response with the advanced constitutive 

model PM4sand, calibrated against soil element tests on Hostun (HN31) sand. A broad set of 

element tests on Hostun sand (widely used in centrifuge modelling) are performed at the ETH 

Zurich (ETHZ) geotechnical laboratory as part of the Thesis and used for extensive model cal-

ibration. The scope of the conducted tests goes beyond the needs of the specific study, aiming 

to offer a reference dataset for future model calibrations and validations. 

The calibrated model is then validated against the results of six centrifuge model tests, 

conducted at the University of Cambridge, of different geometries and foundation bearing 

pressures, enabling a strict assessment of the numerical analysis versus different stress-paths 

and deformation mechanisms. The calibration procedure is based only on the initial void ratio. 

The validation is not restricted to the recorded pore pressure, acceleration, and settlement 

time histories, but extends to the deformation mechanisms extracted from the centrifuge 

model tests through image analysis, allowing for an in-depth assessment of the numerical 

simulation. 

Overall, the numerical analysis is in good agreement with the centrifuge model test re-

sults. The pore pressure build-up and the final foundation settlement and displacement fields 

are predicted with adequate accuracy, but more work is needed to achieve accurate predic-

tions of settlement rate, maximum rotation, and pore pressures in the vicinity of the founda-

tion.  

The validated numerical model is then used to investigate key modelling uncertainties. 

After revealing the sensitivity to initial soil density and to parasitic vertical acceleration, the 

effects of the centrifuge model container and of the distance of lateral model boundaries �:�.�; 
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are parametrically investigated. Boundary effects are minimized with a laminar container, 

where a normalized boundary distance �.���&�Å 
R�s is shown to be adequate for all liquefiable 

layer depths �:�&�Å�; examined. The use of a rigid container is proven problematic, as it always 

imposes an unrealistic wave propagation pattern. The use of Duxseal inclusions offers a major 

advantage, allowing accurate reproduction of foundation settlement even with �.���&�Å 
R�s, a 

key conclusion for the design of centrifuge tests.  

After the identification of the weaknesses and the strong points of the numerical tech-

nique and of the aforementioned key modelling uncertainties, insights on the effect of the 

bearing pressure and the depth of the liquefiable layer on the response of the structure  and 

the developing bearing capacity failure mechanism are given. Three benchmark structures 

with different aspect ratios, and foundation bearing pressures are considered. It is shown that 

the increase of foundation bearing pressure can lead to better performance, under certain 

conditions. 

The work is extended to the response of neighbouring structures on shallow strip foun-

dations and the effect of SSSI during earthquake �t induced liquefaction. Three different struc-

ture set-ups are numerically studied. The analyzed building assemblies consist of structures 

of width �$  founded in pairs next to each other with a gap �:�O���$�;  in between them. In every 

pair the structures are identical with the same aspect ratio and bearing pressure. Regarding 

the foundation soil layer, two different depths of liquefiable layer are studied with �&�Å���$ 
L �s�� 

and �&�Å���$ 
L �t respectively. It is shown that SSSI can have a significant impact on the perfor-

mance of the structure and it should not be neglected in the case of neighbouring structures, 

which are located closer than five foundation widths close to each other. The effect of SSSI 

on settlement �:�S�; is beneficial, leading to up to 40% reduction, while its effect on rotation 

�:�ô�; is detrimental, leading to a dramatic increase by up to 23 times compared to the single 

structure. The detrimental effect of SSSI on �} is shown to be a function of the gap �:�O���$�; 

between the buildings and the depth of the liquefiable layer (�&�Å���$�;. In the case of the shallow 

layer, the two structures rotate away from each other. This is not the case of the deeper layer, 

where they may either rotate away or towards each other, depending on �O���$.  
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Zusammenfassung 

Bauwerke auf Flachfundationen neigen bei erdbebeninduzierter Bodenverflüssigung zu über-

mäßigen Setzungen und Verdrehungen. Trotz jüngster Fortschritte bezüglich der Vorhersage 

ihres Verhaltens bei seismischer Bodenverflüssigung, bleiben erhebliche modellierungsbezo-

gene Unsicherheiten bestehen. Darüber hinaus konzentriert sich die Forschung vorwiegend 

auf freistehende Bauwerke und vernachlässigt dabei jegliche Interaktion mit Bauwerken in 

der nahen Umgebung (Structure-Soil-Structure Interaction, SSSI), obwohl deren Bedeutung 

bei vielen schweren Erdbebenereignissen in der jüngeren Geschichte dokumentiert werden 

konnte. Um diese Forschungslücke zu schließen, untersucht die vorliegende Studie das Ver-

halten von Bauwerken auf Streifenfundamenten bei seismischer Bodenverflüssigung unter 

Berücksichtigung von SSSI. 

Diese Fragestellung wird durch gekoppelte hydromechanische Analysen unter Verwendung 

der Finite-Differenzen-Methode (FD) untersucht. Dabei wird das nichtlineare Bodenverhalten 

mit dem hoch entwickelten Stoffmodell PM4sand modelliert. Dieses wird auf Basis von Labor-

versuchen an Hostun-Sand (HN31) kalibriert. Zur umfassenden Modellkalibrierung wird im 

geotechnischen Labor der ETH Zürich (ETHZ) ein breites Spektrum von Elementtests an 

Hostun-Sand, welcher oft für Modelltests in geotechnischen Zentrifugen verwendet wird, 

durchgeführt.  

Das kalibrierte Stoffmodell wird dann anhand der Ergebnisse von sechs Zentrifugenmodell-

tests, durchgeführt an der Universität von Cambridge, validiert. Dabei werden unterschiedli-

che Geometrien und Sohlpressungen berücksichtigt, was eine strikte Bewertung der numeri-

schen Analyse gegenüber verschiedenen Spannungspfaden und Verformungsmechanismen 

ermöglicht. Das Kalibrierungsverfahren basiert nur auf der anfänglichen Porenzahl. Die Vali-

dierung ist nicht nur auf die aufgezeichneten Porenwasserdruck-, Beschleunigungs- und Zeit-

Setzungsverläufe beschränkt, sondern erfasst auch die Verformungsmechanismen, welche 

durch Bildanalyse ermittelt werden und eine tiefgehende Bewertung der numerischen Simu-

lation ermöglichen. Insgesamt stimmt die numerische Analyse gut mit den Testergebnissen 

überein. Der Porenwasserdruckaufbau, die endgültigen Fundamentsetzung, und die Boden-

verschiebungen werden mit ausreichender Genauigkeit vorhergesagt. Es sind jedoch weitere 

Arbeiten erforderlich, um genaue Vorhersagen über die Fundamentsetzungen und Verdre-

hung und den Porenwasserdruck in der Umgebung des Fundaments zu treffen. 
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Das validierte numerische Modell wird anschliessend verwendet, um wichtige Modellierungs-

unsicherheiten zu untersuchen. Nachdem die Sensitivität gegenüber der anfänglichen Boden-

dichte und der parasitären Vertikalbeschleunigung aufgezeigt werden konnte, werden die 

Auswirkungen der Art des Zentrifugenmodellbehälters und des Abstands der seitlichen Mo-

dellrändern �:�.�; parametrisch untersucht. Randeffekte können mit einem laminaren Behälter 

minimiert werden, wobei ein normalisierter Randabstand �.���&�Å 
R�s für alle untersuchten 

Schichtstärken der verflüssigbaren Bodenschicht �:�&�Å�; ausreichend ist. Die Verwendung eines 

starren Behälters ist problematisch, da er ein unrealistisches Wellenausbreitungsmuster in-

duziert. Duxseal-Einlagen an den Modellrändern reduzieren unerwünschte Randeffekte und 

ermöglichen eine präzise Vorhersage der Fundamentsetzung auch im Fall �.���&�Å 
R�s. Dies ist 

eine wichtige Erkenntnis für den Entwurf von Experimenten in der Zentrifuge. 

Nachdem Stärken und Schwächen der numerischen Technik und die Modellierungsunsicher-

heiten identifiziert wurden, werden Erkenntnisse über den Einfluss des Sohldrucks und der 

Tiefe der verflüssigbaren Bodenschicht auf das Verhalten des Bauwerks und des Versagens-

mechanismus ermittelt. Dabei werden Bauwerke mit unterschiedlichen Seitenverhältnissen 

und Sohldrücken berücksichtigt. Es wird gezeigt, dass sich ein grösserer Sohldruck, unter be-

stimmten Voraussetzungen, vorteilhaft auf das Verhalten des Bauwerks auswirkt. 

Weiter wird das Verhalten von benachbarten Bauwerken und der Einfluss von SSSI während 

der erdbebeninduzierten Bodenverflüssigung numerisch untersucht. Dabei werden drei un-

terschiedliche Bauwerksanordnungen, bestehend aus zwei identischen Bauwerken mit Ab-

stand �:�O���$�;, und zusätzlich jeweils zwei Baugrundsituationen mit unterschiedlichem Schicht-

aufbau �&�Å���$ 
L �s��bzw. �&�Å���$ 
L �t berücksichtigt. Es wird gezeigt, dass SSSI einen erheblichen 

Einfluss auf das Verhalten eines Bauwerks haben kann. Dieser Einfluss sollte für Bauwerke, 

die näher als fünf Fundamentbreiten nahe beieinander liegen, nicht vernachlässigt werden. 

Die Auswirkung von SSSI führt zu einer Verringerung der Bauwerkssetzung �:�S�; um bis zu 40% 

und zu einer dramatischen Zunahme der Bauwerksverdrehung �:�ô�; bis zum 23-fachen im Ver-

gleich zum freistehenden Bauwerk. Es wird gezeigt, dass die ungünstige Auswirkung von SSSI 

auf �} eine Funktion des Bauwerksabstands �:�O���$�; und der Tiefe der verflüssigbaren Schicht 

(�&�Å���$�; ist. Bei einer geringen Schichtstärke drehen sich die beiden Bauwerke voneinander 

weg, während bei grösseren Schichtstärken sich die Bauwerke, je nach �O���$, voneinander weg 

oder aufeinander zu drehen können. 
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1. Introduction 
 

Abstract 

This chapter presents a short introduction into the work described in this dissertation, which 

is related to the seismic response of structures with shallow strip foundations on liquefiable 

sand and the effect of Structure-Soil-Structure Interaction (SSSI). The motivation of the study 

is briefly described, followed by important background information on the problem under 

consideration. The latter is used to identify the apparent research gap in the literature, and 

therefore the key objectives of this work. The last section briefly outlines the structure of the 

dissertation and its key contributions. 
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1.1 Motivation and problem statement 

Recent contributions have led to deeper understanding of the key mechanisms controlling 

the response of shallow strip foundations during earthquake-induced liquefaction (Bray & 

Macedo, 2017; Bullock et al., 2019; Adamidis & Madabhushi, 2020). Despite such advance-

ments, the accurate prediction of liquefaction-induced settlement and rotation remains chal-

lenging, due to a number of persisting uncertainties.  

Moreover, liquefaction research has focused on structures in isolation, ignoring Struc-

ture�tSoil�tStructure Interaction (SSSI), despite the fact that its significance has been docu-

mented in many case histories from recent major earthquakes. Due to the increased popula-

tion density, urban centres are at high risk, with most liquefaction disasters taking place in 

cities. In most real-life cases, the assumption of a single, isolated foundation is unrealistic and 

potentially un-conservative. Indeed, the few centrifuge studies that have examined two adja-

cent foundations at different distances from each other (Haigh & Madabhushi, 2014; Hayden 

et al., 2015; Jafarian et al., 2017; Kirkwood & Dashti, 2018a), all conclude that ignoring SSSI is 

un-conservative. For structures sufficiently close to each other, increased outwards rotation 

was observed in these experiments, similarly to the well-documented case history of the 

Teverler buildings in Adapazari (Bray et al. 2000). Nevertheless, inwards rotation has also 

been observed in the field for buildings at a larger distance, as for example in the 2018 Hok-

kaido Eastern Iburi earthquake in Japan (Serikawa et al., 2019).  

Despite the valuable insights gained from centrifuge model tests, a comprehensive ex-

perimental study of the problem is resource-demanding due to the large number of parame-

ters that need to be investigated. A more viable option is the use of numerical nonlinear de-

formation analyses (NDAs), employing advanced fully-coupled constitutive models that can 

capture the nonlinear stress-strain response of liquefiable soil (e.g., Bullock et al. 2018; Bray 

& Macedo, 2017; Tasiopoulou & Chaloulos, 2019). Such advanced constitutive models typi-

cally contain a large number of model parameters, requiring extensive soil element testing 

for proper calibration. Centrifuge modelling can then be used as a benchmark for model vali-

dation.  

However, validation against a single experimental result is not sufficient. Different geo-

metrical and load characteristics are unavoidably associated to different stress-paths, result-

ing to the development of significantly different deformation mechanisms. The ability of a 
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constitutive model to successfully reproduce one specific centrifuge model test cannot guar-

antee its success when modelling a different case, with different geometry or loading condi-

tions. Hence, before conducting parametric studies, thorough validation against centrifuge 

model test results of different boundary value problems is essential.   

Centrifuge model tests offer valuable insight to the studied problem and are widely ac-

cepted as validation benchmarks. However, physical modelling also has certain limitations 

���v���� �]�•���v�}�š���^�]�u�u�µ�v���_���š�}���u�}�����o�o�]�v�P���µ�v�����Œ�š���]�v�š�]���•�X���&�}�Œ���]�v�•�š���v�����U�� �����v�š�Œ�]�(�µ�P��-mounted shakers 

tend to produce parasitic motion components, which are typically ignored. Moreover, the 

achieved material parameters (e.g., soil density �é and saturation degree���5�å) may deviate from 

the targeted values, a source of error that is often not considered. The effect of such model-

ling uncertainties should be identified and quantified, before evaluating the efficacy of nu-

merical modelling techniques and proceeding with parametric studies.  

In conclusion, the complexity of the problem calls for an integrated approach, combing ad-

vanced numerical modelling, careful soil element testing for  model calibration, thorough val-

idation against centrifuge model tests, and parametric analysis using the validated modelling 

approach. This constitutes the motivation and the goal of the work of this dissertation. 

1.2 Background and state-of-art 

Earthquake-induced soil liquefaction is one of the most devastating natural hazards. Despite 

advancements in seismic codes, structures founded on shallow foundations resting on satu-

rated sandy soil have repeatedly been reported to experience excessive settlement, rotation 

(Cubrinovski et al., 2011; Serikawa et al., 2019), or even complete toppling (Bray et al., 2004) 

as a result of liquefaction during major seismic events. In recent years, a variety of method-

ologies have been developed and employed in liquefaction research, offering significant pro-

gress, in particular on the response of structures founded on shallow foundations. 

Several researchers have analyzed well-documented case histories after major earth-

quakes, offering valuable evidence on the effects of soil liquefaction on the response of real 

structures. Sancio et al. (2002) studied case histories from the 1999 Kocaeli (Turkey) earth-

quake, which led to severe damage or even toppling collapse of a multitude of buildings in 

Adapazari. Taller buildings (with a larger number of storeys) were observed to accumulate 

larger settlement and rotation. Studying the same case histories, Gazetas et al. (2003) con-

cluded that the effect of neighboring buildings can be quite significant, being a key factor that 
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leads to accumulation of rotation, eventually resulting to toppling of slender buildings. Ana-

lyzing a number of case histories from the 2010 Maule earthquake in Chile, Bertalot et al. 

(2013) proposed an empirical graph expressing foundation settlement in function of bearing 

pressure �:�M�; and liquefiable layer depth���:�&�Å�;. Foundation settlement was found to increase 

with bearing pressure, but only up to �M = 80 kPa, after which any further increase led to a 

beneficial effect in terms of settlement accumulation. 

Despite the significance and the valuable evidence offered by real case histories, the 

occurrence of a major seismic event is a prerequisite, which is not within our control. Even 

when such events take place (as in the previously discussed examples), the soil properties and 

the seismic excitation cannot be known with accuracy. Centrifuge modelling offers a con-

trolled environment, where the soil properties are known with less uncertainty and the input 

seismic motion is well-defined and controlled. Compared to large-scale shaking table experi-

ments, centrifuge modelling is not only advantageous in terms of cost, but also offers the 

ability to correctly reproduce the confining soil stresses to be consistent with those of the 

prototype, thus avoiding scale effects. Centrifuge testing of structures on shallow foundations 

resting on liquefiable soil indicates that the accumulation of settlement is primarily due to the 

static and dynamic deviatoric stresses induced by the foundation, with the volumetric re-

sponse due to reconsolidation being of secondary significance (Dashti et al., 2010). Adamidis 

& Madabhushi (2018) further demonstrated that the developing deformation mechanisms 

are a function of the liquefiable layer depth and foundation bearing pressure. Employing 

centrifuge modelling, Bertalot & Brennan (2015) experimentally confirmed their previoulsy 

discussed empirical conclusion (based on the case histories), showing that the settlement 

increases with �M up to a certain stress level, above which a reduction should be expected. 

Numerical modelling allows a more comprehensive investigation of the problem, not 

limited by resources and time constraints of centrifuge modelling. Neverthelss, the 

complexity of the problem calls for sophisticated numerical nonlinear deformation analyses 

(NDAs). Several constitutive models have been developed, aiming to capture the response of 

liquefiable soil (e.g., Beaty & Byrne, 1998; Cubrinovski & Ishihara, 1998; Elgamal et al., 1999; 

Dafalias & Manzari, 2004; Boulanger & Ziotopoulou, 2013; Taborda et al., 2014; Tasiopoulou 

& Gerolymos, 2016; Tsaparli et al., 2020). Such models typically contain a large number of 

parameters, which have to be carefully calibrated against soil elements tests. Before extract-

ing reliable results, validation against centrifuge model tests (or real scale shake table tests) 
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is necessary (e.g., Tasiopoulou et al., 2019). Based on such numerical analyses, Karamitros et 

al. (2013) observed that the presence of initial deviatoric static stress induced by the founda-

tion can be beneficial, as it prevents the excess pore water pressure ratio �:�N�è�;��under the foun-

dation from reaching �N�è 
N�s, as in the free field. 

Several researchers have proposed simplified methods for the design of shallow foundations 

on liquefiable soil. Tokimatsu & Seed (1987) and Ishihara & Yoshimine (1992) developed such 

simplified methods for the evaluation of free-field settlement of sand deposits due to earth-

quake-induced liquefaction, which are often used in practice. Bertalot et al. (2013) proposed 

an upper-bound estimate of foundation settlement in function of bearing pressure and lique-

fiable layer depth, based on empirical evidence from case histories. Bray & Macedo (2017) 

proposed a simplified method for settlement prediction, based on numerical analyses of shal-

low foundations on liquefiable soil. Bullock et al. (2019a; 2019b) developed a probabilistic 

method for settlement and rotation prediction, combining numerical analyses and case his-

tories. Lately, Adamidis & Madabhushi (2020) proposed a rotational stiffness attenuation 

relationship for simplified predictions of maximum and residual foundation rotation, using 

rotational spring and dashpot models.   

1.3 Research gap and objectives 

As revealed by the aforementioned literature review, liquefaction research has mainly fo-

cused on structures in isolation, ignoring Structure�tSoil�tStructure Interaction (SSSI), despite 

the fact that its significance has been documented in many case histories from recent major 

earthquakes. As previously discussed, the few centrifuge studies that have examined two ad-

jacent foundations have shown that ignoring SSSI can be un-conservative, with the rotation 

of the two structures being a function of their distance. In this context, the present work aims 

to contribute towards better understanding of the role of SSSI in the seismic response of 

structures with shallow foundations on liquefiable sand. Deriving deeper understanding of 

the governing interaction mechanisms and quantifying the effects of SSSI is essential for real-

istic seismic vulnerability assessment in densely populated areas, where structures are typi-

cally in close proximity to each other. Such understanding is also of paramount importance 

for the development of more realistic and cost-efficient mitigation techniques at the level of 

clusters of buildings. Moreover, through strict validation against multiple centrifuge model 
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tests of varying geometry and load conditions, the strengths and weaknesses of the numerical 

tools are revealed, setting the basis for their future improvement. 

Structure of the dissertation 

This dissertation is structured in three main chapters (Chapter 2, 3 and 4), each corresponding 

to an autonomous, self-contained, single paper that has either been published in a peer-re-

viewed journal or is currently under review. Each of these chapters are closely related, fol-

lowing a logical sequence.  

After a brief introduction of the examined problem (Chapter 1), Chapter 2 presents the 

conducted element tests on Hostun sand (which is widely used in centrifuge modelling), which 

were performed and used for the calibration of the PM4sand constitutive model. The calibra-

tion methodology is described and the efficacy of the constitutive model to reproduce some 

basic aspects of Hostun sand behaviour at the soil element level are examined. The calibration 

is strictly based on the void ratio, �Á�]�š�Z�}�µ�š�����v�Ç�����(�(�}�Œ�š���š�}���^�(�]�v��-�š�µ�v���_���u�}�����o���‰���Œ���u���š���Œ�•���š�}����et-

ter match the experimental results. This offers the opportunity for in depth assessment of the 

constitutive model. Subsequently, the problem of a structure with a shallow strip foundation 

on a liquefiable layer of Hostun sand is numerically analyzed through hydromechanical cou-

pled, nonlinear deformation analyses, employing the finite difference (FD) code FLAC2D. To 

that end, the calibrated model is validated against centrifuge model test results. The valida-

tion is not restricted to the recorded pore pressure, acceleration, and settlement time histo-

ries, but extends to the deformation mechanisms extracted from the centrifuge tests through 

image analysis, allowing for an in-depth assessment of the numerical simulation.  

In an effort to increase the validation robustness, the calibrated model is validated in 

Chapter 3 against six different centrifuge model tests of variable geometries and loading char-

acteristics, enabling a stricter assessment of the numerical technique versus different stress-

paths and deformation mechanisms. During this procedure, both modelling and calibration 

are identical for all six centrifuge model tests. Again, the calibration is strictly based on the 

�À�}�]�����Œ���š�]�}�U���Á�]�š�Z�}�µ�š�����v�Ç���^�(�]�v��-tuning�_��of model parameters to achieve improved predictions of 

the centrifuge test results. The numerical model is then used to investigate key modelling 

uncertainties. After revealing the sensitivity to initial soil density and to parasitic vertical ac-

celeration, the effects of the centrifuge model container and of the distance of lateral model 

boundaries �:�.�; are parametrically investigated.  
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Chapter 4 employs the validated numerical model to investigate the effect of Structure�t

Soil�tStructure Interaction (SSSI). To that end, three different configurations are numerically 

studied. The analyzed building assemblies consist of pairs of identical (same aspect ratio and 

bearing pressure) neighboring structures, varying the gap in between. Regarding the founda-

tion soil, two different liquefiable layer depths are studied, with �&�Å���$ 
L �s��and �t�ä It is demon-

strated that the assumption of a single (isolated) building is an oversimplification, as SSSI can 

have a significant beneficial or detrimental effect on performance, altering the response of 

the structure not only quantitatively but also qualitatively, by leading to the development of 

fundamentally different deformation mechanisms. The detrimental effect of SSSI on �} is 

shown to be a function of the gap �:�O���$�; between the buildings and the depth of the liquefi-

able layer (�&�Å���$�;.  

Finally, Chapter 5 summarises the key findings and contributions of the dissertation, 

offering an outlook with suggestions for future research on the studied problem. 
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2. Numerical modelling of a structure with shallow strip foundation 
during earthquake-induced liquefaction 

This chapter consists of the post-print version of the following published article, differing from 
the original only in terms of layout and formatting: 
Kassas, K., Adamidis, O., Gerolymos, N. & Anastasopoulos, I. (2020). Numerical modelling of 
a structure with shallow strip foundation during earthquake-induced liquefaction. Géotech-
nique, Ahead of print 
Available at https://www.icevirtuallibrary.com/doi/10.1680/jgeot.19.P.277 

 

Abstract 

Structures with shallow foundations are susceptible to excessive settlement and rotation in 

the event of earthquake-induced soil liquefaction. Numerical modelling of the problem re-

mains challenging, due to persisting uncertainties regarding dynamic soil response and soil-

structure interaction. This paper employs numerical simulations to study the seismic response 

of a structure on a shallow mat foundation, resting on a liquefiable sand layer. A coupled 

hydromechanical analysis is performed employing the finite differences code FLAC2D, mod-

elling nonlinear soil response with the constitutive model PM4Sand. A broad set of element 

tests on Hostun sand (widely used in centrifuge modelling) are performed and used for ex-

tensive model calibration. The calibrated model is then validated against centrifuge test re-

sults. The validation is not restricted to the recorded pore pressure, acceleration, and settle-

ment time histories, but extends to the deformation mechanisms extracted from centrifuge 

test through image analysis, allowing for an in-depth assessment of the numerical simulation. 

Overall, the analysis is in good agreement with the centrifuge model test. The pore pressure 

build-up and the final foundation settlement and displacement fields are predicted with ade-

quate accuracy. Although the accumulated displacements are well reproduced, the failure 

mechanism is not fully captured. This discrepancy is attributed to dissipation �t related phe-

nomena, which are not accurately reproduced in the numerical analysis.  

 

 

 

  

https://www.icevirtuallibrary.com/doi/10.1680/jgeot.19.P.277
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2.1 Introduction 

Buildings with shallow foundations resting on liquefiable layers can experience significant set-

tlement, tilt and even suffer complete bearing capacity failure. Although such structures are 

the most common, they are not sufficiently protected, as showcased during recent events in 

New Zealand Cubrinovski et al. 2011), Japan (Yasuda et al. 2013) and Indonesia (Sassa and 

Takagawa 2019)  . 

The state of practice for the prediction of liquefaction-induced settlement of a structure 

typically employs free-field methods. Such methods focus on consolidation in the free-field, 

ignoring shear strains in the vicinity of the foundation (due to the dead load of the superstruc-

ture) and soil-structure-interaction (Dashti et al., 2010). Nevertheless, experimental evidence 

from centrifuge model tests has shown that the settlement of structures on shallow founda-

tions is primarily due to shear strains, while sedimentation and consolidation are of minor 

significance (Adamidis and Madabhushi, 2018). Moreover, they reveal that the developing 

deformation mechanism is a function of the depth of the soil that liquefies and of the bearing 

pressure applied by the foundation, both of which strongly affect the final accumulated set-

tlement  (Adamidis and Madabhushi 2018).  

Despite the valuable insights gained from such centrifuge experiments, a comprehen-

sive study of the problem through centrifuge modelling is extremely resource-demanding due 

to the large number of parameters that need to be investigated. A more viable option is the 

use of numerical nonlinear deformation analyses (NDAs), employing advanced constitutive 

models that can capture the nonlinear stress-strain response of liquefiable soil. Such models 

require a large set of element test data for calibration. Before conducting parametric studies, 

careful validation against experimental results of boundary value problems is necessary (e.g., 

Bullock et al. 2018; Bray and Macedo, 2017; Tasiopoulou & Chaloulos, 2019). 

This paper employs numerical simulations to study the seismic response of a structure 

on a shallow mat foundation, resting on a shallow layer of liquefiable sand. The analysis is 

performed employing the advanced constitutive model PM4Sand (Boulanger and Ziotopoulou 

2017), as implemented in the finite difference (FD) code FLAC (Itasca 2016). An extensive set 

of element tests on Hostun sand were performed at the ETH Zurich geotechnical laboratory, 

and are used for thorough calibration of the constitutive model. This is a first key contribution 

of the paper, as Hostun sand is widely used in centrifuge model tests (e.g., Okyay et al., 2014; 
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Adamidis and Madabhushi, 2016) and the experimental dataset will be useful to the research 

community for future model calibration and validation. The calibrated model is then validated 

using one of the centrifuge experiments of Adamidis & Madabhushi (2018) as a benchmark. 

In addition to accelerations, pore pressures, and foundation-structure response (settlement 

and rotation), the validation extends to the developing deformation mechanisms, which were 

captured in the centrifuge test through image analysis (Adamidis & Madabhushi 2018). This 

is a second key contribution of the paper, which allows an in-depth assessment of the numer-

ical simulation, revealing strengths and limitations, but also the potential reasons of the ob-

served discrepancies.   

2.2 Laboratory testing of Hostun sand 

A comprehensive series of element tests were conducted at the ETH Zurich geotechnical la-

boratory to fully characterize Hostun HN31 sand. The scope of the conducted tests goes be-

yond the needs of the specific study, aiming to offer a reference dataset for future model 

calibrations and validations.  

Widely used in centrifuge modelling in the University of Cambridge, but also in the 

French institute of science and technology for transport, development and networks 

(IFSTTAR), Hostun HN31 sand is a fine sub-angular to angular siliceous sand (Adamidis et al., 

2020). It has a mean particle diameter �&�9�4
L �r�ä�u�v�s mm and soil particle density���)�æ
L �t�ä�x�w. 

The coefficient of uniformity is �%�è 
L �s�ä�v�y��and the coefficient of curvature is���%�Ö
L �r�ä�{�z.  The 

limiting void ratios were measured to be �A�à�Ü�á
L �r�ä�x�y�s and �A�à�Ô�ë
L �s�ä�r�v�{, according to  

ASTM D4253-00 (2006) and ASTM D4254-00 (2006). Regarding the minimum void ratio it was 

found that a denser state could be achieved by air pluviation���:�A�à�Ü�á
L �r�ä�x�v�z�;.  Therefore, this 

value was adopted as the minimum void ratio in this study. The limiting void ratios deter-

mined in this study differ only slightly from those reported by Flavigny et al. (1990) and Fargeix 

(1986). 

Three different types of tests were conducted and are discussed in detail in the next 

sections: (a) triaxial tests with embedded bender elements, to measure small-strain shear 

modulus; (b) Cyclic direct simple shear (DSS) tests, to measure shear modulus degradation 

and damping ratio; and (c) constant volume direct simple shear tests (CVDSS), to determine 

cyclic stress resistance.     
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Small�tstrain shear modulus 

The small-strain shear modulus �:�)�à�Ô�ë�; is estimated using bender elements embedded in the 

triaxial testing devices of the ETH Zurich Institute for Geotechnical Engineering (IGT), obtain-

ing measurements for triaxial specimens of different relative densities at different stress lev-

els. The triaxial devices were initially designed for tests on snow (Bartelt and von Moos 2000) 

and  were later modified for soil testing (Arenson & Springman 2005). A detailed description 

is offered in Trausch-Giudici (2004). 

Bender elements were introduced by Shirley (1978); Shirley & Hampton (1978) for 

measuring the small-strain shear modulus �:�)�à�Ô�ë�; of soil specimens. A pair of bender ele-

ments are typically embedded in a soil specimen, the first acting as a transmitter and the 

second as a receiver. Through bending, the transmitter generates a shear excitation of con-

trollable frequency, generating shear waves that travel through the soil specimen, reaching 

the receiver and subjecting it to bending. By comparing the transmitted to the received signal, 

the travel times of the generated shear waves are used to calculate the small-strain shear 

wave velocity���8�æ, and thus the small-strain shear modulus �)�à�Ô�ë of the specimen. 

The specimens were prepared in a specially fabricated mould by wet pluviation of 

Hostun sand in de-aired water. The sand was densified to the required relative density by 

tapping. The triaxial specimens (Fig. 2.1a) had a diameter of approximately 55 mm and a 

height of approximately 130 mm. �$ value tests (Skempton, 1954) yielded values above 98% 

for all specimens. The required level of mean effective stress before each bender element 

measurement was obtained by isotropic consolidation. The utilized bender elements were 

installed on the top and bottom cap of the triaxial device by the Enel-Hydro company (Ber-

gamo, Italy), protruding into the specimen by 1.6 mm. The experimental setup is depicted in 

Fig. 2.1b. A 100 MHz Synthesized Arbitrary Waveform Signal Generator by Wavetek (model 

395) was used to generate the signals, and a WaveSurfer 424 oscilloscope (200MHz) by LeCroy 

was used to capture the data.  

Single-shot sinusoidal pulses were used as excitation, as they reduce frequency compo-

nents (Blewett et al. 2000) and allow identification of points of similarity between input and 

output. Nevertheless, even with single frequency sinusoidal pulses, multiple frequency com-

ponents still exist at the output (Blewett et al., 2000).  For the determination of travel time, a 

multitude of methodologies have been proposed, with a consensus not yet having been 

reached. In this study, after thorough comparative assessment of various options proposed 
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in the literature (Arulnathan et al., 1998; Viggiani and Atkinson, 1995; Lee and Santamarina, 

2005) the point of first arrival was used to determine travel time, as it was found to lead to 

the most reliable results. This method takes the travel time as the time difference between 

the beginning of the input pulse and the first arrival of the wave at the output trace. It as-

sumes plane wave fronts and absence of reflected or refracted waves (Arulnathan et al., 

1998). 

 

Fig. 2.1. Triaxial bender element tests: (a) sample preparation; and (b) experimental setup. 

Selecting the point that corresponds to first arrival can be challenging (Arulnathan et 

al., 1998; Lee and Santamarina, 2005). As shown in Fig. 2.2, points A, B, C or D could be taken 

as corresponding to first arrival. Lee & Santamarina (2005) proposed a more complex signal�t

matching technique for calculating �8�æ  and concluded that if point C �~�^�Ì���Œ�}�����(�š���Œ���(�]�Œ�•�š�����µ�u�‰�_�•��

is taken as the first arrival, the difference between the shear wave velocities calculated with 

the two methods is a mere 1%. In the results presented herein, first arrival was calculated 

�µ�•�]�v�P���š�Z�����^�Ì���Œ�}�����(�š���Œ���(�]�Œ�•�š�����µ�u�‰�_�X���d�Z�����š�Œ���À���o length was taken as the tip-to-tip distance be-

tween transmitter and receiver bender elements (Dyvik & Madshus, 1985). 

Specimens were prepared at three void ratios:���A
L �r�ä�z�y�{�á�r�ä�z�w�t and �r�ä�z�t�t correspond-

ing to relative densities �&�å = �v�t�á�v�{ and���w�y�,̈ respectively. Measurements were taken at five 

mean effective stress levels:  5, 20, 100, 200, and 400 kPa. For each combination of void ratio 

and effective stress, 19 single-shot sinusoidal pulses were used as shear wave excitations, 

with frequencies starting at 2 kHz and increasing by 1 kHz up to 20 kHz.  An average of the 

travel time estimated for each pulse was used to calculate the shear wave velocity. The pro-

duced curves of �)�r versus mean effective stress are presented in Fig. 2.2, where the initial 

void ratios of the specimens are quoted, even though for the calculation of �8�æ and �)�4 the 

changes in height and void ratio with increasing �L�"��were accounted for. 
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Fig. 2.2. Example of input and output signals. The points correspond to: (A) first deflection, 
(B) first maximum, (C) zero after first bump, (D) first major peak and (P) peak of input. 

 

The calculated small-strain shear modulus �)�r�� was compared with the published analyt-

ical expression of Azeiteiro et al. (2017). Their results are based on a series of bender element 

measurements, which were performed on air�tpluviated triaxial samples of Hostun sand. The 

comparison between the obtained results (this study) and the analytical expression of 

Azeiteiro et al. (2017) is presented in Fig. 2.4. For a better visual comparison,                 

�)�à�Ô�ë���:�L�Ô�@
�ã�ò

�ã�Ì
�A

�à
�;��is plotted versus the void ratio, with both �)�à�Ô�ë and �L�Ô expressed in kPa. 

The expression proposed by Azeteiro et al. (2017) fits well to the values calculated:  

 

 

 

�)�à�Ô�ë�:�G�2�=�; 
L �t�{�u�r�r
�:�t�ä�{�y
F �A�;�6
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Fig. 2.3. Estimation of small-strain shear modulus �:�)�à�Ô�ë�; in function of mean effective stress 
�L�" using the zero after the first bump method. 

 

Fig. 2.4. Comparison of measured small-strain shear modulus (in normalized form) to the ex-
pression proposed by Azeiteiro et al. (2017). 

Shear Modulus degradation and damping ratio 

Cyclic direct simple shear (DSS) tests were performed on the NGI direct simple shear appa-

ratus of IGT to assess the degradation of shear modulus �:�) �; and the increase of damping ratio 

�:�æ�; with shear strain and initial vertical effective stress���:�ê�"�é�â�;. The NGI device was designed 
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by the Norwegian Geotechnical Institute and manufactured by Geonor (1968). The initial de-

sign was later modified to allow stress- or strain-controlled shearing and controlled vertical 

loading. An electric screw jack actuator was added to control vertical loading, combined with 

a 4 kN capacity load cell. Another electric screw jack actuator was added to apply horizontal 

shearing to the specimen, while linear variable differential transformers (LVDTs) record both 

vertical and horizontal displacements. Finally, a new control system was implemented, allow-

ing control of stress and strain loading. The modified apparatus is presented in Fig. 2.5a. 

 

Fig. 2.5 Simple shear testing: (a) modified Geonor direct simple shear apparatus;        (b) wire 
reinforced membrane; (c) shear stress�tshear strain �:�ì 
F �Û�; during a drained direct simple 
shear test of a sample with initial �A
L �r�ä�z�t�{��and �ê�"�é�â
L �w�r kPa; and         (d) volumetric strain�t
shear strain �:�Ý�é 
F �Û�; response. 

The DSS apparatus allows uniform shearing of a soil specimen throughout its volume. 

The top plate translates horizontally relative to the fixed base, while the specimen is confined 

in a wire reinforced rubber membrane (Fig. 2.5b), which does not allow the development of 

radial strain during the test, forcing the horizontal cross sectional area of the specimen to 

remain constant. The membranes used were reinforced with iron-nickel wire of 0.15 mm di-

ameter, wound around the membrane 27 times per cm of height. 
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The sand specimens were prepared in the wire reinforced rubber membrane by dry 

pluviation and were then tapped to reach the target relative density. All specimens had a 

cross sectional area of 50 cm2 and a height which varied between 21 mm and 24 mm. After 

preparation, each specimen was installed in the DSS apparatus and loaded to the target ver-

tical stress. When the target vertical stress was reached, it was maintained constant until the 

rate of settlement fell below 1 �…m/10 min, and only then was the specimen subjected to 

shearing.  

The shear modulus and damping ratio evolution with shear strain were determined for 

3 different vertical stresses (50, 100, and 150 kPa) and three different void ratios. The results 

from a typical experiment with void ratio���A
L �r�ä�z�t�{ at initial vertical effective stress �ê�"�é�â = 

50 kPa are presented in Figs 2.5c, d in terms of shear stress�tshear strain �:�ì 
F �Û�; and  volu-

metric strain�tshear strain �:�Ý�é 
F �Û�;��response. The sample was sheared at 3 different levels of 

shear strain, applying 20 load cycles at each strain level. The shear modulus for each strain 

level was determined from the inclination of the maxima and minima of stress �t strain loops 

(Fig. 2.6a); the damping ratio is calculated according to Eq. (2.2), where �Â�9  is the dissipated 

energy at each load cycle and �9  is the maximum elastic energy  stored for each cycle. 

�æ
L
�s

�v�è
�Â�9
�9

        (2.2) 

 

In Figs 2.6a, b, the measured shear modulus degradation and damping ratio are com-

pared with the analytical expression of Ishibashi and Zhang, (1993), produced on the basis of 

the small-strain stiffness measured from the bender element tests, and assuming �-�4 condi-

tions during shearing. �-�4 was calculated through the critical state friction angle �î �Ö�é�� , as pre-

sented in Table 2.3.  A good fit is observed between the analytical expression and the meas-

ured values for all three tests, which implies that the analytical expression of Ishibashi & 

Zhang (1993) offers a good approximation for Hostun (HN31) sand, while giving confidence in 

the values of small-strain shear modulus determined from bender element measurements. 

Moreover, through this procedure we can obtain information for the region���:�Û
O�r�ä�s�¨ �;, 

where measurements could not be made accurately with the used DSS apparatus.  
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Fig. 2.6. Comparison of DSS test results with the analytical expression of Ishibashi & Zhang 
�~�í�õ�õ�ï�•���(�}�Œ���ï���o���À���o�•���}�(���À���Œ�š�]�����o�����(�(�����š�]�À�����•�š�Œ���•�•���~�•�[v): (a) �) 
F �Û degradation curves; and (b) �æ
F�Û 
curves. Comparison of FLAC simulations with Ishibashi & Zhang (1993) for the same three 
stress levels: (c) �) 
F �Û degradation; and (d) �æ
F�Û. 

Cyclic stress resistance 

For the determination of the liquefaction potential of Hostun HN31 sand, an extensive series 

of constant volume direct simple shear tests were performed (CVDSS). Constant volume tests 

were introduced by Taylor (1948) for triaxial conditions; Pickering (1969) applied the concept 

to cyclic simple shear tests of soil specimens constrained within rigid walls. The volume of the 

specimen is maintained constant during shearing by locking the vertical actuator to zero dis-

placement. Cyclic shearing of loose samples leads to a tendency for contraction, which trans-

lates to a progressive reduction of vertical stress. This drop of vertical stress is equal to the 

increase in pore water pressure of a corresponding undrained test (Finn and Vaid 1977). Fol-

lowing this procedure, the liquefaction susceptibility of a fully saturated sand can be deter-

mined using dry specimens, thus increasing efficiency. Dyvik et al. (1987) showed that the 



2.  Numerical modelling of a structure with shallow strip foundation during earthquake-induced liquefaction 

 

21 
 

drop in the vertical stress during shearing of constant volume direct shear tests is equal to the 

excess pore pressure developed during undrained tests. Finn & Vaid 1977 conducted several 

such experiments and concluded that there is no practical difference between experiments 

with dry and saturated sand specimens. 

Overall, 12 CVDSS tests were conducted, prepared as described previously for DSS tests. 

An initial vertical stress �ê�"�é�â
L �s�r�r���G�2�=��was applied. Fig. 2.7 (left side) presents typical 

CVDSS results for a specimen of initial void ratio���A
L �r�ä�z�u�x at initial effective vertical stress 

of 100 kPa. The sample was sheared at a cyclic stress ratio �%�5�4
L �ì �ê�"�é�â
L �r�ä�s�s�{�¤  and lique-

faction triggering was observed after the 15th load cycle. Triggering of liquefaction is assumed 

to be at the point where the shear strain becomes equal to 3.75% in single amplitude (SA). 

Interestingly, this criterion was found to coincide with the point at which the excess pore 

water pressure ratio �N�è ��
L �Â�Q �ê�"�é�â�¤  reached 98 %. Soils do not necessarily reach the strain 

threshold for liquefaction with a full excess pore water pressure and liquefaction particularly 

in dense sands may be triggered with �N�è even below 0.8 (Wu et al., 2004). Indeed, here it is 

observed that the largest discrepancies between the two criteria are observed for the case of 

the denser samples �:�A
L �r�ä�y�s�y�;. 



2.  Numerical modelling of a structure with shallow strip foundation during earthquake-induced liquefaction 

22 
 

 

Fig. 2.7 Typical constant volume simple shear test (CVSST) results (left column) compared to 
simulation results (right column) for a sample of �A
L �r�ä�z�u�x and initial vertical effective stress 
�ê�"�é�â
L �s�r�r: (a) Shear stiffness degradation; (b) stress path;  and (c) effective vertical stress 
�:�ê�"

�R�; versus loading cycles �:�0�;. 

Figure 2.8 shows the cyclic resistance curves obtained for Hostun (HN31) sand for initial 

vertical effective stress �ê�"�é�â = �s�r�r���G�2�=. Each curve depicts the number of cycles required to 

trigger liquefaction in function of cyclic stress ratio and void ratio. As summarized in Table 

2.1, three different void ratios were examined: �A
L �r�ä�{�s�w�á�r�ä�z�u�t and �r�ä�y�s�y corresponding to 

relative densities �&�å = �u�u�á�w�v and���z�u� ,̈ respectively. For each void ratio, four cyclic stress 

ratios were examined. In all cases examined, the two liquefaction triggering criteria were 
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found to coincide in terms of load cycles �:�0�;��for liquefaction triggering. An analytical expo-

nential expression (Eq. 3) is fitted to the results, offering a prediction of the cyclic stress re-

sistance���:�%�4�4�; as a function of void ratio ���A and number of cycles to liquefaction���0. 

 

�%�4�4
L �:
F�s�ä�r�y�z�A
E�s�ä�s�s�v�;�0�:�4�ä�5�;�=�Ø�?�4�ä�7�7�4�;        (2.3) 

 

The curves given by Eq. 3 (dotted lines in the figure) are compared to the experimental 

measurements (points), demonstrating the effectiveness of the fit. Moreover, Eq. 3 demon-

strates the dependency of the slope of the power relationship on density. 

 

 

Fig. 2.8. Cyclic resistance ratio (CRR) as a function of load cycles �:�0�; for liquefaction triggering 
(considering the two criteria���N�è 
L �r�ä�{�z and �Û
L �u�ä�y�w���¨  in SA) and void ratio �:�A�;. The DSS test 
results are represented by dots, and the lines correspond to the prediction of the fitted ana-
lytical expression (Eq. 3) for the DSS tests and of the simulated centrifuge test (�A
L �r�ä�y�z�z). 
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Table 2.1. Constant volume direct simple shear test results. 

�‹ (-) �•�[vo�ã�‘�|�‡  �o�•�~ Load cycles �:
F�; 

   �N�è 
L �r�ä�{�z���¨  �Û
L �u�ä�y�w� ̈

0.932 100 0.049 378.9 379.6 

0.913 100 0.079 14.0 14.6 

0.910 100 0.097 4.0 3.7 

0.906 100 0.118 3.0 2.7 

0.829 100 0.177 3.5 3.6 

0.818 100 0.146 8.9 10.0 

0.836 100 0.119 15.4 15.7 

0.843 100 0.098 87.0 88.7 

0.711 100 0.265 4.0 4.2 

0.730 100 0.247 3.5 4.7 

0.719 100 0.179 17.2 20.1 

0.708 100 0.127 129.0 153.3 

 

2.3 Calibration of constitutive model 

The seismic response of fully saturated Hostun (HN31) sand is simulated using the plane-

strain, stress-ratio controlled, critical state compatible, bounding surface plasticity model 

PM4Sand, Version 3.1 (Boulanger and Ziotopoulou 2017). The model has been developed for 

geotechnical earthquake engineering applications, following the framework of the DM04 

model (Dafalias and Manzari 2004). PM4sand has been shown to be capable of predicting soil 

behaviour under cyclic loading at different relative densities, under different confining pres-

sures and stress paths. A detailed description of model formulation and its modifications can 

be found in Boulanger and Ziotopoulou (2013), Ziotopoulou & Boulanger (2016) and 

Boulanger and Ziotopoulou (2017).  

Accurate modelling of cyclic soil response is the key for successful simulation of centri-

fuge model tests. PM4Sand comprises �t�y input parameters, from which �x are considered pri-

mary (including the atmospheric pressure and �t���^�(�o���P�_�� �‰���Œ���u���š���Œ�•�•�� ���v���� �î�í�� �•�����}�v�����Œ�Ç�X�� �d�Z����
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primary parameters include the apparent relative density���:�&�å�;, the small-strain shear modu-

lus coefficient���:�)�â�; and the contraction rate parameter���:�D�ã�â�;. Preset values, which are gen-

erally functions of an index property, can be used for the secondary parameters, or they can 

be calibrated against experimental data. To that end, the previously discussed soil element 

test results were used for an extensive calibration of the parameters of the constitutive 

model.  

Tables 2.2, 2.3 summarize the calibrated analysis parameters for Hostun (HN31) sand 

and PM4sand, considering the relative density of the centrifuge model test that is to be nu-

merically simulated. The limiting void ratios ���A�à�Ü�á and ���A�à�Ô�ë were measured at the ETH Zurich 

geotechnical laboratory (as previously discussed). The relative density���:�&�å�;, porosity���:�J�;, wet 

and dry densities���:�é�æ�á���é�æ�; were calculated directly from the void ratio of the centrifuge model 

test. The critical state friction angle ���î �Ö�é was measured from the previously discussed drained 

triaxial tests (conducted in ETH Zurich) and used to calculate the lateral earth pressure coef-

ficient at rest ���-�4 ���v�����š�Z�����W�}�]�•�•�}�v�[�•���Œ���š�]�}���R, as shown in Table 2.3. Bolton (1986) constants for 

the description of critical state were estimated to be �3 
L �z�ä�v and �4 
L �r�ä�y�z  using triaxial test 

results.  

Table 2.2. Calibrated Hostun (HN31) sand parameters for OA6 experiment. 

Parameter Meaning Source Value 

�A���:
F�; Void ratio measured 0.788 

�J���:
F�; Porosity �A���:�s
E�A�; 0.441 

�)�Ì ���:
F�; Specific gravity measured 2.65 

�é�×���:�/�C���I �7�; Dry mass density �)�Ì �é�ê���:�s
E�A�; 1.48 

�é�æ (Mg/m3) Wet mass density �é�ê�:�)�Ì 
E�A�;�����:�s
E�A�; 1.92 

�G���:�I ���O�; Permeability �t�ä�{�t��
H���s�r�?�7��
H���A�7���:�s
E�A�; 7.98E-04 

 

The small-strain shear modulus coefficient ���)�â was calculated for the desired void ratio 

using the analytical expression of Azeiteiro (2017), validated in the present study against 

bender element tests (Fig. 2.4Fig. 2.). The permeability �:�G�; was calculated using the analytical 

expression of Kozeny-Carman (Eq. 4), which was shown by Adamidis et al. (2020) to offer good 

results for Hostun (HN31) sand:  
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The empirical constant ���%�¼�Ä was given its typical value of 5 (Carrier 2003), while the 

ratio of surface to volume of soil particles �:�5�; was estimated according to the morphology 

analysis of Adamidis et al. (2020). The last parameter calibrated is the contraction rate pa-

rameter ���:�D�ã�â�;�á  which was set by targeting the relevant cyclic stress resistance curve for 

Hostun (HN31) sand, calculated using Eq. 3 (Fig. 2.8).  

Table 2.3. Calibrated PM4sand parameters for OA6 experiment. 

Parame-

ter 
Meaning Source Value 

�A�à�Ü�á �:
F�; Minimum void ratio measured from �A�à�Ü�átest 0.648 

�A�à�Ô�ë���:
F�; Maximum void ratio measured from �A�à�Ô�ëtest 1.049 

�&�å���:�¨ �; Relative density �:�A�à�Ô�ë
F �A�;���:�A�à�Ô�ë
F �A�à�Ü�á�; 0.65 

�)�â���:
F�; Shear modulus coefficient �t�{�u
H�:�t�ä�{�y
F�A�;�6�������:�s
E�A�; 780.21 

�D���ã�4�:
F�; Contraction rate parameter fitting targeting CRR curves 0.04 

�î �Ö�é���:���K�; Critical state friction angle measured from drained triaxial tests 33.8 

�-�4���:
F�; Lateral earth pressure coefficient at rest �s
F�O�E�J�:�î �Ö�é�; 0.444 

�å���:
F�; Poisson ratio �-�4���:�s
E�-�4�; 0.307 

�3���:
F�; Bolton's constant measured from drained triaxial tests 8.4 

�4���:
F�; Bolton's constant measured from drained triaxial tests 0.78 

 

Figure 2.7 compares the FLAC numerical prediction (using the calibrated PM4sand) to 

direct simple shear test results in terms of: (a) shear stiffness degradation; (b) stress path; 

and (c) vertical effective stress degradation with load cycles. The shear stress�tshear strain 

response and the stress path evolution are predicted reasonably well. However, two im-

portant points need to be made. Firstly, the model cannot simulate the abrupt drop of effec-

tive vertical stress during the first load cycle (Figs 2.7b, c), predicting a steeper decrease of 

initial vertical stress prior to liquefaction triggering (after 10 loading cycles). Secondly, the two 

liquefaction triggering criteria do not coincide in the analysis, as was the case for the specific 

experimental results. More specifically, for �A
L �r�ä�z�u�x�á�ê�"�é�â
L �s�r�r���G�2�= and �%�5�4
L �r�ä�s�s�{�á  

the numerical model predicts 17 load cycles to reach the 3.75% shear-strain criterion, while 

only 12 load cycles are required according to the pore pressure built-up (�N�è ��
L �{�z���¨ ) criterion 

(Fig. 2.7c). This can be crucial for the simulation of a boundary value problem, as the result 
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will largely depend on the chosen liquefaction-triggering criterion. Moreover, the inability of 

the constitutive model to capture the abrupt effective stress drop of the first load cycle may 

have implications on the prediction of the initial settlement rate of a structure during seismic 

shaking.  

Figure 2.9a presents indicative results of (single-element) cyclic undrained strain-con-

trolled simple shear numerical analysis, calibrated for the density of the centrifuge test. The 

numerical prediction is compared to the experimental (element testing) results in terms of 

number of uniform cycles required to reach the two criteria (3.75% shear strain and �N�è ��
L��98 

%) against the���%�5�4. As previously mentioned, in the numerical analysis there is a discrepancy 

between the two liquefaction-triggering criteria (pore pressure build-up and accumulated 

shear strains). For example, for �%�5�4
L �r�ä�t the model predicts liquefaction after 4 load cycles 

based on the pore pressure build-up criterion, but 4 more cycles are needed for the accumu-

lated shear strain to reach the 3.75% SA shear-strain threshold. This implies that a selection 

of the liquefaction-triggering criterion is necessary, depending on the studied problem and 

the key behaviour that has to primarily be captured. In this study, the average of the cycles 

calculated by each of the two criteria is used for model calibration.  

A second issue regarding the calibration of ���D�ã�â is illustrated in Fig. 2.9b, where it is 

shown that it was not possible to capture the targeted �%�4�4 curve over a wide range of �%�4�4 

values. To tackle this issue, a range of interest of 0 to 20 load cycles was selected, which is 

considered sensible for earthquake-related problems. To reduce the discrepancy between the 

experimental and the numerical curves within the range of interest, ���D�ã�â
L �r�ä�r�v was selected. 

The discrepancy between the two liquefaction-triggering criteria can be minimized by reduc-

ing the small-strain (initial) shear modulus���)�â. As shown in Figs 2.9c, d, by reducing the initial 

shear modulus to ���r�ä�x�)�â, the �%�4�4��curve according to the pore pressure build-up �:�N�è 
L �r�ä�{�z�; 

criterion is only marginally affected (Fig. 2.9c), while the one corresponding to the 3.75% ac-

cumulated shear strain criterion moves to the left (Fig. 2.9d). However, using such reduced 

small-strain shear modulus is not consistent with the element test results, and was therefore 

not pursued further.  
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Fig. 2.9. Model calibration: CRR in function of load cycles �:�0�; for �ê�"�é�â
L �s�r�r kPa and �A
L
�r�ä�y�z�z: Comparison of experimental results (black line) to numerical simulation results with 
PM4Sand calibrated according to: (a) 3 different liquefaction triggering criteria (�Û
L �u�ä�y�w���¨ , 
�N�è 
L �r�ä�{�z, and average) and ���D�ã�â
L �r�ä�r�v; (b) average criterion, varying ���D�ã�â; (c) �N�è 
L �r�ä�{�z 
criterion and ���D�ã�â
L �r�ä�r�v, varying the shear modulus coefficient���)�â ; and (d) �Û
L �u�ä�y�w���¨  cri-
terion and���D�ã�â
L �r�ä�r�v, varying the shear modulus �)�â. 

2.4 Modelling of Centrifuge Test 

The calibrated constitutive model is employed to simulate numerically a centrifuge experi-

ment that modelled the seismic response of a plane strain structure with a shallow strip foun-

dation resting on a shallow layer of saturated sand. By comparing the numerical prediction to 

the centrifuge test results, the efficiency of the constitutive model can be assessed, offering 

insights on the sensitivity of the numerical analysis results to key model parameters, and set-
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ting the base for future parametric analyses. Moreover, the combined numerical and experi-

mental simulation offers deeper understanding of the mechanisms leading to foundation set-

tlements.       

Experimental setup 

The centrifuge model test (OA6) was conducted on the Turner Beam Centrifuge of the 

Schofield Centre at the University of Cambridge (Adamidis and Madabhushi 2018). As shown 

in the cross-section of Fig. 2.10 a rigid superstructure on a foundation of width���$ 
L �v�ä�x�t m 

(in prototype scale) was tested, having an aspect ratio 
���Û�Î�Ø

�»

L �r�ä�w�z (with ���D�Ö�à being the height 

of the centre of mass, measured from the foundation base). The soil stratum was a shallow 

Hostun (HN31) sand layer of void ratio���A
L �r�ä�y�z�z, and depth equal to the foundation width���$. 

The model was prepared by air pluviation in a rigid container equipped with a Perspex window 

and tested at 50 g. The fluid viscosity was scaled using a de-aired aqueous hydroxypropyl 

methylcellulose solution, prepared according to Adamidis & Madabhushi (2015) to be 50 

times more viscous than water, in order to render compatible dynamic and pressure dissipa-

tion time scaling.  

 

Fig. 2.10. Cross-section of OA6 centrifuge model test (top) along with the seismic excitation 
(bottom), as measured by accelerometer A5 (both in prototype scale). 
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Images captured through the Perspex window using a high frame rate camera were 

used for Particle Image Velocimetry analysis (White et al., 2003), from which displacement 

fields were produced. Nevertheless, the use of a rigid container inevitably introduced bound-

ary effects, which were alleviated using a material called Duxseal (Parker Hannifin Corpora-

tion, 2013) at the lateral model boundaries. Its effectiveness has been examined by Steedman 

& Madabhushi (1991), who concluded that it is able to absorb about 65% of incident wave 

energy for P and S waves. As illustrated in Fig. 2.10, the instrumentation included miniature 

pore pressure transducers (PPT), piezoelectric accelerometers (Acc), microelectromechanical 

system accelerometers (MEMS) and linear variable displacement transducers (LVDT). More 

details can be found in Adamidis and Madabhushi, (2018) 

Numerical Modelling 

The numerical simulations are performed using the FD code FLAC 8.0 (Itasca 2016). A nonlin-

ear, coupled hydromechanical, effective stress, time history analysis is conducted, incorpo-

rating the PM4sand (Version 3.1) constitutive model, thoroughly calibrated against the con-

ducted element tests, as previously discussed.   

Figure 2.11 shows the finite difference mesh, model geometry, interface and water ta-

ble location. The Duxseal is modelled as linear elastic, with its permeability set 100 times 

lower than the permeability of the adjacent soil. Analysing one-dimensional compression test 

results, Popescu & Prevost (1993�•�� ���}�v���o�µ�������� �š�Z���š�� �š�Z���� �z�}�µ�v�P�[�•�� �D�}���µ�o�µ�•�� �}�(��Duxseal is  �' 
L

�z�r�r���G�2�=, �]�š�•���W�}�]�•�•�}�v�[�•���Œ���š�]�}���å��
L �r�ä�v�x, and its mass density �é
L �s�ä�x�w���/�C���I �7. The boundary 

conditions imposed by the rigid container are accounted for by applying the seismic excitation 

at the bottom and edge nodes of the FD model, using a velocity time history corresponding 

to the acceleration trace that was measured at the base of the centrifuge box during testing. 

The bottom nodes are fixed in the vertical direction, while the side nodes are allowed to move 

freely in the vertical direction, simulating a zero-friction condition between the box and the 

Duxseal.  
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Fig. 2.11. Outline of the numerical model. 

The structure is modelled using linear elastic beam elements of very large stiffness to 

model rigid body response. In the centrifuge experiment, the fixed-base frequency of the 

structure was selected to be higher than the frequency of the input motion, promoting a rigid-

body type of response. Indeed, the measured flexural response of the structure was found to 

be negligible in the experiment (Adamidis & Madabhushi, 2018), justifying the assumption of 

a very large stiffness in the numerical analysis conducted herein. The mass density of the 

structural elements is set accordingly to match the bearing pressure of the experiment (50 

kPa). The width and height of the block modelling the structure are 4.62 m and 5.36 m, re-

spectively, matching the centrifuge model test. The beam acts as an impermeable barrier and 

ensures that there is no upward flow below the structure. The soil-foundation interface is 

modelled with a frictional interface, allowing for sliding and detachment. The foundation 

width is discretized using 20 elements, while the friction angle at the interface is set to���Ü��
L

�t�z�ä�z��  according to measurements using a direct shear apparatus.   

At the static phase prior shaking, the Mohr Coulomb model is assigned to the soil and 

the elastic shear and bulk modulus of soil are calculated as a function of the void ratio and 

the confining stress of each element. Afterwards, PM4sand model is assigned to the soil ele-

ments and the mechanical calculation is repeated. Subsequently, coupled hydromechanical 

calculation is performed. The fluid bulk modulus ���-�ê 
L �t 
I�s�r�:  kPa. Finally, dynamic coupled 

hydromechanical calculation is performed. Following the recommendations of Boulanger & 

Ziotopoulou (2017), Rayleigh damping is set to 0.5 % at a center frequency of 1 Hz, which is 

the dominant frequency of the input motion. The PostShake Flag parameter of PM4sand was 
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enabled after strong shaking (20 s) to improve the modeling of post-liquefaction reconsolida-

tion strains. When this parameter is enabled the initial shear and bulk modulus is reduced by 

�����(�����š�}�Œ���������}�µ�v�š�]�v�P���(�}�Œ���š�Z�����•�}�]�o�[�•���o�}�����]�v�P���Z�]�•�š�}�Œ�Ç���š�Z�Œ�}�µ�P�Z���������µ�u�µ�o���š�]�À�����(�����Œ�]�����š���Œ�u�X���/�š���]�•�������‰�Z���r

nomenological procedure, which has been found to provide improved modelling of post-liq-

uefaction reconsolidation strains (Ziotopoulou (2016)). Large deformations and second order 

effects were taken into account by automatically updating mesh node coordinates after each 

analysis step. 

Comparison of numerical simulation to centrifuge test 

The numerical prediction is compared to the centrifuge test results in terms of accelerations, 

pore pressures, settlement and rotation of the structure, as well as the deformation mecha-

nisms developed within the liquefiable layer. The prediction classifies as C1 because it was 

performed after the centrifuge tests with their results known  (Lambe 1973). However, the 

analysis was based solely on the conducted element tests and no iterative adjustment was 

took place based on the system-level results. 

In Fig. 2.12, pore pressures recorded in the centrifuge test in the free field (P2, P7 and 

P13) and below the structure (P1 and P10) are compared with the numerical prediction. The 

magnitude of excess pore pressure is well predicted in all positions in the free field (Fig. 

2.12a). In all cases examined, the numerical simulation required a few additional cycles to 

reach the same level of excess pore pressure as that recorded in the centrifuge test. This can 

be attributed to the few extra load cycles required for pore pressure build-up in the numerical 

simulation in comparison to a CVDSS test, as was shown in Fig. 2.11a. Furthermore, the re-

duced excess pore pressure generation during the first load cycle also contributes to the ina-

bility of the numerical model to capture the abrupt pore pressure build-up that is observed 

at the beginning of shaking in the centrifuge experiment. After the end of seismic shaking (at 

about 20 s), dissipation of excess pore water pressures can be observed in the experiment, 

and is also captured by the numerical analysis.  
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Fig. 2.12. Comparison of computed pore pressures (PP) with those measured in the centrifuge 
experiment: (a) in the free field; and (b) below the structure 

The discrepancies between the numerical prediction and the centrifuge model test are 

more substantial in the area below the footing (Fig. 2.12b). During the first 5 s, the numerical 

model predicts suction below the footing (P10) instead of the experimentally recorded pore 

pressure build-up. At the base of the soil layer (P1), the numerically predicted pore pressure 

build-up is significantly slower than the one recorded in the centrifuge experiment. The initial 

suction under the footing (P10), is attributed to the increased dilation predicted by the nu-

merical model and the complicated fluid flow within the soil just below the foundation. At the 

base of the soil layer (P1), dissipation of pore pressures is initiated very early in the experi-

ment, just after the first 2 seconds of seismic shaking. In stark contrast, in the numerical anal-

ysis it is initiated only after the end of strong shaking (at���P��
N�s�z
F �s�{���O). As will be shown 

later on, such dissipation�t and gradient flow�trelated phenomena play a significant role also 

during shaking.  
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Fig. 2.13. Comparison of computed accelerations with those measured in the centrifuge 
model test. 

Figure 2.13 compares the numerically predicted acceleration time histories to those 

recorded in the centrifuge model test. In the free-field (A3, A4), the prediction is better at 

depth (accelerometer A3). Close to the ground surface (A4), the numerical prediction   signif-

icantly overestimates the acceleration, despite the fact that the computed excess pore water 

pressure at the same depth (P13) compared well with the experimentally recorded (Fig. 2.12). 

The same issue has been observed by Finn (1988), Green (2003), and Ziotopoulou (2018), who 

�•�µ�P�P���•�š�������š�Z���š���&�>�������‰�Œ�}���µ�����•���Z�]�P�Z���(�Œ���‹�µ���v���Ç���^�v�}�]�•���_���]�v�������•���•���}�(���•���š�µ�Œ���š�������•���v���•�����š���š�Z�����o���À���o��

of the ground surface, where the initial effective stress is particularly low (Ziotopoulou, 2018). 

Indeed, the acceleration under the footing (M13), where the developing excess pore water 

pressure is lower and thus the effective stress is higher, is adequately predicted. The compar-

ison is equally successful for all other locations in the array below the structure, not presented 

herein due to space limitations. The acceleration transmitted to the structure (CM) is also 

over-predicted, especially during the first half of the seismic excitation.  
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Despite the limitations pointed out so far, the numerical prediction is successful in 

terms of accumulated foundation settlement (Fig. 2.14). However, the amplitude of rotation 

during shaking is significantly over-predicted, something that can be attributed to the over-

prediction of the acceleration at the center of mass (CM) of the structure. Moreover, the set-

tlement during the first loading cycle is significantly under-predicted. This can be attributed 

to the previously mentioned suction that develops below the foundation during the first 5 

cycles (Fig. 2.12a). This is due to the inability of the constitutive model to capture the abrupt 

drop in initial effective stress during the first loading cycle (Fig. 2.7b), and differences in the 

developing failure mechanism, as will be discussed later on. 

 

Fig. 2.14. Comparison between computed settlement�trotation (w�t�}) response with that 
measured in the centrifuge model test. 

The observed discrepancies in the settlement�trotation response can be understood 

better by examining the deformation mechanisms within the liquefiable layer. In Fig. 2.15, 

the computed shear strain contours at the end of shaking are compared to those of the cen-

trifuge model test, calculated using image analysis (Adamidis & Madabhushi, 2018). The nu-

merical simulation predicts mobilization of a bearing capacity failure mechanism mainly di-

rectly below the edges of the foundation, while in the centrifuge experiment, shear strains 

were concentrated below the edges of the foundation and to the adjacent soil further away. 

In the experiment, the soil directly below the foundation (in particular towards the edges) 
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experienced significant shearing. In the simulation, the level of accumulated shear strains un-

der the foundation was lower. While in the experiment the primary deformation mechanism 

involved the displacement of soil under the edges of the foundation, in the numerical simu-

lation the bulb of soil under the footing rotated along with the structure, displacing the sur-

rounding soil. 

The pore pressures at P1 and P10 below the footing (Fig. 2.12a), may offer an insight 

for these differences. Initially, the predicted suction in the area directly below the footing 

(P10) leads to the development of a stiff soil bulb, which can move and rotate (as a quasi-rigid 

body) together with the footing, without undergoing significant softening. The increased pre-

dicted pore water pressure build-up at depth (P1) leads to softening of the soil, allowing for 

higher levels of shearing to develop deep below the footing. In the centrifuge experiment the 

level of shear deformation at the soil column below the surface footing was lower.  

 

Fig. 2.15. Comparison between numerical analysis and centrifuge experiment: accumulated 
shear strain contours at the end of the shaking. 
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These differences in accumulated shear strain justify the differences in the ultimate hor-

izontal displacement contours of Fig. 2.16. While the displacement field is on average accu-

rately predicted, both in terms of displacement amplitude and geometry, the shape of the 

maximum horizontal displacement contours below the edges of the foundation is different 

compared to that of the centrifuge experiment. This difference is consistent with the discrep-

ancy in failure mechanisms illustrated in Fig. 2.15. Nevertheless, the numerical simulation 

does seem to adequately predict the displacement field of the centrifuge experiment beyond 

the point where it was not recorded due to space limitations in the experimental set-up. 

 

Fig. 2.16. Comparison between numerical analysis and centrifuge experiment: accumulated 
horizontal displacement contours at the end of the shaking. 

Another potentially important limitation of the numerical simulation is the inability of 

the constitutive model to accurately predict plastic volumetric strains inherent to a constitu-

tive formulation that is stress-ratio controlled and has no cap on the elastic yield surface 

(Ziotopoulou and Boulanger 2013b). Figure 2.17 compares the predicted ultimate vertical dis-

placement contours to those captured in the centrifuge experiment. The simulation predicts 

very small volumetric strains, resulting in significant heaving at the ground surface away from 

the foundation, to counteract the settlement of the structure. This is not in agreement with 
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the centrifuge experiment, where limited heaving was observed, only directly next to the 

foundation. Further away from the structure, the soil settled. Despite this shortcoming re-

garding volumetric strains, the settlement of the foundation is predicted reasonably well, a 

testament to the primarily shear nature of settlement-generating mechanisms. The domi-

nance of a shear mechanism under the foundation, which was not observed in the experiment 

(as discussed above), is reflected in the deeper bulb of vertical displacements predicted by 

the numerical simulation. 

Despite the above-mentioned shortcomings, the overall comparison between total dis-

placements developed in the liquefiable layer is favorable (Fig. 2.18). The amplitude and the 

geometry of the displacement field is well predicted. The tendency for reduced displacements 

below the center of the foundation is predicted by the numerical analysis, but to a lesser 

extent than in the centrifuge experiment: a shortcoming linked to the predicted shear mech-

anism. Finally, the deeper displacement bulb at the left side of the foundation, which corre-

sponds to accumulated rotation, is also predicted adequately well.  

 

 

Fig. 2.17. Comparison between numerical analysis and centrifuge experiment: accumulated 
vertical displacement contours at the end of the seismic excitation. 
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Fig. 2.18. Comparison between numerical analysis and centrifuge experiment: accumulated 
total displacement contours at the end of the seismic excitation. 

Artificially increased dissipation below the footing 

In order to demonstrate the dominant role of the dissipation phenomena during shaking, and 

the importance of the over-prediction of pore pressures at the bottom of the soil column 

below the footing (P1), a second simulation is performed. The aim is to artificially force the 

pore pressures to dissipate in the area under the footing. To that end, the permeability is 

increased by an order of magnitude within the soil column below the footing. By no means is 

this proposed as a valid option for the realistic simulation of the developing failure mecha-

nism. It is only an exploratory analysis, aiming to confirm the link made to dissipation phe-

nomena for the aforementioned interpretation of the failure mechanism. 

Figure 2.19 compares the simulated pore pressure time histories below the footing (P1 

and P10) to the ones recorded in the centrifuge model test. As expected, the pore pressure 

build-up is decreased for both P1 and P10, with the differences being more pronounced at 

the deeper point (P1), where significant dissipation was observed in the centrifuge experi-
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ment. This drop in pore pressure build-up affects the response of the system and the devel-

oping failure mechanisms. Figure 2.20 illustrates the velocity vectors at���P
L �s�v�ä�x�v���O, for the 

centrifuge experiment (Fig. 2.20a); and the two numerical analyses (Figs 2.20b, c). The failure 

mechanism for the case of the increased permeability below the footing is more similar to the 

one observed in the centrifuge experiment. More precisely, the magnitude of velocity below 

the footing is lower and the observed failure mechanism is shallower (Fig. 2.20c). As shown 

in Fig. 2.21a, the accumulated shear strains at the end of the shaking are now more concen-

trated at the edges of the foundation. Furthermore, the simulated accumulated horizontal 

displacement a (Fig. 2.21b) are now closer to the ones observed in the centrifuge experiment 

(compare with Fig. 2.16). Overall, this simulation confirms the importance of appropriately 

modelling dissipation phenomena in order to capture displacement mechanisms below a 

foundation. 

 

 

 

 

 

Fig. 2.19. Simulation assuming increased permeability: comparison of computed pore pres-
sures (PP) below the structure with those measured in the centrifuge model test.  
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Fig. 2.20. Velocity vectors at �P
L �s�v�ä�x�v s for: (a) centrifuge experiment; (b) numerical simula-
tion; and (c) numerical simulation with increased permeability. 

            

Fig. 2.21. Simulation assuming increased permeability: (a) accumulated shear strain; and (b) 

horizontal displacement contours at the end of the seismic excitation.  
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2.5 Conclusions 

This paper studies the seismic response of a structure founded on a shallow foundation on 

liquefiable sand layer. A coupled hydromechanical analysis was conducted employing the FD 

code FLAC2d, modelling nonlinear soil response with PM4Sand. The model was calibrated 

using carefully executed element tests of Hostun (HN31) sand, conducted at ETH Zurich. The 

calibrated model was then validated against a centrifuge model test that was previously con-

ducted at the University of Cambridge (Adamidis & Madabhushi, 2018). The validation was 

performed following a strict procedure. The assessment was not restricted to the recorded 

acceleration, pore pressure, and settlement time histories, but also extended to the observed 

deformation mechanisms (extracted in the centrifuge test through image analysis).  

Overall, the numerical simulation was shown to be in good agreement with the centri-

fuge experiment. The pore pressure build-up and the final foundation settlement and dis-

placement fields were predicted fairly well. This is particularly encouraging given the strict 

calibration procedure that was followed, which was based on the void ratio of the sand in the 

centrifuge test. All model parameters were directly measured from the conducted classifica-

tion and from element tests. None of the parameters was calibrated arbitrarily aiming to cap-

ture the centrifuge test results, which enhances our confidence on the process. The quality of 

the conducted element tests, on which the calibration was based, is considered of paramount 

importance in this respect.   

Nevertheless, certain limitations of the numerical simulation were also observed. The  

limitation of the constitutive model in predicting the steep increase of pore water pressure 

during the first load cycle, is believed to have played a key role in the observed discrepancies 

in the prediction of settlement evolution. Although the accumulated co-seismic displace-

ments were well reproduced, the failure mechanism, as observed in the centrifuge test, was 

not accurately captured by the numerical analysis. This discrepancy is attributed the numeri-

cal modelling of dissipation-related phenomena. In the numerical analysis, excess pore water 

pressures under the foundation failed to dissipate as fast as in the centrifuge experiment. This 

�]�v�•�]�P�Z�š���Œ���o���š�]�v�P���š�}���š�Z���������(�}�Œ�u���š�]�}�v���u�����Z���v�]�•�u�����}�µ�o�����v�}�š���Z���À�����������v���Œ���À�����o�����U���]�(���]�š���Á���•�v�[�š���(�}�Œ��

the image analysis experimental results. To the best of our knowledge, this is the first time 

that such a comparison is conducted, enhancing the strictness of model validation. 
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Notation 

�D�Ö�à���>�I �? Height of the centre of mass 
�D�ã�â���>
F�? Contraction rate parameter 
�%�Ö���>
F�? Coefficient of curvature 
�%�è���>
F�? Coefficient of uniformity 
�&�9�4���>�I�I �? Mean particle diameter 
�&�å���>
F�? Relative density 
�)�à�Ô�ë�����>�G�L�=�? Small-strain shear modulus 
�)�â���>
F�? Shear modulus coefficient 
�)�æ���>
F�? Specific gravity 
�-�â���>
F�? Lateral earth pressure coefficient at rest 
�-�ê���>�G�2�=�? Fluid bulk modulus 
�A�à�Ô�ë���>
F�? Maximum void ratio 
�A�à�Ü�á���>
F�? Minimum void ratio 
�N�è���>
F�? Pore Water Pressure ratio 
�Ý�é���>
F�? Volumetric Strain 
�é�×���>�/�C���I �7�? Dry mass density 
�é�æ���>�/�C���I �7�? Wet mass density 
�ê�"�é�â���>�G�2�=�? Effective Vertical Stress 
�î �Ö�é�����>�@�A�C�? Critical state friction angle 
�%�4�4���>
F�? Cyclic stress resistance 
�$���>
F�? B value 
�) �����>�G�2�=�? Shear modulus 
�0���>
F�? Loading Cycles 
�2�2���>�G�2�=�? Pore Pressure 
�3�á�4���>
F�? Bolton's constants 
�5���>�I �?�5�? Ratio of the surface to the soil particles volume 
�=���>�C�? Acceleration 
�A���>
F�? Void ratio 
�G���>�I ���O�? Permeability 
�J���>
F�? Porosity 
�P���>�O�? Time 
�S���>�I �? Settlement 
�Û���>
F�? Shear strain 
�Ü���>�@�A�C�? Friction angle at the interface 
�ß���>�?�5�P�? Viscosity  
�ô���>�N�=�@�? Rotation 
�å���>
F�? Poisson ratio 
�æ���>
F�? Damping ratio 
�é���>�/�C���I �7�? Unit weight 
�ì���>�G�2�=�? Shear Stress 
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the original only in terms of layout and formatting: 
Kassas, K., Adamidis, & N. & Anastasopoulos, I. (2021). Shallow strip foundations subjected to 
earthquake-induced soil liquefaction:              validation, modelling uncertainties, and boundary 
effects. Soil Dynamics and Earthquake Engineering, Ahead of print, Available at: 
https://www.sciencedirect.com/science/article/pii/S026772612100141X?via%3Dihub 

 

Abstract 

Despite recent advancements in predicting the response of shallow strip foundations during 

earthquake-induced liquefaction, significant modelling�trelated uncertainties remain, which 

are the focus of this paper. The problem is analysed through coupled hydromechanical anal-

yses, employing an advanced constitutive model. The model is calibrated based only on the 

initial void ratio, and then validated against 6 centrifuge model tests, conducted at the Uni-

versity of Cambridge. Through a strict validation procedure, based on pore pressures, settle-

ment and rotation time histories, as well as deformation mechanisms, the strengths and 

weaknesses of the numerical model are identified. It is shown that final settlement and rota-

tion can be predicted with adequate accuracy, but more work is needed to achieve accurate 

predictions of settlement rate, maximum rotation, and pore pressures in the vicinity of the 

foundation. The numerical model is then used to investigate key modelling uncertainties. Af-

ter revealing the sensitivity to initial soil density and to parasitic vertical acceleration, the ef-

fects of the centrifuge model container and of the distance of lateral model boundaries �:�.�; 

are parametrically investigated. Boundary effects are minimized with a laminar container, 

where a normalized boundary distance �.���&�Å 
R�s is shown to be adequate for all liquefiable 

layer depths �:�&�Å�; examined. The use of a rigid container is proven problematic, as it always 

imposes an unrealistic wave propagation pattern. The use of Duxseal inclusions offers a major 

advantage, allowing accurate reproduction of foundation settlement even with �.���&�Å 
R�s, a 

key conclusion for the design of centrifuge tests.  

 

https://www.sciencedirect.com/science/article/pii/S026772612100141X?via%3Dihub
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3.1 Introduction 

Recent contributions have led to deeper understanding of the key mechanisms control-

ling the response of shallow strip foundations during earthquake-induced liquefaction (Bray 

& Macedo, 2017; Bullock et al., 2019; Adamidis & Madabhushi, 2020). Despite such advance-

ments, the accurate prediction of liquefaction-induced settlement and rotation remains chal-

lenging, due to a number of persisting uncertainties. Besides the inherent uncertainties in 

defining the input seismic motion and soil parameters, the problem is sensitive to a number 

of modelling�trelated uncertainties.  

Numerical modelling of foundation�tstructure systems during earthquake-induced liq-

uefaction  requires nonlinear deformation analyses (NDAs), employing advanced fully-cou-

pled constitutive models that can capture the nonlinear stress-strain response of liquefiable 

soil (e.g., Bullock et al. 2018; Bray & Macedo, 2017; Tasiopoulou & Chaloulos, 2019). Such 

advanced constitutive models typically contain a large number of model parameters, requir-

ing extensive soil element testing for proper calibration. Centrifuge modelling can then be 

used as a benchmark for model validation.  

However, validation against a single experimental result is not sufficient. Different geo-

metrical and loading characteristics may lead to the development of different stress-paths, 

resulting to significantly different deformation mechanisms. The ability of a constitutive 

model to successfully reproduce one specific centrifuge model test cannot guarantee its suc-

cess when modelling a different case, with different geometry or loading conditions. Hence, 

before conducting parametric studies, thorough validation against centrifuge test results of 

varied boundary value problems is essential.   

Centrifuge model tests offer valuable insight to the studied problem and are widely ac-

cepted as validation benchmarks. However, physical modelling also has certain limitations 

���v���� �]�•���v�}�š���^�]�u�u�µ�v���_��to modelling uncertainties. For instance, centrifuge-mounted shakers 

tend to produce parasitic input motions, which are typically ignored. Moreover, the realised 

material parameters (e.g., soil density �é and saturation degree���5�å) may deviate from the tar-

geted values, a source of error that is often not considered. The soil properties in a centrifuge 

model are prone to spatial variability, even within the same soil layer (Popescu & Prevost, 

1995; Zhang, et al. 2008). Many researchers have attempted to quantify the extent of the 
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�•�}�]�o�[�•���•�‰���š�]���o���v�}�v-uniformity in centrifuge model testing. Li et al., (2005) developed an electri-

cal resistivity needle probe, capable of assessing with high-resolution the spatial variability of 

soil electrical resistivity. They reported a coefficient of variation (COV) in terms of porosity in 

the range of 1-4 % for loose sand, and 1-6 % for dense sand. Similarly, Bolton et al., (1999), 

examined the spatial non-uniformity of centrifuge models through in-flight cone penetration 

testing. They observed that the COV in terms of tip resistance, void ratio and normalized cone 

resistance varies between 2-15% in the vertical direction. 

 Compared to the laterally infinite soil layer of the prototype, the boundary effects cre-

ated by the rigid and smooth sidewalls of a model container lead to strain and stress dissimi-

larities and generation of P-waves (Zeng & Schofield, 1996). In order to alleviate these issues, 

flexible-boundary containers (e.g., flexible laminar container �t LC, equivalent shear beam �t 

ESB) have been used in centrifuge modelling (Brennan & Madabhushi, 2002; Zeng & Schofield, 

1996). Lee et al. (2012) investigated the boundary effects introduced by a laminar container 

on the acceleration and pore pressure generation of a saturated sand deposit. They concluded 

that the acceleration is not affected by the boundaries at a distance of one-twentieth of the 

model length from the sidewalls. The required distance for the pore pressure was 5 times 

larger. 

Before evaluating the efficacy of numerical modelling techniques (and proceeding with 

parametric studies), the effect of such modelling uncertainties should be identified and quan-

tified, which is the main scope of this paper. Initially, 6 different centrifuge model tests, con-

ducted at the University of Cambridge (Adamidis & Madabhushi, 2018) with variable geome-

tries and foundation bearing pressures, are numerically analysed. The analyses are conducted 

employing the fully-coupled constitutive model PM4Sand (Boulanger & Ziotopoulou, 2017), 

as implemented in the finite difference (FD) code FLAC (Itasca, 2016). The constitutive model 

is thoroughly calibrated based on soil element tests, conducted at the ETH Zurich (ETHZ) ge-

otechnical laboratory (Kassas et al., 2020).  

The validation is not restricted to pore pressure build-up and foundation settlement and 

rotation, but extends to deformation mechanisms, captured in the centrifuge tests through 

image analysis (Adamidis & Madabhushi, 2018). Modelling and calibration are identical for all 

6 centrifuge tests. The calibration is strictly based on the void ratio���:�A�;, without any effort to 
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�^�(�]�v��-�š�µ�v���_���u�}�����o���‰���Œ���u���š���Œ�•���š�}�������š�š���Œ���u���š���Z���š�Z���������v�š�Œ�]�(�µ�P�����š���•�š�•�X���d�Z�]�•���]�•�������(�]�Œ�•�š���l���Ç�����}�v�š�Œ�]�r

bution of the paper, which allows in-depth assessment of sensibly calibrated numerical sim-

ulations versus a range of centrifuge experiments.  

The second key contribution is the use of the thoroughly and consistently (but not per-

fectly) validated numerical model to investigate the effect of physical modelling uncertainties 

and boundary effects. The sensitivity to uncertainties related to soil density and input motion 

is examined, and the effect of boundary conditions imposed by different types of centrifuge 

containers is identified. The quantification of the influence of lateral boundaries in function 

of their type and distance to the structure is considered of importance to centrifuge model-

lers, allowing for optimized design of future experiments, but also to numerical modellers 

simulating such experiments for validation purposes.  

3.2 Centrifuge model testing 

The carefully calibrated constitutive model is employed to numerically simulate 6 centrifuge 

tests, that modelled the seismic response of a plane strain structure with shallow strip foun-

dation resting on liquefiable sand. By comparing the numerical predictions to the centrifuge 

test results, the reliability of the constitutive model is assessed, offering insights on the sen-

sitivity of the numerical analysis to key model parameters and setting the base for future 

parametric studies. The combined numerical and experimental study offers deeper under-

standing of the mechanisms leading to foundation settlements. Moreover, the extended val-

idation against 6 experiments with different geometry, density, stress fields, and shear load-

ing offers an opportunity for more thorough assessment of the strengths and weaknesses of 

numerical predictions. 

Experimental setup 

The centrifuge model tests were conducted on the Turner Beam Centrifuge of the Schofield 

Centre at the University of Cambridge (Adamidis & Madabhushi, 2018). Figure 3.1a presents 

a typical cross-section of a centrifuge model test. In all tests, a rigid structure was supported 

on a shallow foundation of width���$ 
L �v�ä�x�w m (in prototype scale), having an aspect ratio 

���D�Ö�à �$�¤ 
L �r�ä�w�z (where ���D�Ö�à is the height of the center of mass). The models were prepared 

by air pluviation of Hostun HN31 sand in a rigid container (equipped with a Perspex window) 

and tested at 50 g. As outlined Table 3.1, 6 centrifuge tests are considered, with different 

liquefiable layer depths �:�&�Å�;, and different bearing pressures �:�M�;.  
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Fig. 3.1. (a) Typical cross-section of centrifuge test; (b) outline of numerical model; and (c) 
seismic input velocities. 

The fluid viscosity was scaled using a de-aired aqueous hydroxypropyl methylcellulose 

solution, prepared according to Adamidis & Madabhushi (2015) to be 50 times more viscous 

than water, in order to render dynamic and pressure dissipation time scaling compatible. Im-

ages captured through the Perspex window using a high frame rate camera were used for 

Particle Image Velocimetry analysis (White et al., 2003), from which displacement fields were 

produced. Nevertheless, the use of a rigid container inevitably introduced boundary effects, 

which were alleviated using a material called Duxseal (Parker Hannifin Corporation, 2013) at 

the lateral model boundaries. Its effectiveness has been examined by Steedman & Madabhu-

shi (1991), who concluded that it is able to absorb about 65% of incident wave energy for P 

and S waves. As illustrated in Fig. 3.1c, the instrumentation included miniature pore pressure 

transducers (PPT), piezoelectric accelerometers (ACC), micro-electromechanical system ac-

celerometers (MEMS), and linear variable displacement transducers (LVDT). More details on 

the experimental setup can be found in Adamidis (2017). 
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Table 3.1. Key parameters of the 6 centrifuge model tests. 

�d���^�d��
�/�� 

�s�}�]�����Œ���r
�š�]�} 

�E�}�Œ�u���o�]�•������
�����‰�š�Z 

�E�}�Œ�u���o�]�•���������}�µ�v���r
���Œ�Ç 

�������Œ�]�v�P���W�Œ���•�r
�•�µ�Œ���� 

�s�]�•���}�•�r
�]�š�Ç 

  �A �:
F�; �&�Å �$�¤  �. �&�Å�¤  �M �:�G�2�=�; �ß �:�?�5�P�; 

�K���ì�ð �ì�X�ô�î�ñ �î�X�ñ �ì�X�ó �ñ�ì �ñ�î 
�K���ì�ñ �ì�X�ô�ï�ô �î�X�ñ �ì�X�ó �í�ì�ì �ð�õ 
�K���ì�ò �ì�X�ó�ô�ô �í �í�X�ô �ñ�ì �ð�ñ 
�K���ì�ó �ì�X�ô�î�í �í �í�X�ô �í�ì�ì �ñ�ñ 
�K���ì�ô �ì�X�ô�ð�í �ì�X�ñ �ï�X�ò �ñ�ì �ð�ó 
�K���í�ì �ì�X�ô�ð�î �ì�X�ñ �ï�X�ò �í�ì�ì �ð�ó 

* �$ 
L �v�ä�x�w���I  

 

3.3 Numerical Modelling of Centrifuge Tests 

Fully-coupled, effective stress, time history numerical analyses are performed in the FD code 

FLAC 8.0 (Itasca 2016) employing the PM4sand (Version 3.1) constitutive model (Boulanger & 

Ziotopoulou (2017). Figure 3.1b depicts the FD mesh, model geometry, interface and water 

table location. Duxseal is modelled as linear elastic, with its permeability set 100 times lower 

than that of the adjacent soil. Following Popescu & Prevost (1993), the Duxseal �z�}�µ�v�P�[�•���u�}���r

ulus is set to  �' 
L �z�r�r���G�2�=, �]�š�•�� �W�}�]�•�•�}�v�[�•�� �Œ���š�]�}���å��
L �r�ä�v�x, and its mass density �é
L

�s�ä�x�w���/�C���I �7. The boundary conditions imposed by the rigid container are accounted for by 

applying the seismic excitation at the bottom and edge nodes of the FD model, using a velocity 

time history that corresponds to the acceleration trace that was measured at the base of the 

centrifuge container. The bottom nodes are fixed in the vertical direction, while the side 

nodes are free. The input motions for the 6 centrifuge model tests are presented in Fig. 3.1c. 

In all cases considered, the width and height of the structure are 4.65 m and 5.36 m, 

respectively.  They are modelled using linear elastic beam elements of mass density���é, 

�z�}�µ�v�P�[�•���u�}���µ�o�µ�•���' , cross section area���#, and moment of inertia���+. A fine assembly of beam 

elements is adopted in this paper, which leads to a more accurate prediction of the structural 

rotation than the coarser beam assembly that was used for the numerical modelling of the 

OA06 centrifuge experiment in Kassas et al. (2020). The properties of the beam elements are 

adjusted to match the bearing pressure of the respective centrifuge test (Table 3.1). In the 
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centrifuge experiments, the fixed-base frequency of the structure was selected to be higher 

than that of the input motion, promoting a rigid-body type of response (Adamidis & 

Madabhushi, 2018). This is maintained in the numerical analyses, setting a large enough stiff-

ness to the structure to promote rigid-body response. A frictional soil-foundation interface is 

introduced, allowing for sliding and separation. The foundation width is discretized using 20 

elements, while the friction angle at the interface is set to���Ü��
L �t�z�ä�z�� , following  measure-

ments using the direct shear apparatus (Adamidis, 2017).   

Following the recommendations of Boulanger & Ziotopoulou (2017), Rayleigh damping 

is set to 0.5% at a center frequency of 1Hz, which is the dominant frequency of the input 

motion. The PostShake Flag parameter of PM4sand is enabled after strong shaking (20 s) to 

improve modeling of post-liquefaction reconsolidation strains, as suggested by Ziotopoulou 

(2016). Large deformations and second order effects are accounted for, by automatically up-

dating mesh node coordinates after each analysis step. 

Constitutive model calibration 

The seismic response of fully saturated Hostun (HN31) sand is simulated using the 

plane-strain, critical stress compatible, bounding surface plasticity model PM4Sand, Version 

3.1 (Boulanger & Ziotopoulou, 2017). The model has been developed for geotechnical earth-

quake engineering applications, following the framework of the DM04 model (Dafalias & 

Manzari, 2004). PM4sand has been shown to be capable of predicting soil behavior under 

cyclic loading at different relative densities, under different confining pressures and stress 

paths. A detailed description of model formulation and its modifications can be found in 

Ziotopoulou & Boulanger (2013) and Ziotopoulou & Boulanger (2016).  

Accurate modelling of cyclic soil response is key for the successful simulation of centri-

fuge model tests. PM4Sand comprises 27 input parameters, of which 6 are considered pri-

�u���Œ�Ç�U���î�����Œ���������(�]�v���������•���^�(�o���P�_���‰���Œ���u���š���Œ�•�U�����v�����î�í�����•���•�����}�v�����Œ�Ç���‰���Œ���u���š���Œ�•�X���d�Z�����‰�Œ�]�u���Œ�Ç���‰���r

rameters include the apparent relative density���:�&�å�;, the small-strain shear modulus coeffi-

cient���:�)�â�; that controls the small strain shear modulus ���:�)�à�Ô�ë�;, and the contraction rate pa-

rameter���:�D�ã�4�;, which can be adjusted to obtain the cyclic resistance ratio �:�%�4�4�;. Preset val-

ues can be used for the secondary parameters, or they can be calibrated using experimental 
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data. The calibration procedure followed here is based on an extensive element testing data-

base, with the full process reported in Kassas et al. (2020). The key calibration parameter for 

each centrifuge model test is the initial void ratio���:�A�;.  

Table 3.2 summarizes the calibration methodology for Hostun (HN31) sand, considering 

the void ratio of the centrifuge model test that is to be numerically simulated. The small-strain 

shear modulus coefficient���:�)�â�; is calculated for the desired void ratio using the analytical ex-

pression of Azeiteiro (2017) for the small strain shear modulus of Hostun (HN31) sand 

���:�)�à�Ô�ë�;, validated against bender element tests conducted at ETHZ (Kassas et al., 2020):  

�)�à�Ô�ë
L �t�{�u�r�r
�:�6�ä�=�;�?�Ø�;�.

�5�>�Ø
�B

�ã�ò

�5�4�4
�C
�4�ä�8�=

�����:�G�2�=�;       (3.1) 

The contraction rate parameter���:�D�ã�â�; (Table 3.3) is adjusted to obtain the target cyclic 

resistance ratio���:�%�4�4�;. Bolton (1986) critical state constants are estimated as �3 
L �z�ä�v 

and���4 
L �r�ä�y�z based on triaxial test results. The permeability �:�G�; is calculated using the ana-

lytical expression of Kozeny-Carman, which was shown by Adamidis et al. (2019) to offer good 

results for Hostun sand:  

�G
L
�� �â �Ú

��

H

�5

�¼�´�¼

H

�5

�Ì �.

H

�Ø�/

�5�>�Ø
�����@

�à

�æ
�A         (3.2) 

where: �%�¼�Ä is an empirical coefficient; and �5 �š�Z�����Œ���š�]�}���}�(���•�µ�Œ�(���������š�}���•�}�]�o���‰���Œ�š�]���o���•�[���À�}�o�µ�u���X 

Table 3.2. Definition of model parameters and calibration sources. 

Parameter Meaning Source 
�A���:
F�; Void ratio measured 
�J���:
F�; Porosity �A���:�s
E�A�; 
�)�Ì ���:
F�; Specific gravity measured 
�é�×���:�/�C���I �7�; Dry mass density �)�Ì �é�ê���:�s
E�A�; 
�é�æ (Mg/m3) Wet mass density �é�ê�:�)�Ì 
E�A�;�����:�s
E�A�; 
�A�à�Ü�á �:
F�; Minimum void ratio measured from �A�à�Ü�á��test 
�A�à�Ô�ë���:
F�; Maximum void ratio measured from �A�à�Ô�ë test 
�&�å���:�¨ �; Relative density �:�A�à�Ô�ë
F �A�;���:�A�à�Ô�ë
F �A�à�Ü�á�; 
�)�â���:
F�; Shear modulus coefficient �t�{�u
H�:�t�ä�{�y
F �A�;�6�������:�s
E�A�; 
�D���ã�4�:
F�; Contraction rate parameter fitting targeted CRR curves 
�î �Ö�é���:���K�; Critical state friction angle drained triaxial tests 
�-�4���:
F�; Lateral earth pressure coefficient at rest �s
F �O�E�J�:�î �Ö�é�; 
�å���:
F�; Poisson ratio �-�4���:�s
E�-�4�; 
�3���:
F�; Bolton's constant drained triaxial tests 
�4���:
F�; Bolton's constant drained triaxial tests 
�G���:�I ���O�; Permeability �t�ä�{�t��
H���s�r�?�7��
H���A�7���:�s
E�A�; 
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The cyclic stress resistance curve for each centrifuge model test is calculated as a func-

tion of the initial void ratio (�A) and number of cycles to liquefaction���:�0�;:  

�%�4�4
L �:
F�s�ä�r�y�z�A
E�s�ä�s�s�v�;�0�:�4�ä�5�;�=�Ø�?�4�ä�7�7�4�;        (3.3) 

This equation was produced from constant volume simple shear tests of Hostun HN31 

sand samples with initial vertical effective stress �ê�"�é�â =���s�r�r���G�2�= (Kassas et al., 2020). Figure 

3.2 presents the ���Ç���o�]�����•�š�Œ���•�•���Œ���š�]�}���À���Œ�•�µ�•���v�µ�u�����Œ���}�(�����Ç���o���•���Œ���‹�µ�]�Œ�������(�}�Œ���o�]�‹�µ���(�����š�]�}�v���(�}�Œ���š�Z����

�À�}�]�����Œ���š�]�}�����}�Œ�Œ���•�‰�}�v���]�v�P���š�}���������Z���}�(���š�Z�����•�]�Æ���•�]�u�µ�o���š�����������v�š�Œ�]�(�µ�P�����u�}�����o���š���•�š�•�U�����•���‰�Œ�}���µ���������µ�•�r

�]�v�P��Eq. 3.3. 

Table 3.3. Contraction rate parameter ���:�D�ã�4�; for the 6 centrifuge model tests. 

�d���^�d���/�� �K���ì�ð �K���ì�ñ �K���ì�ò �K���ì�ó �K���ì�ô �K���í�ì 

���}�v�š�Œ�����š�]�}�v���Œ���š���� 
�‰���Œ���u���š���Œ�����:�D�ã�4�; 

0.08 �ì�X�í�î �ì�X�ì�ð �ì�X�ì�ô �ì�X�í�î �ì�X�í�î 

 

 

Fig. 3.2. Cyclic stress ratio versus number of cycles required for liquefaction for the six centri-
fuge model tests. 

3.4 Assessment of numerical simulations 

The numerical prediction is compared to the centrifuge test results in terms of settlement 

and rotation of the structures, pore pressure build-up, as well as the deformation mechanisms 
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that develop within the liquefiable layer. Both the calibration methodology and the simula-

tion technique are exactly the same for all cases examined. The numerical methodology is 

assessed for three different liquefiable layer depths �:�&�Å 
L �r�ä�w�á�s�ä�r�á�t�ä�w
H�$�; and two levels 

of bearing pressure���:�M
L �w�r�á�s�r�r���G�2�=�;. 

Pore water pressure build-up 

Figures 3.3 and 3.4 present the comparison between the computed pore water pressure time 

histories and those measured in the centrifuge experiments, at the free-field and below the 

structure, respectively. The comparison is presented for all 6 centrifuge tests, corresponding 

to two levels of bearing pressure���:�M
L �w�r�á�s�r�r���G�2�=�; and three liquefiable layer depths 
L

�r�ä�w�á�s�ä�r�á�t�ä�w
H�$�;. For all cases examined, the numerical analysis predicts adequately well the 

developed pore-water pressures at the free-field (Fig. 3.3). Both the initial build-up and the 

maximum values of pore water pressures are predicted satisfactorily, irrespective of���&�Å. In 

the experimental time-histories, there is more significant co-seismic excess pore water pres-

sure dissipation than what is predicted by the numerical analysis. 

 

Fig. 3.3. Comparison of computed to experimental free field pore water pressures for all 6 
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centrifuge tests. 

The numerical predictions of pore water pressure build-up under the structure are less 

accurate (Fig. 3.4). The numerical analysis captures adequately well the pore water pressures 

directly below the footing (P3) only for the deep �:�&�Å ���¤ 
L �t�ä�w�; layer. At this location, the ini-

tial (for ���P
O�w�O) drop of pore water pressure is due to dilation and is well-predicted for both 

bearing pressures examined (�M
L �w�r�G�2�=, OA04; and �M
L �s�r�r�G�2�=, OA05). The discrepancies 

between analysis and experiment are more pronounced for deeper locations (P2 and P1). 

With the progression of seismic shaking (�P
R�w�O), the excess pore water pressure is partly 

dissipated in the experiments, a phenomenon that is not captured by the numerical analysis. 

The numerical predictions are less accurate for intermediate���:�&�Å ���¤ 
L �s�ä�r�á OA06 and OA07�; 

and shallow �:�&�Å �$�¤ 
L �r�ä�w�á OA08 and OA10�; layers, both in terms of initial pore water pressure 

build-up and to its subsequent, co-seismic dissipation.  

 

Fig. 3.4. Comparison of computed to experimental pore pressures under the structure for all 
6 centrifuge tests.  

The inferior prediction of the initial abrupt increase of pore water pressures is at-

tributed to the lower excess pore pressures predicted by the constitutive model during the 
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initial load cycles (Kassas et al., 2020). As discussed later on, this discrepancy is also reflected 

in the reduced accumulation of settlement during the initial load cycles (Fig. 3.5, 3.9). The 

discrepancies with respect to co-seismic pore water pressure dissipation (observed for all 

cases examined) are attributed to the inherent inability of the constitutive model to accu-

rately predict plastic volumetric strains (Ziotopoulou & Boulanger, 2013). Another potential 

source of error is the modelling of the potentially complicated fluid flow at the soil-foundation 

interface. In the numerical simulations, the potential for fluid flow along the interface and the 

consequent localized material transfer were not taken into account. 

Settlement�trotation �:�• ���� ���Ö�; response 

Figure 3.5  compares the numerically predicted settlement�trotation �:�S���� ���ô�; response to the 

experimentally measured. With the exception of the lightly-loaded �:�M
L �w�r�G�2�=�; structure 

lying on a shallow �:�&�Å �$�¤ 
L �r�ä�w�;��layer (test OA08) and the heavily-loaded �:�M
L �s�r�r�G�2�=�; 

structure lying on the intermediate deep �:�&�Å �$�¤ 
L �s�ä�r�;��layer (test OA07), the final settlement 

is predicted sufficiently well. With the exception of the shallow layers �:�&�Å �$�¤ 
L �r�ä�w�;�á��the nu-

merical predictions are reasonably conservative, over-estimating (not to a large extent) the 

final foundation settlement.  
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Fig. 3.5. Comparison of computed to experimental settlement�trotation �:�S���� ���ô�; response for 
all 6 centrifuge tests. 

Looking closer at the evolution of settlements during shaking, the discrepancies are 

more pronounced. The analysis significantly under-predicts the settlement during the first 

load cycle, while a slight over-prediction is observed for later load cycles. The under-predic-

tion during the first cycles of loading can be linked to the inability of the constitutive model 

to capture the abrupt drop of initial effective stresses (Kassas et al., 2020).  A related phe-

nomenon is the sudden reorientation of sand grains during initiation of shear loading, which 

is difficult to be reproduced in the framework of continuum mechanics. The potential spatial 

variability of soil properties in the centrifuge experiment and the imperfect contact between 

the footing and the ground surface are not accounted for in the numerical model, where a 

uniform and perfectly symmetric soil layer is assumed. The over prediction of co-seismic set-

tlements is attributed to the lower cyclic stress resistance predicted by the model after the 

first ten load cycles, compared to the corresponding soil element tests. The latter is related 
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to the calibration of the constitutive model, in which it was not possible to capture the tar-

geted shear stress resistance over a wide range of loading cycles. This led to over-prediction 

of the cyclic shear resistance before the first ten load cycles, and to its under-prediction in the 

following load cycles (Kassas et al., 2020). 

The evolution of rotation is also predicted with non-negligible discrepancies. With the 

exception of test OA04, the rotational oscillation amplitude was experimentally observed to 

increase with subsequent load cycles. Although the numerical analysis reproduced the trend 

for test OA04, higher levels of rotational oscillation than those experimentally recorded were 

predicted for all deep and intermediate layers examined. This discrepancy was reversed for 

the shallow layers �:�&�Å �$�¤ 
L �r�ä�w�;, where the experimentally recorded rotational amplitude 

was higher than the numerical prediction. The discrepancies for the deep and intermediate 

layers can be attributed to the previously discussed under-prediction of excess pore water 

pressures below the structure in the beginning of shaking. In the experiments, the larger ex-

cess pore water pressures developing below the foundation led to more pronounced soften-

ing of the soil beneath, limiting the acceleration transmitted to the structure, consequently 

leading to lower magnitude of rotation at the beginning of the motion. The higher amplitude 

of rocking oscillations that is predicted later can be attributed to the difference in the defor-

mation mechanism between physical and numerical modelling, as shown in Kassas et al. 

(2020).  

Furthermore, the imperfect soil-foundation interface and the progressive embedment 

of the foundation, which was observed in the centrifuge experiments, but cannot be accu-

rately modelled in the numerical simulation may lead to some discrepancies. At this point, it 

should be pointed out that in some centrifuge experiments (OA07, OA10) the structure had 

accumulated a small amount of rotation before the seismic shaking was imposed. This initial 

tilt is not included in the numerical simulations. 

The numerically predicted final settlements are compared to the experimentally meas-

ured for all cases examined in Fig. 3.6 (left), along with settlement estimations according to 

simplified methodologies. Table 3.4 presents the required parameters for the aforemen-

tioned simplified prediction methods. Given the very thorough calibration process and the 

higher level of sophistication, it is not surprising that the numerical analysis offers the best 

results. However, certain simplified predictions perform better than others. The methods of 

Tokimatsu & Seed (1987) and, often used in practice, consistently under-predict  (except one 
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case) the measured settlement. This is also no surprise, as these methods were developed for 

prediction of free-field settlements, capturing the volumetric contraction of soil. They cannot 

accurately predict  structural settlement, which is primarily due to shear mechanisms (Dashti 

& Bray 2013; Adamidis & Madabhushi 2018).  

  

Fig. 3.6. Comparison between experimentally measured and predicted foundation settlement 
(left); and final rotation (right). The numerical simulations of the current study are also com-
pared to simplified methods from the literature. 

The method of Bertalot et al. (2013), developed for the estimation of an upper- bound 

of liquefaction-induced settlement of structures on shallow foundations, performed much 

better, indeed offering an upper bound estimate of settlement for all cases examined.  

In Fig. 6 (right), the numerically predicted residual foundation rotations are compared 

to the experimentally measured for all cases examined. Additionally, the rotation estimation 

according to the simplified methodology of Adamidis & Madabhushi (2020) is presented, 

which offers predictions of maximum rotation and conservative estimations of residual rota-

tion for �&�Å �$�¤ 
Q�s. The sophisticated numerical simulation does not seem to outperform the 

simplified method. ̈

Table 3.4. Key required parameters for the four presented simplified. 

Settlement Prediction Method                               Parameters 

Tokimatsu & Seed (1987) �Ù�à�Ô�ë�á�&�Å�á�&�Ë�á�/  

Ishihara & Yoshimine (1992) �&�Å�á�&�Ë�á�(�ß 
Bertalot et al. (2013) �$�á�&�Å�á�M 
Adamidis & Madabhushi (2020) �-�Ë�á�Ø�ß�á�D�Ö�à�á�#�:�P�;�á�+�È�á�I  

 



3. Shallow strip foundations subjected to earthquake-induced soil liquefaction: validation, modelling uncertainties, and 
boundary effects 

 

62 
 

Deformation mechanisms 

Figures 3.7 and 3.8 compare the numerical predictions to the experimental results in 

terms of contours of total shear strain at the end of shaking, for the centrifuge tests with 

bearing pressure �M
L �w�r and �s�r�r �G�2�= respectively. Overall, the numerical simulation suc-

cessfully predicts the concentration of shear strains below the foundation edges and in the 

adjacent soil towards the free field. With the exception of experiment OA06 (Fig. 3.7), the 

shearing observed directly below the foundation is also predicted reasonably well. Particu-

larly for experiment OA04, the numerical simulation captures the limited amplitude of shear-

ing bellow the foundation (Fig. 3.7), due to the reduced amplitude of rocking oscillation, that 

is also predicted adequately well (Fig. 3.5). 

The reliability of the numerically calculated deformation mechanisms depends on the 

depth of the liquefiable layer. For intermediate �:�&�Å ���¤ 
L �s�ä�r�;��and shallow �:�&�Å ���¤ 
L �r�ä�w�;��lay-

ers, significant shear strains are predicted deep below the foundation, close to the base of 

the layer, which were not observed in the centrifuge model tests. This is related to the nu-

merical prediction of increased excess pore water pressures in these locations, leading to 

more significant soil softening and larger shear strains. On the contrary, in the case of the 

deep layer �:�&�Å ���¤ 
L �t�ä�w�;, where the pore water pressure generation below the foundation is 

captured more adequately, the calculated mechanism is similar to the one experimentally 

observed.  

In the deep layer �:�&�Å �$�¤ 
L �t�ä�w�;, boundary effects are significant, as evidenced by the 

shear strains numerically calculated at the model edges, in the immediate vicinity of the Dux-

seal inclusions. This behavior could not be directly observed in the centrifuge experiments 

due to the limited area monitored by the camera, which did not encompass the entire model. 

However, Adamidis & Madabhushi (2018) derived the same conclusion, based on the magni-

tude of displacements that reached the boundaries of the monitored soil.  
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Fig. 3.7. Contours of total shear strain at the end of shaking for the thee centrifuge model 
tests with bearing pressure���M
L �w�r �G�2�=: comparison of experimental measurement (left) to 
numerical prediction (right). 

Particularly interesting is the depth of the  deformation mechanism predicted in the 

case of the deep layer �:�&�Å �$�¤ 
L �t�ä�w�;. The mechanism computed for experiment OA05 is more 

shallow than for experiment OA04. Adamidis & Madabhushi (2018) also reported a shallower 

mechanism for the heavily-loaded structure (OA05), though it seems that the numerical pre-

diction is even shallower, as implied by the pore water pressure prediction at P1 (Fig. 3.4). 

The choice of a rigid centrifuge container, which despite the Duxseal inclusions did not allow 

the lower part of the soil layer to shear sufficiently, in combination with the localization of 

strains due to the higher amplitude of rocking oscillation in experiment OA05 (Fig. 3.5), are 

responsible for the prediction of a more shallow mechanism.  

Despite the aforementioned discrepancies, the numerical simulations reproduce suc-

cessfully some of the key aspects of the problem. Both the final rotation and settlement are 

predicted with reasonable accuracy. Unsurprisingly, the numerical simulation outperforms all 
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of the examined simplified methods for settlement prediction (Fig. 3.6). However, the rate of 

settlement is not predicted with great success (Figs. 3.3, 3.10), and the maximum rotation is 

over-predicted for most of the cases examined. The excess pore water pressures are accu-

rately predicted in the free field (Fig. 3.3), but less successfully below the foundation (Fig. 

3.4), especially for shallow layers. Finally, the deformation mechanisms are reasonably repro-

duced and the boundary effects in the case of deep layers are rightly identified (Fig. 3.7, 3.8).  

 

Fig. 3.8. Contours of total shear strain at the end of shaking for the thee centrifuge model 
tests with bearing pressure �M
L �s�r�r �G�2�=: comparison of experimental measurement (left) to 
numerical prediction (right). 

3.5 Physical Modelling Uncertainties 

Model validation against centrifuge tests requires careful and consistent calibration. The pre-

viously discussed validation against 6 centrifuge tests was performed consistently, without 

���v�Ç���^�(�]�v��-�š�µ�v�]�v�P�_���}�(�������o�]���Œ���š�]�}�v���‰���Œ���u���š���Œ�•���š�}���]�u�‰�Œ�}�À�����‰�Œ�����]���š�]�}�v�•�X���d�Z�����À���o�]�����š�]�}�v���]�•���v�}�š���‰���Œ�r

fect, and the key factors leading to the observed discrepancies were identified and discussed. 

However, in addition to the limitations of any constitutive model, there are also physical mod-
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elling uncertainties that may affect the results of such a validation process. These uncertain-

ties are related to material properties, input motion characteristics, and boundary conditions. 

This section explores the sensitivity of the results to such uncertainties.  

Sand Relative Density 

The element tests for the characterization of Hostun HN31 sand and the constitutive model 

calibration were conducted at ETHZ (Kassas et al., 2020), with the sand acquired from the 

same provider as for the University of Cambridge centrifuge model tests (Adamidis, 2017). 

Figure 3.9 illustrates the limiting void ratios �:�A�à�Ü�á�á�A�à�Ô�ë�; of the studied sand, according to 5 

different published studies, and compares them to the ones measured at ETHZ according to 

ASTM D4253-00 (2006) and ASTM D4254-00 (2006). Regarding �A�à�Ü�á, it was found that a 

denser state could be achieved by air pluviation through sieves.  

 

Fig. 3.9. Published and measured at ETHZ limiting void ratios �:�A�à�Ü�á�á�A�à�Ô�ë�; of Hostun HN31 
sand, along with the resulting variability in relative density���:�&�å�;��for test OA05 �:�A
L �r�ä�z�u�z�;. 

As shown in Fig. 3.9, the reported limiting void ratios exhibit a considerable range. For 

example, in the case of experiment OA05 �:�A
L �r�ä�z�u�z�;, differences in estimation of �A�à�Ü�á�����v�� 

�A�à�Ô�ë lead to a range of estimated relative density �&�å from 38% to 56% �t a difference of 19%. 

This is critical in numerical modelling with the PM4sand constitutive model, where relative 

density �:�&�å�;, rather than void ratio  �:�A�;, is used as an input parameter. �&�µ�Œ�š�Z���Œ�u�}�Œ���U�����}�v�•�]���r

���Œ�]�v�P���š�Z���š�����v�����Œ�Œ�}�Œ���]�v���š�Z�������•�š�]�u���š�]�}�v���}�(���&�å is also possible, �]�v���‰���Œ�š�]���µ�o���Œ���]�v���š�Z���������v�š�Œ�]�(�µ�P�����u�}�����o��
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�š���•�š�•�����µ�š�����o�•�}���]�v���š�Z�������o���u���v�š���š���•�š�•�U�������•���v�•�]�š�]�À�]�š�Ç�����v���o�Ç�•�]�•�������•�������}�v���š�Z�����]�v�]�š�]���o���Œ���o���š�]�À���������v�•�]�š�Ç���}�(��

�������Z���u�}�����o���š���•�š���]�•�����}�v���µ���š�����U�����•�•�µ�u�]�v�P���š�Á�}�������•���•���Á�]�š�Z���]�v�]�š�]���o���&�å���Œ���v�P�]�v�P��
G���v���¨ .  

Figure 3.10 shows that the prediction of settlement �:�™�;��is very sensitive to the assumed 

relative density �&�å, with the 
G���v���¨  range examined leading �š�}���•�]�P�v�]�(�]�����v�š�������À�]���š�]�}�v�•�X���/�v�š���Œ���•�š�r

�]�v�P�o�Ç�U�� �š�Z���� �•���š�š�o���u���v�š�� �Œ���•�‰�}�v�•���� �}�(�� �š���•�š�� �K���ì�ò�� ���‰�‰�����Œ�•�� �š�}�� ������ �u�}�Œ�����•���v�•�]�š�]�À���� �š�Z���v�� �š�Z���š�� �}�(�� �š�Z����

�Œ���u���]�v�]�v�P���š���•�š�•�X���d�Z�]�•�������v�����������š�š�Œ�]���µ�š�������š�}���š�Z�����(�����š���š�Z���š���šhe cyclic strength resistance predicted 

by PM4sand is not a linear function of the initial �&�å.  In this specific test �:�A
L �r�ä�y�z�z�;, the 

initial �&�å��is higher in comparison to other tests, and hence the sensitivity to the predicted soil 

cyclic shear strength is also higher. 

 

Fig. 3.10. Sensitivity of predicted settlement �:�S�; to the assumed relative density �:�&�å�;: com-
parison of numerical predictions to experimental measurements for the 6 centrifuge model 
tests.  

Duxseal boundaries 

Another significant source of uncertainty are the properties of the Duxseal material. In the 

absence of more detailed characterization, the Duxseal material was modelled as linear elas-

tic, as proposed Popescu & Prevost (1993). However, the assumption of linear elastic re-

sponse is not necessarily accurate. Especially at larger depths, where the developing lateral 

stresses transmitted to Duxseal are higher, its response may very well be nonlinear, leading 
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to non-negligible boundary effects. To explore the uncertainty in the properties of Duxseal as 

well as the effect of potential nonlinearity, a sensitivity analysis is conducted, varying the elas-

ticity modulus of the Duxseal material �:�' �½�Î�Ñ�; from half �:�v�r�r���G�2�=�; to double �:�s�x�r�r���G�2�=�; of 

the initial estimate �:�z�r�r���G�2�=�;�ä  

Fig. 3.11a summarizes the results of the sensitivity analysis in terms of the final co-seis-

mic settlement. As one might expect, the response is more significantly affected for the 

deeper �&�Å���$ 
L �t�ä�w����layers (OA04 and OA05), where larger lateral stresses are transmitted to 

the Duxseal boundaries. The sensitivity to �' �½�Î�Ñ practically disappears for the shallow �&�Å���$ 
L

�r�ä�w����layers (OA08 and OA10). In addition to the smaller lateral stresses, in these cases the 

deformation mechanisms did not reach the Duxseal boundaries (Fig. 3.7, 3.8). Interestingly, 

the results indicate the presence of boundary effects, albeit limited, also for the intermediate 

�&�Å���$ 
L �s�ä�r��layers (OA06 and OA07). 

 

Fig. 3.11. Sensitivity of predicted settlement �:�S�; to the stiffness of the Duxseal boundaries 
�:�' �½�Î�Ñ�;: comparison of numerical predictions to experimental measurements for the 6 cen-
trifuge model tests.  

It is particularly important that the stiffness of the Duxseal inclusions affects the devel-

oped deformation mechanism, as shown in Fig. 3.11b. The softer material allows the soil to 

shear at greater depth, leading to a deeper mechanism, more similar to the one observed in 

the corresponding centrifuge experiment (OA05).  
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Input motion 

In addition to the targeted horizontal input motion, (centrifuge) seismic shakers also tend to 

produce a parasitic vertical motion, which is the subject of this section. The amplitude of the 

vertical acceleration is significantly lower than the horizontal, and is thus often neglected in 

numerical analysis. In order to quantify the sensitivity of the results to such parasitic vertical 

acceleration , the numerical analyses are repeated taking it into account.  

In the centrifuge experiments, the horizontal and vertical acceleration of the model con-

tainer was recorded only at its bottom left corner (Fig. 3.1a). Based on this recording, two 

cases are considered: (a) Horizontal ���:�8�Á�;  and vertical ���:�8�Ï �; input velocity applied throughout 

the rigid box; and (b) Horizontal velocity���:�8�Á�; applied throughout the rigid box and angular 

velocity �:�ñ�; around the midpoint of the base of the rigid box, resulting in the recorded verti-

cal motion at the bottom left corner. The latter case aims at simulating a parasitic yawing 

motion introduced by the shaker. Such a response is considered as it has been observed in 

certain centrifuge shakers (Kutter et al., 2018).  

In Fig. 3.12a, the effect of the vertical velocity component is presented for the two shal-

low layer �:�&�Å���$ 
L �r�ä�w�; tests OA08 �:�M
L �w�r�G�2�=�; and OA10 �:�M
L �s�r�r�G�2�=�;. Fig. 3.12b de-

picts the velocity time histories, as computed from the recorded accelerations. For both tests, 

the addition of the rotational velocity �:�ñ�; does not have any significant influence, leading to 

slightly reduced final settlement �:�S�;. On the other hand, the scenario of uniform parasitic 

vertical velocity leads to larger settlements for both cases examined, despite the relatively 

low amplitude of the vertical velocity ���:�8�Ï �; in comparison to the horizontal one���:�8�Á�;. Espe-

cially for the lightly loaded foundation (�M
L �w�r�G�2�=) of test OA08, the addition of the parasitic 

vertical velocity leads to a substantial increase of settlement �:�S�;. A similar sensitivity was 

observed in Fig. 3.10, where the settlement of this test also increased significantly with a 

small reduction of relative density ���&�Ë �:�>�U���v���¨ �;, unlike the more heavily loaded (but of same 

depth) test OA10. It may be inferred that in the simulation of experiment OA08, a relatively 

small increase in loading or decrease in strength is sufficient to produce significantly larger 

settlements, bringing the numerical prediction much closer to the experimentally measured 

value. 
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Fig. 3.12. Sensitivity of predicted settlement �:�S�; to parasitic components of the input motion: 
(a) comparison of numerical predictions to experimental results for tests OA08 and OA10, 
with and without vertical �:�8�Ï �; and rotational component �:�ñ�;�â and (b) measured time histo-
ries of horizontal ���:�8�Á�; and vertical velocity���:�8�Ï �;. 

3.6 The effect of Centrifuge Model Container 

Despite its unavoidable limitations, the (thoroughly, but not perfectly) validated numerical 

model can be employed to extend the knowledge obtained from the centrifuge model tests, 

and to explore the effects of physical modeling uncertainties. Such insights may allow optimi-

zation of future centrifuge tests.  

This section investigates one of the key uncertainties in physical modelling: the effects 

of the type of centrifuge model container. As previously discussed, instead of a flexible lami-

nar container (LC) or an equivalent shear beam (ESB), a rigid container was used to allow for 

recording of deformation fields and the associated deformation mechanisms through PIV 

analysis. However, a rigid container unavoidably introduces boundary effects (Zeng & 

Schofield, 1996). Duxseal material was added at the edges of the container, in an effort to 

absorb some of the incident wave energy. However, especially for the deeper layers tested 

(OA04 and OA05), the deformation mechanisms appear to have reached the model bounda-

ries, revealing the importance of their lateral distance (which is explored in the next section).  

In order to investigate the effect of the model container type, the numerical model is 

employed to simulate the response of an idealized �t adequately long �t laminar container, 

where free-field response (i.e., away from the structure) is not affected by the boundaries. To 

achieve this condition in simulation, the lateral model boundaries are now moved further 

away from the structure�ã���v�ä�r�$ in simulation, instead of �s�ä�z�$ in the centrifuge model tests. 
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The idealized laminar container is simulated by connecting opposite lateral boundary nodes 

of the same depth.   

Figure 3.13 compares the settlements of the 6 centrifuge model tests using the original 

rigid container with Duxseal inclusions (termed Duxseal boundary from now on), to those ob-

tained using the idealized laminar container (LC). In all cases examined, the shape of the set-

tlement curve is not significantly affected. With the exception of test OA05, the Duxseal 

boundary only leads to a slight increase of the final settlement compared to the idealized LC, 

which is considered here as a benchmark. This indicates that boundary effects associated with 

the use of a rigid container with Duxseal inclusions lead to conservative results in terms of 

accumulated settlement. The influence of the Duxseal inclusions and the distance of the lat-

eral boundaries to the foundation are examined in more detail in the following section. 

 
Fig. 3.13. The effect of centrifuge model container in terms of structural settlement �:�S�; for 
the 6 centrifuge model tests. Comparison of the results using the original rigid container with 
Duxseal inclusions, to an idealized�t adequately long�t laminar container (considered here as 
benchmark).  

To gain more insight on boundary effects, the deformation mechanisms are examined 

in more detail. Figure 3.14 presents the total computed shear strain at the end of shaking for 

the heavily loaded structures, comparing the rigid container with the Duxseal boundaries to 

the idealized laminar box. The deformation mechanisms do not appear to be affected by the 
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boundary modification, either for the shallow (OA10) or the intermediate layer (OA07), as the 

Duxseal inclusions were far enough in both cases. In stark contrast, the deformation mecha-

nism is significantly different for the deep layer (OA05). In this case, the shearing zone below 

the foundation clearly reaches the Duxseal inclusions, propagating along the Duxseal �t soil 

interface towards the ground surface, developing a preferential lower energy mechanism. In 

the case of the idealized laminar container (LC), a deeper deformation mechanism develops, 

with increased shear strains below the edges of the foundation, all the way to the base of the 

liquefiable layer. This deeper mechanism cannot develop in the case of the rigid container 

with Duxseal inclusions, as the shear band is interrupted by the lateral model boundaries 

 

Fig. 3.14. The effect of centrifuge model container in terms of developing deformation mech-
anisms for the three examined depths and �M
L �s�r�r �G�2�=. Comparison of computed contours 
of total shear strains at the end of shaking for the original rigid container with Duxseal inclu-
sions, to an idealized�tadequately long�t laminar container (considered here as benchmark).  

In the case of the deep layer experiments (OA04 and OA05), the interference of lateral 

model boundaries and the resulting interception of the deeper deformation mechanism, is 

also reflected in the pore-water pressure build-up. Figure 3.15 compares the pore-water pres-

sures below the foundation (left) and in the free-field (right) for test OA05. Interestingly, 

boundary effects are practically negligible in the free field (P2, P4, P14) and close to the foun-

dation (P3, P12). The only visible difference is observed at the deepest point of measurement 

below the foundation (P1). In the case of the Duxseal inclusions, the soil in the free field has 
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already been fully liquefied �:�N�è 
L �s�;. This is not the case for the soil bellow the foundation, 

due to the increased vertical load imposed by the superstructure and the more shallow failure 

mechanism. In the case of the idealized laminar container, the development of the deeper 

deformation mechanism leads to higher levels of shearing in the soil below the foundation 

(P1), resulting in increased excess pore-water pressure generation. 

 

Fig. 3.15. The effect of centrifuge model container in terms of pore pressure build-up for the 
deep layer test OA05 �:�M
L �s�r�r �G�2�=�;. Comparison of computed pore water pressures below 
the foundation (left) and in the free-field (right) for the original rigid container with Duxseal 
inclusions, to an idealized�tadequately long�tlaminar container (considered here as the bench-
mark).  

 

3.7 Parametric study: container type and distance of lateral boundaries  

In order to obtain deeper understanding of boundary effects, in function of centrifuge model 

container and distance of the lateral boundaries �:�.�; to the foundation, a parametric study is 

conducted. The results are expected to be useful in optimizing the design of centrifuge tests. 

More specifically, three different model container types are comparatively investigated: (a) 

laminar container (LC); (b) rigid container with Duxseal inclusions at the lateral boundaries; 

and (c) rigid container (without Duxseal inclusions). Three different depths of the liquefiable 
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soil layer are considered���:�&�Å
L �r�ä�w���á�s�ä�r���=�J�@���t�ä�w�$�;, combined with a foundation of width 

�$ 
L �v�ä�x�w���I  and bearing pressure �M
L �s�r�r���G�2�=. The calibration of soil parameters and the 

input motion are identical to test OA05. The distance of the lateral boundaries �:�.�; is para-

metrically varied from �s�&�Å to �t�r�&�Å. 

In all cases examined, the container itself is not simulated, but imposed by appropriate 

boundary conditions. In the case of the laminar container, the horizontal input seismic motion 

is applied directly to the base nodes of the numerical model, and the previously discussed 

node connectivity is employed to model the laminates in a simplified manner (i.e., ignoring 

the small but potentially non-negligible friction between successive laminates, and their iner-

tia). For the other two rigid container types, the input motion is applied concurrently at the 

base and at the lateral nodes of the numerical model. The Duxseal inclusions are modelled as 

previously described.  

Three response variables are investigated: (i) the final co-seismic settlement���:�S�;; (ii) 

the maximum structural acceleration �:�=�;; and (iii) the maximum co-seismic rotation �:�ô�;. Each 

response variable is normalized by its corresponding value for the idealized laminar container 

�:�. 
L �t�r�&�Å�;,  considered here as the best approximation of reality �t in a numerical analysis, 

this would be the boundary of choice, if computational effort was not an issue. In centrifuge 

modelling, centrifuge capacity and space limitations render the use of such a long LC imprac-

tical. The normalized response variables are plotted versus the distance of the lateral bound-

aries �:�.�;,  normalized by the liquefiable layer depth���:�&�Å�; corresponding to each analysis.  

Settlement �:�• �; 

Figure 3.16a compares the final co-seismic settlement���:�S���S�Â�Å�¼�; normalized by that of the 

idealized LC�á��for the three model containers and three liquefiable layer depths���:�&�Å�;, in func-

tion of the distance of the lateral boundaries �:�.���&�Å�; normalized by the liquefiable layer 

depth. The laminar container offers the best response, as �S converges for �. 
R�s���&�Å for all 

liquefiable layer depths examined. This is an important conclusion for centrifuge model test 

campaigns, allowing the examination of larger foundations at lower g levels, without intro-

ducing boundary effects in the settlement response.  

In the case of a rigid boundary with Duxseal inclusions, a distance of �. 
R�x���&�Å is re-

quired for the settlement not to be affected by the model boundaries. Although the low shear 

stiffness of the Duxseal material allows some soil deformation, it cannot compete with the 



3. Shallow strip foundations subjected to earthquake-induced soil liquefaction: validation, modelling uncertainties, and 
boundary effects 

 

74 
 

effectiveness of a laminar container. In the case of the shallow and the intermediate layer, 

the fact that �S���S�Â�Å�¼
P �s��for �.���&�Å 
L �s��is attributed to the Duxseal being located within the 

developing deformation mechanism.  It is worth noting, that the distance to the lateral bound-

aries was shorter than needed for convergence of settlement for all of the examined centri-

fuge model tests (Table 3.1). Nevertheless, thanks to the Duxseal inclusions, the deviations of 

the normalized settlement are not expected to have exceeded 10%.  

With a fully rigid container (without Duxseal), the normalized settlement �S���S�Â�Å�¼ con-

verges to 1 (i.e. it is not affected by boundary effects anymore) for a boundary distance of 

�. 
R�x�&�Å. However, the initial deviation of �S���S�Â�Å�¼��from 1 (before convergence) is significantly 

higher compared to the case with Duxseal inclusions. The decrease of �.���&�Å��(i.e., the bound-

aries getting closer to the foundation) below 6, leads to a significant decrease of the normal-

ized settlement �S���S�Â�Å�¼. In the absence of the deformable Duxseal inclusions, the rigid con-

tainer restricts soil shearing, even hindering the occurrence of liquefaction. Evidently, the 

closer the boundaries to the point of interest, the bigger their effect. Nevertheless, it is worth 

noting that the settlement can be accurately modelled in a centrifuge even with a rigid con-

tainer, provided that the lateral boundaries are kept far enough from the foundation 

(�. 
R�x�&�Å for the cases examined).  
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Fig. 3.16. Comparison of three model containers for three liquefiable layer depths 
�:�&�Å
L �r�ä�w�á�s�ä�r���=�J�@���t�ä�w���$�Å�;, in function of the normalized distance of the lateral boundaries 
�:�.���&�Å�;�ã (a) final settlement �:�S�;; (b) maximum structural acceleration���:�=�;; and (c) maximum 
rotation �:�ô�;.  

Maximum Acceleration �:�‡�; 

Regarding the maximum structural acceleration �:�=�;, convergence is observed for a similar 

distance �.���&�Å 
R�x for all container types examined (Fig. 3.16b). The results are similar for 

the laminar container and the one with Duxseal inclusions, with maximum deviations of up to 

20% for �.���&�Å 
O�x (i.e., before convergence takes place). The deviations are more significant 

in the case of the rigid container (without Duxseal). Interestingly, these large deviations are 

only observed for the intermediate layer���:�&�Å���$ 
L �s�;, indicating resonance as the main 
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cause. Indeed, the first natural frequency���:�(�á�á�5�; of the �&�Å���$ 
L �s soil column is �x�ä�z���*�V (with-

out considering liquefaction), not far from the fixed based frequency of the modelled struc-

ture �:�y�ä�r���*�V�;. The first natural frequencies of the other two soil columns with �&�Å���$ 
L �r�ä�w 

and �t�ä�w are �s�s�ä�v���*�V and �u�ä�v���*�V, respectively. 

Maximum rotation �:�Ö�; 

Figure 3.16c illustrates the evolution of maximum normalised rotation �:�ô���ô�Â�Å�¼�; in function 

of the normalised distance of the lateral boundaries �:�.�����&�Å�;. As shown in Fig. 3.5 the numer-

ical model is not able to fully predict the rotational response of the centrifuge model tests. 

This discrepancy is most likely due to the limitations of the constitutive model and the FD 

code (Kassas et al., 2020). Despite this limitation, the influence of the boundary conditions is 

still worth investigating numerically, as it can offer insight for the design of future centrifuge 

model tests. In the case of the laminar container, the maximum rotation �ô���ô�Â�Å�¼��starts fluctu-

ating around a value of 1 for���.���&�Å��
R�x. Below that threshold, �ô���ô�Â�Å�¼��decreases below 1, as 

the boundaries get closer. A similar value of for convergence �:�.���&�Å��
R�x�; is required for the 

rigid box with Duxseal inclusions. However, deviations from 1 are larger than for the LC, for 

small distances of the lateral boundaries. 

The effects of model boundaries on rotation are more pronounced for a fully rigid con-

tainer. The scatter in maximum rotation is significantly higher and no clear threshold for con-

vergence to �ô�������ô�Â�Å�¼
L �s can be detected. For example, in the case of the intermedi-

ate���&�Å���$ 
L �s layer, the normalized maximum rotation �ô�������ô�Â�Å�¼
N�s�ä�x for �.���&�Å 
L �v�á��reducing 

to �r�ä�{ for �.���&�Å 
L �w, and increasing again to �s�ä�t for �.���&�Å 
L �x�ä Figure 3.17 compares the set-

tlement�trotation �:�S
F�à�; response for the three model containers, progressively increasing 

�.���&�Å from �v���P�K���x. Already at���.���&�Å 
L �v�á the rotation is practically unaffected by the bounda-

ries of the laminar container. Though not equally effective, the Duxseal container exhibits 

minimal boundary effects on the �S
F�à response, also for �.���&�Å
L �v�ä In the fully rigid con-

tainer, the  rotational response is significantly (and erratically) influenced by the model 

boundaries for all �.���&�Å values examined, with no obvious trend for convergence. 
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Fig. 3.17. Settlement�trotation �:�S
F�ô�; response for �&�Å���$ 
L �s. Comparison of the three 
types of model containers, varying the normalized distance of the lateral boundaries �.���&�Å 
from �v to �x�ä 

In an effort to gain deeper insight on the response of the three model containers, Fig. 

3.18  compares the developing wave fields at the ground surface for �&�Å���$ 
L �s, in function of 

model container type and varying �.���&�Å��from���v���P�K���w. For each model container type, the wave 

field is constructed by plotting together the acceleration time histories of all the nodes at the 

ground surface. To allow direct comparison, both �.���&�Å 
L ���v���=�J�@���w refer to the same area of 

soil (to the right of the structure), with �.���&�Å 
L ���w plot flipped. The vertical axis depicts the 

normalized distance �T���&�Å, measured from the center of the foundation. The empty area from 

�.���&�Å 
L 
F�r�ä�w��to �r�ä�w��corresponds to the nodes under the foundation, which are not plotted 

for better comparison. 

In the case of the laminar container (Fig. 3.18a), a shear wave is detected at the edge 

of the foundation for �P
L ���x�ä�v�x���O, arriving to the boundary with a time lag. At this time, the 

pore-water pressure at the far-field is higher than below the foundation. Hence, the effective 

shear modulus �:�) �; and the corresponding shear wave velocity �:�8�æ�; at the far-field are lower 

than below the foundation, leading to the observed time lag. Of particular importance is that 

the shear wave arrives at the same time at the edge of the foundation for �.���&�Å 
L �v and �w. 

For �P
O�x�ä�v�x���O, the time lag between waves arriving at the foundation and at the far-filed is 

much less pronounced, as the pore water pressures are still limited. 
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Fig. 3.18. Wave fields illustrating boundary effects for depth of liquefiable layer �&�Å���$ 
L �s, 
varying the distance of the lateral boundaries from �.���&�Å
L �v to �w: (a) laminar container; (b) 
rigid container; and (c) rigid container with Duxseal inclusions (�T���&�Å�ã normalized distance of 
lateral boundaries to foundation centerline). 

Figure 3.18c depicts a very different response for the rigid container. In this case, the 

shear wave is first detected at the model boundary, being transmitted towards the founda-

tion and arriving there with a time lag. Due to this inverted response (compared to the laminar 

box), the arrival time at the edge of the foundation depends on the distance of the lateral 

boundaries (�.�;. Indeed, the shear wave arrives at the foundation at �P
L �x�ä�u�r���O for �.���&�Å 
L �v, 

and a bit later, at �P
L �x�ä�v�u��s for �.���&�Å 
L �w. This difference in wave arrival may be the culprit 

for the larger scatter in maximum structural rotation observed for the rigid box in Fig. 3.16 
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and Fig. 3.17. Another key implication for rigid containers, is that the acceleration at the 

ground surface is not reduced after the occurrence of liquefaction, as the container walls keep 

transmitting accelerations at the lateral edges of the model.  

Figure 3.18b confirms the improvement in rigid container response offered by Duxseal 

inclusions. In this case, the acceleration wave arrives at the edge of the foundation through 

the soil column below the structure. The arrival is the same for both ������ �P 
L �v and �w, similarly 

to what was observed for the laminar container. Afterwards, the acceleration wave is trans-

mitted away from the foundation, towards the model boundaries. However, the Duxseal does 

not manage to completely filter out the acceleration transmitted from the rigid container, as 

indicated by the arrival of acceleration waves close to the edges of the model. Despite this 

limitation, the addition of Duxseal undoubtedly significantly improves the performance of a 

rigid container.  

3.8 Conclusions 

This paper has studied the seismic response of shallow strip foundations during earthquake-

induced liquefaction. Coupled hydromechanical analyses were conducted employing the FD 

code FLAC2d, modelling nonlinear soil response with PM4Sand. The model was calibrated 

according to Kassas et al. (2020), based only on the initial void ratio of the soil and was then 

validated against 6 centrifuge model tests of different geometry and foundation bearing pres-

sure. The centrifuge tests used herein for validation were previously conducted at the Uni-

versity of Cambridge (Adamidis & Madabhushi, 2018).  

Through a strict validation procedure, based on pore pressures, foundation settlement 

and rotation time histories, as well as deformation mechanisms (extracted in the centrifuge 

tests through image analysis), the strengths and weaknesses of the numerical modelling tech-

nique were identified. The final settlement and rotation were systematically predicted with 

adequate accuracy, but more work seems to be necessary to achieve accurate prediction of 

settlement rate, maximum co-seismic rotation, and the evolution of pore water pressures in 

the vicinity of the foundation. 

The thoroughly (yet not perfectly) validated numerical model was then used to investi-

gate key centrifuge modelling uncertainties. The results were shown to be highly sensitive to 

the initial density of the liquefiable soil layer, with small changes leading to significant fluctu-
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ations in the predicted settlement. The uncertainties regarding the stiffness of Duxseal inclu-

sions at the edges of the physical model were found to influence the results only for deep 

�o���Ç���Œ�•�X���,�}�Á���À���Œ�U���š�Z�����•���v�•�]�š�]�À�]�š�Ç���š�}�����µ�Æ�•�����o�[�•���‰�Œ�}�‰���Œ�š�]���•���Z�]�P�Z�o�]�P�Z�š�•���š�Z�����v���������(�}�Œ���u�}�Œ���������š���]�o������

modelling of this material. Furthermore, the response of Duxseal needs to be taken into con-

�•�]�����Œ���š�]�}�v�� �(�}�Œ�� �š�Z���� �]�v�š���Œ�‰�Œ���š���š�]�}�v�� �}�(�� ���� �����v�š�Œ�]�(�µ�P���� ���Æ�‰���Œ�]�u���v�š�[�•�� �Œ���•�µ�o�š�X�� �d�Z���� �‰���Œ���•�]�š�]���� �À���Œ�š�]�����o��

component of the input motion (simulated by the centrifuge-mounted shaker) was also 

shown to affect the response for deep layers. 

Further investigation focused on the type of centrifuge model container and the dis-

tance of  lateral boundaries. The rigid container with Duxseal inclusions that was used in the 

examined centrifuged model tests was compared to an idealized laminar container (ILC), with 

the lateral boundaries at an adequately large distance allowing the reproduction of free-field 

conditions. Using the ILC as benchmark, it was shown that the use of the rigid container with 

Duxseal inculsions led to a slight over-estimation of settlement. Moreover, in deep layers, the 

proximity of the Duxseal boundaries led to a more shallow deformation mechanism  than the 

one numerically predicted for the ILC benchmark.  

A parametric study followed, which allowed more general conclusions to be drawn on 

boundary effects. Three types of containers were comparatively assessed: a laminar container 

(LC), a rigid container, and a rigid container with Duxseal inclusions. For all container types, 

the effect of the distance �:�.�; of the lateral boundaries normalized by the liquefiable layer 

depth �:�&�Å�; on settlement and structural acceleration prediction was parametrically investi-

gated. As might be expected, boundary effects are minimized for a laminar container. A nor-

malized boundary distance �.���&�Å 
R�s was shown to be adequate for all liquefiable layer 

depths examined �t an important conclusion for the design of centrifuge tests. 

The use of a rigid container was shown to be problematic, as it always imposes (through 

its rigid lateral boundaries) an unrealistic wave propagation pattern. Nevertheless, the settle-

ment can still be reproduced with reasonable accuracy, provided that the lateral boundaries 

are at an adequately large distance of �.���&�Å 
R�x. Evidently, this poses a severe practical re-

striction for centrifuge testing, leading to a requirement for a very long rigid container, in 

order to achieve a realistic response. The use of Duxseal inclusions offers a major advantage, 

allowing adequate reproduction of foundation settlement even with �.���&�Å 
R�s �t a key con-

clusion for the design of centrifuge tests. However, a larger distance of �.���&�Å 
R�x is still 
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needed to correctly reproduce structural acceleration, though potential errors are much 

smaller than for a fully rigid container.       
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Notation 

�D�Ö�à �>�I �? 
 
Height of the center of mass 

�D�ã�â���>
F�? Contraction rate parameter 
�%�Ä�¼���>�I �? Kozeny-Carman empirical coefficient 
�%�Ö���>
F�? Coefficient of curvature 
�%�è���>
F�? Coefficient of uniformity 
�&�9�4���>�I�I �? Mean particle diameter 
�&�å���>
F�? Relative density 
�(�ß���>
F�? Factor of safety for liquefaction 
�)�à�Ô�ë���>�G�2�=�? Small-strain shear modulus 
�)�â���>
F�? Shear modulus coefficient 
�)�æ���>
F�? Specific gravity 
�+�È���>�I �8�? Mass moment of inertia around the centre of the foundation 
�-�Ë�á�Ø�ß���>�G�2�=�? Elastic rocking stiffness 
�-�â���>
F�? Lateral earth pressure coefficient at rest 
�5�å�����>
F�? Saturation degree 
�A�à�Ô�ë���>
F�? Maximum void ratio 
�A�à�Ü�á���>
F�? Minimum void ratio 
�N�è���>
F�? Pore water pressure ratio 
�Ù�à�Ô�ë���>�C�? Maximum horizontal acceleration at the ground surface 
�Ý�é���>
F�? Volumetric strain 
�é�×���>�/�C���I �7�? Dry mass density 
�é�æ���>�/�C���I �7�? Wet mass density 
�é�ê���>�/�C���I �7�? Fluid density 
�ê�"�é�â���>�G�2�=�? Effective vertical stress 
�î �Ö�é�����>�@�A�C�? Critical state friction angle 
�$���>
F�? B value 
�%�4�4  �>
F�? Cyclic stress resistance 
�) ���>�G�2�=�? Shear modulus 
�0���>
F�? Loading cycles 
�2�2���>�G�2�=�? Pore pressure 
�3�á�4���>
F�? Bolton's constants 
�5���>
F�? Ratio of the surface to the soil particles volume 
�=���>�C�? Acceleration 
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�A���>
F�? Void ratio 
�G���>�I ���O�? Permeability 
�I ���>�G�C�? Mass of the structure 
�J���>
F�? Porosity 
�P���>�O�? Time 
�S���>�I �? Settlement 
�Û���>
F�? Shear strain 
�Ü���>�@�A�C�? Friction angle at the interface 
�ß���>�?�5�P�? Viscosity  
�ô���>�N�=�@�? Rotation 
�å���>
F�? Poisson ratio 
�æ���>
F�? Damping ratio 
�é���>�/�C���I �7�? Unit weight 
�ì���>�G�2�=�? Shear Stress 
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4. Structure-Soil-Structure Interaction (SSSI) of adjacent buildings 
with shallow foundations on liquefiable soil 

This chapter consists of the post-print version of the following published article, differing from 
the original only in terms of layout and formatting: 
Kassas, K., Adamidis, & N. & Anastasopoulos, I. (2021). Structure-Soil-Structure Interaction 
(SSSI) of adjacent buildings with shallow foundations on liquefiable soil. Earthquake Engineer-
ing & Structural Dynamics (submitted) 

    

Abstract 

This paper studies the effect of structure�tsoil�tstructure interaction (SSSI) on the seismic re-

sponse of neighboring structures with shallow foundations on liquefiable sand. The problem 

is studied through coupled hydromechanical analyses, employing the finite differences (FD) 

method. Nonlinear soil response is modelled with PM4Sand, calibrated on the basis of soil 

element tests of Hostun (HN31) sand, and thoroughly validated against six centrifuge model 

tests. Three idealized structures of width �$ are considered, of different aspect ratio and foun-

dation bearing pressure���M, founded on two liquefiable layer depths, �&�Å���$ 
L �s��and 2. Initially, 

the response of a single building is studied, offering insights on the developing failure mech-

anisms and their effect on the response of the structure. While the settlement increases 

with���M in the case of a deep �:�&�Å���$ 
L �t�; layer, this is not the case for the shallow �:�&�Å���$ 
L �s�; 

layer, where the increased soil confinement leads to the development of a stiffer soil column, 

which offers increased support to the structure. Pairs of identical structures are subsequently 

analysed, revealing the effect of SSSI on settlement �:�S�; and rotation �:�ô�;�ä While its effect on 

�S is beneficial, leading to up to 40% reduction, its effect on �} is detrimental, leading to a 

dramatic increase by up to 23 times compared to the single structure. The detrimental effect 

of SSSI on �} is shown to be a function of the gap �:�O���$�; between the buildings and the depth 

of the liquefiable layer (�&�Å���$�;. In the case of the shallow layer, the two structures rotate 

away from each other. This is not the case of the deeper layer, where they may either rotate 

away or towards each other, depending on �O���$.  
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4.1 Introduction 

Earthquake-induced soil liquefaction is one of the most devastating natural hazards. Despite 

advancements in seismic codes, structures founded on shallow foundations resting on satu-

rated sandy soil have repeatedly been reported to experience excessive settlement, rotation 

(Cubrinovski et al., 2011; Serikawa et al., 2019), or even complete toppling (Bray et al. 2004) 

as a result of liquefaction during major seismic events. In recent years, a variety of method-

ologies have been developed and employed in liquefaction research, offering significant pro-

gress in particular on the response of structures founded on shallow foundations. 

Several researchers have analyzed well-documented case histories after major earth-

quakes, offering valuable evidence on the effects of soil liquefaction on the response of real 

structures. Sancio et al. (2002) studied several cases from the 1999 Kocaeli earthquake, which 

led to severe damage or even toppling collapse of a multitude of buildings in Adapazari. It was 

concluded that taller buildings (with a larger number of storeys) were observed to accumulate 

larger settlement and rotation. Studying the same case histories, Gazetas et al. (2003) con-

cluded that the effect of neighboring buildings can be quite significant, being a key factor 

leading to accumulation of rotation, eventually resulting to toppling of slender buildings. An-

alyzing a number of case histories from the 2010 Maule earthquake in Chile, Bertalot et al. 

(2013) proposed an empirical graph expressing foundation settlement as a function of bearing 

pressure �:�M�; and depth of liquefiable layer���:�&�Å�;. Foundation settlement was found to 

increase with bearing pressure, but only up to    �M = 80 kPa, after which any further increase 

led to a beneficial effect in terms of settlement accumulation. 

Despite the significance and the valuable evidence offered by real case histories, the 

occurrence of a major seismic event is a prerequisite, which is not within our control. Even 

when such events take place (as in the previously discussed examples), the soil properties and 

the seismic excitation cannot be known with accuracy. Centrifuge modelling offers a con-

trolled environment, where the soil properties can be known with less uncertainty and the 

input seismic motion is fully controlled. Compared to large-scale shaking table experiments, 

centrifuge modelling is not only advantageous in terms of cost, but also offers the ability to 

correctly reproduce the confining soil stresses to be consistent with those of the prototype, 

thus avoiding scale effects. Centrifuge testing of structures on shallow foundations resting on 

liquefiable soil indicates that the accumulation of settlement is primarily due to the static and 
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dynamic deviatoric stresses induced by the foundation, with the volumetric response due to 

reconsolidation being of only secondary significance (Dashti et al., 2010). Adamidis & 

Madabhushi (2018) further demonstrated that the developing deformation mechanisms are 

a function of the depth of the liquefiable layer and the foundation bearing pressure. 

Employing centrifuge modelling, Bertalot & Brennan (2015) experimentally confirmed their 

previoulsy discussed empirical conclusion (based on the case histories), showing that the 

settlement increases with �M up to a certain stress level, above which a reduction should be 

expected. 

Numerical modelling allows a more comprehensive investigation of the problem, not 

limited by the resources and time constraints of centrifuge modelling. Neverthelss, 

sophisticated numerical nonlinear deformation analyses (NDAs) are required due to the 

complexity of the problem. Several constitutive models have been developed, aiming to 

capture the response of liquefiable soil (e.g., Beaty & Byrne, 1998; Cubrinovski & Ishihara, 

1998; Elgamal et al., 1999; Dafalias & Manzari, 2004; Boulanger & Ziotopoulou, 2013; Taborda 

et al., 2014; Tasiopoulou & Gerolymos, 2016; Tsaparli et al., 2020). Such models typically con-

tain a large number of parameters, which have to be carefully calibrated against soil elements 

tests (e.g., Kassas et al., 2020). Before extracting reliable results, validation against centrifuge 

model tests (or real scale shake table tests) is necessary (e.g., Tasiopoulou et al., 2019; Kassas 

et al., 2021).Based on such numerical analyses, Karamitros et al. (2013) observed that the 

presence of initial deviatoric static stress induced by the foundation is beneficial, as it pre-

vents the excess pore water pressure ratio �:�N�è�;��under the foundation from reaching �N�è 
N�s, 

as in the field. 

Several researchers have proposed simplified methods for the design of shallow foun-

dations on liquefiable soil. Tokimatsu & Seed (1987) and Ishihara & Yoshimine (1992) devel-

oped such simplified methods for the evaluation of free-field settlement of sand deposits due 

to earthquake-induced liquefaction, which are often used in practice. Bertalot et al. (2013) 

proposed an upper-bound estimate of foundation settlement in function of bearing pressure 

and liquefiable layer depth, based on empirical evidence from case histories. Bray & Macedo, 

(2017) proposed a simplified method for settlement prediction, based on numerical analyses 

of shallow foundations on liquefiable soil. Bullock et al. (2019a; 2019b) developed a probabil-

istic method for settlement and rotation prediction, combining numerical analyses and case 

histories. Lately, Adamidis & Madabhushi (2020) proposed a rotational stiffness attenuation 
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relationship for simplified predictions of maximum and residual foundation rotation, using 

rotational spring and dashpot models.  

So far, research has focused on structures in isolation, ignoring Structure�tSoil�tStructure 

Interaction (SSSI), despite the fact that its significance has been documented in many case 

histories from recent major earthquakes. Due to the increased population density, urban cen-

tres are at high risk, with most liquefaction disasters taking place in cities. In most real-life 

cases, the assumption of a single, isolated foundation is unrealistic and potentially un-con-

servative. Indeed, the few centrifuge studies that have examined two adjacent foundations 

at different distances from each other (Haigh & Madabhushi, 2014; Hayden et al., 2015; Jafar-

ian et al., 2017; Kirkwood & Dashti, 2018a), all conclude that ignoring SSSI is un-conservative. 

For structures sufficiently close to each other, increased outwards rotation was observed in 

these experiments, similarly to the well-documented case history (Bray et al. 2000) of the 

Teverler buildings in Adapazari (Fig. 4.1a). Nevertheless, inwards rotation has also been ob-

served in the field for buildings at a larger distance, as in the example of from Fig. 4.1b the 

2018 Hokkaido Eastern Iburi earthquake in Japan (Serikawa et al. 2019).  

 

Fig. 4.1. Evidence of SSSI in function of distance in between: (a) buildings at a small distance 
in Adapazari (Turkey), tilting outwards (Bray et al., 2020); and (b) buildings at a large distance 
in �^���‰�‰�}�Œ�}�[�•���<�]�Ç�}�š�����t���Œ�� (Japan) tilting inwards (source: The Asahi Shimbun).   

The aim of this paper is to numerically investigate the effects of SSSI on adjacent build-

ings. Idealised structures of different geometry and foundation bearing pressure are analysed, 

resting on liquefiable layers of different depth. The plane strain fully-coupled numerical anal-

yses are conducted employing the constitutive model PM4Sand (Boulanger & Ziotopoulou, 

2013), as implemented in the finite difference (FD) code FLAC 8.1 (Itasca, 2019). The consti-

tutive model is calibrated on the basis of soil element tests, conducted at the ETH Zurich 
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(ETHZ) geotechnical laboratory (Kassas et al., 2020). The numerical methodology employed 

herein has been thoroughly validated against 6 centrifuge model tests of single structures on 

surface foundations with variable bearing pressures, resting on liquefiable layers of different 

depths (Kassas et al., 2021). The first key contribution of the present paper is the in-depth 

assessment of the effects of SSSI by direct comparison to isolated structures. The second key 

contribution is the use of the validated numerical model to investigate the effects of founda-

tion bearing pressure and depth of the liquefiable layer on the overall response, settlement 

and rotation of two adjacent buildings.  

4.2 Methodology 

The problem is analysed assuming plane strain conditions, employing the FD code FLAC 8.1 

and PM4Sand (Version 3.1). Nonlinear fully-coupled effective stress time history analyses are 

conducted, parametrically analysing the response of buildings on raft foundations, with and 

without neighboring structures. Figure 4.2 shows an example of the FD mesh, model geome-

try, input motion and boundary conditions. Three idealised building types with variable floor 

number, height���:�* �;�U�� ���v���� �(�}�µ�v�����š�]�}�v�� �������Œ�]�v�P�� �‰�Œ���•�•�µ�Œ�����:�M�;�����Œ���� ���}�v�•�]�����Œ������ ���v���� �•�š�µ���]������ ���•��

�����v���Z�u���Œ�l�������•���•���~�d�����o�����ð�X�í�•�X�����o�o���š�Z�������µ�]�o���]�v�P�•���Z���À���������Á�]���š�Z���$ 
L �w���I �����v�������Œ�����(�}�µ�v���������r�ä�w���I ��

�����o�}�Á���š�Z�����P�Œ�}�µ�v�����•�µ�Œ�(�������X���d�Z���]�Œ���Á���]�P�Z�š���}�(���������Z�����µ�]�o���]�v�P�����}�v�•�]�•�š�•���}�(���š�Z�����Á���]�P�Z�š���}�(���š�Z�����•�µ�‰���Œ�r

�•�š�Œ�µ���š�µ�Œ���U�� ���•�•�µ�u�]�v�P�� ���v�� ���À���Œ���P���� �o�}������ �}�(���s�r���G�0���I ���‰���Œ�� �(�o�}�}�Œ�� �~�������}�µ�v�š�]�v�P�� �(�}�Œ�� ���������� ���v���� �o�]�À����

�o�}�����•�•�U�����v�����š�Z�����Á���]�P�Z�š���}�(���š�Z�����(�}�µ�v�����š�]�}�v���•�o�����U���š���l���v�����‹�µ���o���š�}���s�t�ä�w���G�0���I ���(�}�Œ�����o�o�������•���•�����Æ���u�r

�]�v�����X���d�}���(�}���µ�•���}�v���š�Z���������(�}�Œ�u���š�]�}�v���u�����Z���v�]�•�u�•���Á�]�š�Z�]�v���š�Z�����•�}�]�o�U��the structures are idealized as 

rigid, being modelled with elastic beam elements of very large stiffness.  The mass density of 

the structural elements is set to match the targeted mass and bearing pressure. The soil-foun-

dation interface is modelled with a frictional interface, allowing for sliding and detachment, 

while the foundation beam acts as an impermeable barrier. 

The lateral model boundaries are positioned at a sufficient distance of four liquefiable 

layer depths (�v�ä�r�&�Å) from the foundation edges to limit boundary effects (Kassas et al., 2021). 

A laminar box condition is adopted for the lateral boundaries, where opposite lateral bound-

ary nodes of the same depth are connected. The seismic excitation is the one recorded in one 

of the centrifuge model tests of Adamidis & Madabhushi (2018), which was used for the vali-
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dation of the numerical analysis methodology (Kassas et al., 2021). The corresponding veloc-

ity time history (Fig. 4.2) is applied at the bottom nodes of the model, which are fixed in the 

vertical direction. 

Following the recommendations of Boulanger and Ziotopoulou (2017), Rayleigh damp-

ing is set to 0.5% at a center frequency of 1 Hz, which is the dominant frequency of the input 

motion. The PostShake Flag parameter of PM4sand is enabled after strong shaking (20 s) to 

improve the modeling of post-liquefaction reconsolidation. Large deformations and second 

order effects are taken into account by automatically updating mesh node coordinates after 

each analysis step. 

 

 

Fig. 4.2. Numerical analysis configuration and input motion. 

 

 

Table 4.1. Details of the studied building assemblies. 

�&�o�}�}�Œ�• �,���]�P�Z�š ���•�‰�����š���Œ���š�]�} �������Œ�]�v�P���W�Œ���•�•�µ�Œ�� 

  �* �:�I �; �D�Ö�à �$�¤  �M �:�G�2�=�; 

�í �ï�X�ñ �ì�X�î�ð �î�î�X�ñ 
�ï �õ�X�ñ �ì�X�ó�õ �ð�î�X�ñ 
�ò �í�ô�X�ñ �í�X�ò�ô �ó�î�X�ñ 

 



4. Structure-Soil-Structure Interaction (SSSI) of adjacent buildings with shallow foundations on liquefiable soil 

 

91 
 

Soil constitutive model 

The seismic response of fully saturated Hostun (HN31) sand is simulated using the plane-

strain, stress-ratio controlled, critical state compatible, bounding surface plasticity model 

PM4Sand, Version 3.1 (Boulanger and Ziotopoulou 2017). The model has been developed for 

geotechnical earthquake engineering applications, following the framework of the DM04 

model (Dafalias and Manzari 2004). A detailed description of model formulation and its mod-

ifications can be found in Boulanger & Ziotopoulou (2013), Ziotopoulou & Boulanger (2016), 

and Boulanger & Ziotopoulou (2017).  

The model requires a total of �t�y input parameters, from which �x are considered primary 

(including the atmospheric pressure and �t���^�(�o���P�_���‰���Œ���u���š���Œ�•�• and 21 secondary. The primary 

parameters include the apparent relative density���:�&�å�;, the small-strain shear modulus coef-

ficient���:�)�â�;, and the contraction rate parameter���:�D�ã�â�;. Preset values, which are generally 

functions of an index property, can be used for the secondary parameters, which can also be 

calibrated against experimental data. To that end, the constitutive model was calibrated here 

based on the element tests of Hostun (HN31) sand described in detail in Kassas et al. (2020), 

corresponding to a fully saturated layer of Hostun sand with void ratio���A
L �r�ä�z�u�z. Table 4.2 

summarizes the calibrated parameters for Hostun (HN31) sand. All the other constitutive 

model parameters preserve their preset values. 

 

Table 4.2. Calibrated soil parameters for Hostun (HN31) sand.   

Parameter Meaning Value 
e (-) Void ratio 0.838 
�Œd (Mg/m3) Dry mass density 1.44 
�Œs (Mg/m3) Wet mass density 1.90 
emin (-) Minimum void ratio 0.648 
emax (-) Maximum void ratio 1.049 
Go (-) Shear modulus coefficient 724.6 
hp0 (-) Contraction rate parameter 0.12 
�”cv ( o) Critical state friction angle 33.8 
�†���~-) Poisson ratio 0.308 
Q (-) Bolton's critical state parameter 8.4 
R (-) Bolton's critical state parameter 0.78 
k (m/s) Permeability 9.53E-4 
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Figure 4.3a illustrates the cyclic resistance ratio �:�%�4�4�; versus the load cycles required 

for liquefaction �:�0�;, as estimated by PM4sand for direct simple shear (DSS) element test sim-

ulations with initial vertical effective stress �ê�"�é�4 
L �s�r�r���G�2�=, based on the aforementioned 

calibration. The point where shear strain �Û
L �u�ä�y�w� ̈in single amplitude (SA) is considered as 

the criterion for liquefaction triggering. Figure 4.3b presents the excess pore water pressure 

ratio �:�N�è�; in function of load cycles, normalised to the required number of load cycles for 

liquefaction triggering for each case (the dotted line corresponds to���N�è 
P �r�ä�x). Roughly after 

this threshold a rapid drop in effective stress was observed, particularly evident at the stress 

paths of Fig.4.3d. In all cases examined, the failure line is reached in less than 3 loading cycles 

after this threshold, initiating thereafter a rapid shear stiffness degradation (Fig.4.3c). 

 

Fig. 4.3. Simulation of direct simple shear test of Hostun (HN31) sand using the calibrated 
PM4Sand model: (a) Cyclic resistance ratio �%�4�4��in function of load cycles �:�0�;, considering 
liquefaction triggering at �Û
L �u�ä�y�w���¨  in SA; (b) excess pore water pressure ratio �:�N�è�;; (c) shear 
stiffness degradation; and (d) stress path for �%�5�4��equal to: �r�ä�s�y�t,  �r�ä�s�t�u and  �r�ä�s. 
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Validation against centrifuge model tests 

The detailed validation has been presented in Kassas et al. (2021), where six centrifuge model 

tests  of shallow strip foundations subjected to earthquake-induced liquefaction were simu-

lated using the calibrated PM4Sand constitutive model. Conducted at the Turner Beam Cen-

trifuge of the Schofield Centre at the University of Cambridge, the centrifuge experiments 

refer to different depths of liquefiable layer and foundation bearing pressures (Adamidis and 

Madabhushi 2018). Figures 4.4a and b summarize the comparison between computed and 

measured residual settlement and rotation for all 6 centrifuge model tests. Accumalated 

settlements were reliably predicted (Fig. 4.4a), whereas the simulation efficacy for residual 

rotations was reduced (Fig. 4.4b). Figure 4.4c shows the evolution of settlement for a 

structure with foundation bearing pressure �M
L �s�r�r���G�2�= founded on a Hostun (HN31) sand 

layer of �A
L �r�ä�z�u�z and liquafiable depth �&�Å 
L �t�ä�w�$ 
L �s�s�ä�x�u���I  (prototype scale).  

 

Fig. 4.4.  Comparison between experimentally measured and predicted:  (a) final settlement 
of six centrifuge test simulations; (b) final rotation of six centrifuge test simulations; and (c) 
foundation settlement for a centrifuge test with �M
L �s�r�r���G�2�= and���&�Å���$ 
L �t�ä�w 

4.3 Free-field response 

Two soil profiles are analyzed, having liquefiable layer depth �&�Å���$ 
L �s���ƒ�•�†���t. Figure 4.5 com-

pares the free-field response of the two soil profiles in terms of acceleration �:�ƒ�; and excess 

pore water pressure ratio �:�N�è�; time histories. For each soil profile, the results are presented 

at three characteristic depths: the base, where the input motion is applied; the middle of the 

liquefiable soil layer; and the ground surface.  

For both layers, a certain point exists when, due to the soil softening close the base of 

the model, the transmitted acceleration is significantly reduced, the dilation spikes disappear, 
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and �N�è is maintained equal to the unit. For this point to be reached, at the middle of the liq-

uefiable layer, 3.98 s of shaking are required for the shallow �&�Å���$ 
L �s layer (Fig. 4.5a) and 

2.59 s for the deeper �:�&�Å���$ 
L �t�; layer (Fig. 4.5b). This difference is attributed to the lower 

overburden stress of the shallow layer, which leads to higher cyclic shear resistance (�-��  ef-

fect). Before that point, high acceleration spikes are observed, which coincide with dilation-

induced drops in �N�è. These spikes are more pronounced at the ground surface, where the 

initial effective stress is minimal. 

 

Fig. 4.5. Free field response. Time histories of acceleration �:�=�; and excess pore-water pres-
sure ratio �:�N�è�; for two soil layer depths: (a) �&�Å���$ 
L �s�� ; and (b)���&�Å���$ 
L �t.   

As expected, faster drainage can also be observed in the case of the shallow layer (Fig.4. 

5a), where more pronounced dissipation of excess pore water pressure takes place in the 

middle of the soil layer, due to the shorter drainage path. Figure 4.6 depicts the accumulated 
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shear strain contours for �P��
L ���s�v�ä�u�v���O with superimposed velocity vectors, for the two exam-

ined soil layers. In both cases, a shear zone is observed to develop, with shear strains of the 

order of 7%. For both �&�Å���$ examined, the shear zone is formed above the mid-depth of the 

soil layer, being responsible for the previously discussed filtering of the transmitted accelera-

tions to the upper half of the soil layer, as imprinted in the ground surface acceleration time 

histories.   

 

Fig. 4.6. Free field response. Contours of accumulated shear strains with superimposed ve-
locity vectors for �P��
L 14.34 s, for liquefiable layer depth: (a)���&�Å���$ 
L �s; and (b) �&�Å���$ 
L �t. 

4.4 Single Building 

A single building is initially studied to gain insights on the key mechanisms affecting the re-

sponse, and their dependence on bearing pressure �:�M�; and liquefiable layer depth���:�&�Å�;. The 

numerical model is identical to the one of Fig. 4.2, with the exclusion of the one building and 

the corresponding soil elements underneath. As summarized in Table 4.1, three buildings 

with �M
L 22.5, 42.5, and 72.5 kPa (corresponding to 1, 3, and 6 storeys, respectively) are an-

alyzed, founded on liquefiable layers of two different  depths: �&�Å���� 
L �s and���t.  

Figure 4.7 compares the settlement�trotation (w�t�}) response for the six cases exam-

ined. The lightly-loaded �:�M
L �t�t�ä�w���G�2�=�; structure sustains the smallest settlement for both 

�&�Å���� . Its lower bearing pressure, rocking mass, and aspect ratio �:�D�?�I �$�¤ 
L �r�ä�t�v�; lead to lower 

normal stresses and rocking moments at the foundation level, limiting both the settlement 

and the amplitude of rocking oscillations. The moderately-loaded building �:�M
L �v�t�ä�w���G�2�=�; 

experiences larger settlement than the lightly-loaded for both �&�Å���� , which is consistent with 
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the aforementioned reasoning. In both cases �:�M
L �t�t�ä�w���G�2�=���=�J�@���v�t�ä�w���G�2�=�;, the settlement 

increases with liquefiable layer depth �&�Å���� , in accordance with previous studies (Bertalot et 

al.,  2013; Z. Bullock et al., 2019b). Following the same trend, the heavily-loaded �:�M
L

�y�t�ä�w���G�2�=�; building experiences even larger settlement in the case of the deep �:�&�Å���$ 
L

�t�;��layer. However, this is not the case for the shallow �:�&�Å���$ 
L �s�; layer, where despite its 

increased bearing pressure, rocking mass and aspect ratio, the structure does not accumulate 

more than half of the settlement of the moderately-loaded structure. 

 

Fig. 4.7. Single building settlement�trotation���:�S
F �ô) response for three different bearing 
pressures �M��
L ���t�t�ä�w�á�v�t�ä�w�á�=�J�@���y�t�ä�w���G�2�= (corresponding to �s, �u, and �x storeys, respectively), 
and two liquefiable layer depths �&�Å���$ 
L �s��(left); and �&�Å���$ 
L �t (right). 

The mechanism driving this behaviour is revealed in Fig. 4.8, which illustrates the com-

puted excess pore-water pressure ratio �:�N�è�;��towards the end of the seismic excitation �:�P��
L

���s�y���O�; for the six studied cases. For both �&�Å���$, the heavier structure generates a bulb of in-

creased effective stress below the foundation, where �N�è does not exceed 0.6, the value after 

which, pore water pressures increase rapidly  (Fig. 4.3b). In the case of the shallow layer (Fig. 

4.8a), the increased effective stress bulb reaches the base of the layer, creating a soil column 

that is much stronger that the surrounding liquefied soil, which offers better support to the 

structure, thus leading to reduced settlement (Fig. 4.7). In this case, both soil stiffness and 

bearing capacity increase. On the contrary, in the case of the deep layer (Fig. 4.8b), the heav-

ily-loaded structure sits on this bulb of stronger soil, which is surrounded by the adjacent 

liquefied soil, but does not reach the base of the layer. Hence, the settlement is not reduced.  
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Fig. 4.8. Contours of excess pore-water pressure ratio �:�N�è�; at the end of shaking �:�P��
L ���s�y���O�; 
for the three bearing pressures examined (top to bottom) and for the two liquefiable layer 
depths: (a) �&�Å���$ 
L ���s; and (b) �&�Å���$ 
L �t��. 

Figure 4.9b  illustrates the stress paths at a depth equal to one width below the edge of 

the foundation (point A) for the heavy structure, for both liquefiable layer depths considered. 

In both cases, the initial static (due to the bearing pressure acting on the foundation) devia-

toric stress is present. However, its effect remains only in the shallow layer (Fig. 4.9a), where 

it drove the stress path close to the phase transformation and failure lines, leading to more 

significant dilation, preventing a drastic reduction in effective stress and not allowing stress 

reversal, which would have led to the accumulation of larger shear strains. In the case of the 

deep layer (Fig. 4.9b), where the stiffer soil bulb does not reach the base, a rapid redistribu-

tion of shear stresses can be observed, as evidenced by the more symmetric around the ab-

scissa stress path. This leads to significant reduction of effective stress, resulting to accumu-

lation of large shear strains upon shear stress reversals.  
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Fig. 4.9. Shear stiffness degradation (top) and stress path at a depth �U��
L ���$ below the 
foundation edge (point A) for the heavily-loaded �:�M
L �y�t�ä�w���G�2�=�; building, for liquefiable 
layer depth: (a)���&�Å���$ 
L �s; and (b)���&�Å���$ 
L �t. 

The level of excess pore water pressure ratio in the soil bulb below the foundation and 

the depth of this bulb is a function of �M��and �&�Å���$. As shown in Fig. 4.8, the contribution of 

the aforementioned change in mechanism is present but not dominant for the medium 

weight structure. In this case, �N�è 
P �r�ä�x develops below the foundation in the shallow layer 

(Fig. 4.8a), leading to more intense soil softening (as expected from Fig. 4.3), thus producing 

large settlement even for the shallow layer (Fig. 4.7). Similarly, in the case of the lightly-loaded 

structure, the���t�t�ä�w���G�2�=��of bearing pressure are not enough to create a stiff soil column that 

reaches the base of the layer in either of the examined depths (Fig. 4.8). Therefore, its bene-

ficial effect on the reduction of settlement cannot materialize (Fig. 4.7). Overall, the weight 

of the structure appears to have two counteracting effects on settlement. On the one hand, 

the increased bearing pressure and bending moment acting at the foundation level lead to an 
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increase of the settlement potential. On the other hand, the bulb of increased effective stress 

under the foundation may reach the base of the liquefiable layer, offering a stiff column of 

support and leading to the reduction of the settlement potential.  

The above conclusions are in line with the experimental observations of Adamidis & 

Madabhushi (2018). Depending on the thickness of the soil layer, two different deformation 

mechanisms were identified. In the case of a deep layer, the structure was found to settle 

primarily due to increased lateral soil displacements, taking place beneath a bulb of stiffer soil 

formed below the foundation. In more shallow layers, this bulb reached the base of the layer, 

transmitting large accelerations to the structure and promoting rocking response, with set-

tlement being the result of increased soil displacement under the edges of the foundation. 

Influence of liquefiable layer depth  

In this section, the effect of the depth of the liquefiable layer �:�&�Å���$�; on settlement is inves-

tigated in more detail for the moderately- �:�M
L �v�t�ä�w���G�2�=�; and the heavily-loaded 

�:�M
L �y�t�ä�w���G�2�=�; structures, varying �&�Å���$���ˆ�”�‘�•���s���–�‘���t. As shown in Fig. 4.10a, the settlement 

of the heavily-loaded structure �:�M
L �y�t�ä�w���G�2�=�; increases with the liquefiable layer depth, up 

to �&�Å �$�¤ 
L �s�ä�z. Further increase of �&�Å �$�¤  does not lead to any further increase of settlement. 

With the increase of liquefiable layer depth, the beneficial effect of the previously discussed 

column of stiffer soil below the foundation is progressively weakened. As revealed by, the Fig. 

4.10b stiffer soil bulb cannot reach the base of the liquefiable layer for �&�Å �$�¤ 
R�s�ä�v�ä  

The effect of �&�Å �$�¤  is less significant for the moderately-loaded structure, as the lower 

bearing pressure �:�M
L �v�t�ä�w���G�2�=�;  is not enough to generate a stiff soil bulb below the foun-

dation, even for a shallow layer of���&�Å �$�¤ 
L �s�ä�r (Fig. 4.8a). Therefore, the settlement is less 

sensitive to the liquefiable layer depth. Figure 4.10a illustrates the boundary between the 

two aforementioned counteracting mechanisms. Although the heavily-loaded structure im-

poses larger bearing pressure and rocking moment at the foundation, it sustains less settle-

ment than the moderately-loaded, provided that the forming stiffer soil bulb can reach the 

base of the liquefiable layer: �&�Å �$�¤ 
O�s�ä�v. For larger depths, the beneficial effect of the sup-

porting stiffer column below the foundation disappears, and the heavily-loaded structure set-

tles more than the moderately-loaded. 
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Fig. 4.10. Influence of liquefiable layer depth���:�&�Å���$�;: (a) excess pore water pressure ratio 
�:�N�è�; at depth �U
L �r�ä�t�$ above the midpoint of the model base (point A) and accumulated 
settlement���:�S�; in function of �&�Å���$ for �M
L �v�t�ä�w���G�2�= and 7�t�ä�w���G�2�=�â and (b) contours of ex-
cess pore-water pressure ratio �:�N�è�;  at the end of shaking �:�P��
L ���s�y���O�; for �M
L7�t�ä�w���G�2�= and 
�&�Å���$ 
L �s�ä�v��(top) and �s�ä�t��(bottom). 

The settlement mechanisms described above can be better understood by examining 

the excess pore water pressure ratio �:�N�è�; below the foundation. Figure 4.10a plots �N�è below 

the middle of the foundation at a depth �U
L �r�ä�t�$ above the base of the model (point A) in 

function of liquefiable layer depth �:�&�Å �$�¤ �;�ä The increase of �&�Å �$�¤ ��leads to an increase of �N�è 

below the structure. Despite the larger shearing imposed to the soil (due to the larger bearing 

pressure and moment), the  developing �N�è is lower for the heavily-loaded structure for the 

entire range of �&�Å �$�¤ . This is attributed to the beneficial effect of vertical loading, which in-

creases the effective stresses below the structure, preventing the pore water pressure ratio 

from reaching �N�è 
N�s, as in the free-field. The effect of bearing pressure diminishes with the 
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increase of �&�Å �$�¤ , with the developing �N�è��becoming almost the same for both structures for 

�&�Å �$�¤ 
L �t. In addition, as previously discussed, the increased bearing pressure of the heavily-

loaded structure also introduces larger static deviatoric stresses below the edges of the foun-

dation, which prevent the reduction of effective stresses there (Fig. 4.9), offering a beneficial 

effect. 

Failure Mechanisms 

Figure 4.11 illustrates the failure mechanisms for the three idealised structures and for the 

two liquefiable layer depths considered, �&�Å���$ 
L ���s (Fig. 4.11a) and �&�Å���$ 
L �t (Fig. 4.11b), in 

terms of accumulated shear strain contours with superimposed velocity vectors. To allow di-

rect comparisons with free-field response, the results are plotted for the same instant �:�P��
L

���s�v�ä�u�v���O�;�á as in Fig. 4.6.   

The mechanisms are easier to identify in the case of the deeper layer (Fig. 4.11b). As it 

would be expected, the presence of the foundation increases significantly the magnitude of 

accumulated shear strains. In the case of the deep layer, the response bears similarities to 

that of the free-field. A shear zone is formed at a depth of �r�ä�w�&�Å below the ground surface, 

above which the transmitted accelerations (and hence velocities) are filtered. Two distinct 

areas can be distinguished, one below and one above the shear zone. In the area below the 

shear zone, the soil is moving in phase with the base of the model similarly to the free-field 

case, but the developing shear strains are larger, due to the static and seismic shear stresses 

imposed by the foundation. Above the shear zone, the transmitted velocities are filtered and 

the soil movement is mainly due to mobilisation of foundation bearing capacity. This mecha-

nism becomes more apparent when examining the velocity vectors, and especially for the 

larger bearing pressure �:�M
L �y�t�ä�w���G�2�=�;, where the increased soil confinement prevents the 

excessive increase of the pore water pressure ratio �N�è (see also Fig. 4.8b), allowing higher 

accelerations to be propagated to the structure.  

In the case of the shallow layer (Fig. 4.8b), a shear zone is similarly formed at �r�ä�w�&�Å 

depth below the ground surface, which now overlaps with the mobilised foundation bearing 

capacity mechanism. Due to the stiffer soil column that forms underneath the foundation, 

the transmitted accelerations are larger than in the free-field (Fig. 4.6). This effect becomes 

more pronounced with the increase of foundation bearing pressure, as indicated by the ve-

locity vectors. 
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Fig. 4.11. Contours of accumulated shear strain with superimposed velocity vectors �:�P��
L
���s�v�ä�u�v���O�;, for the three structures examined (top to bottom) and for two liquefiable layer 
depths: (a) �&�Å���$ 
L ���s; and (b) �&�Å���$ 
L �t. 

4.5 Structure�tSoil�tStructure Interaction (SSSI) 

In the absence of soil liquefaction, Structure�tSoil�tStructure Interaction (SSSI) has been found 

to be potentially detrimental or beneficial (Mason et al., 2013; Trombetta et al., 2013; 2014; 

Aldaikh et al., 2016). Its effect in the case of liquefiable layers has not been studied to a similar 

extent. Having identified the critical mechanisms that affect the performance of a single, iso-

lated structure, the effect of neighboring structures is examined. A parametric analysis is con-

ducted, studying the previously discussed configurations of neighboring structures. Exactly 

the same buildings are analyzed, but now places in pairs. For every pair, two identical struc-

tures are examined, with the same aspect ratio and bearing pressure, varying the gap in be-

tween. As previously, two liquefiable layer depths are examined, �&�Å���$ 
L �s��and �t. 
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Settlement 

Figure 4.12 illustrates the influence of SSSI on accumulated settlement (i.e., at the end of 

shaking). The results are presented for the three pairs of structures (lightly-, moderately-, and 

heavily-loaded) and for the two liquefiable layer depths (�&�Å���$ 
L �s��and �t�;, in function of the 

gap between the structures. The settlement �:�S�; is normalized to the corresponding single, 

isolated building���:�S�»�5�;, while the gap �:�O�; between the buildings is normalised to the width 

of building �:�$��
L ���w���I �;�ä  

A first key conclusion is the beneficial effect of SSSI on settlements, which are lower 

than or equal to the settlement of the corresponding single building for all cases exam-

ined:���S���S�»�5 
Q�s. In the case of the shallow (�� �P���� 
L �s) layer (Fig. 4.12a), the decrease of the 

normalized gap �:�•���� �; leads to a decrease of the normalized settlement �:�S���S�»�5�;. This bene-

ficial effect is attributed to the development of the aforementioned column of stiffer soil un-

derneath the foundations. When the two neighboring structures are close to each other, the 

developing stiffer soil columns tend to be united, forming a wider column of double the width 

�:�t�$�;�ä It is therefore no surprise that the effect of SSSI increases with the bearing pressure, 

with the settlement of the heavily-loaded �:�M
L �y�t�ä�w���G�2�=�; buildings not exceeding 60% of 

that of the corresponding single building. The developing stiffer soil columns become more-

and-more independent as the gap between the structures increases, and at �•���� 
L �t, the set-

tlement is not affected anymore:  �S���S�»�5 
N�s. 

The effect of SSSI is still beneficial, but less pronounced in the case of the deeper 

(�� �P���� 
L �t) layer (Fig. 4.12b). Interestingly, a different trend is observed. Three areas can be 

identified in the graph, in function of the gap �:�•���� �; between the buildings. When the build-

ings are very close to each other �:�•���� 
Q�r�ä�s), the settlement is practically equal to that of the 

single building: �S���S�»�5 
N�s. In contrast to the previously discussed shallow layer, the devel-

oping stiffer soil bulbs cannot reach the base of the model (see also Fig. 4.8b), and therefore 

the beneficial support columns cannot form. As a result, the two developing stiffer soil bulbs 

�š���v�����š�}���^�(�o�}���š�_���]�v���š�Z�����o�]�‹�µ���(�]�������•�}�]�o�X���t�Z���v���š�Z���Ç�����Œ�������o�}�•�����š�}���������Z���}�š�Z���Œ�U���š�Z�����•�š���š�]�����•�Z�����Œ���•�š�Œesses 

at the edges of the two foundations are cancelled out, and the two foundations tend to be-

have as a wider, flexible (hinged in the middle) foundation, consisting of two rigid founda-

tions. This can be better visualized in Fig. 4.13a, where the accumulated shear strain contours 

are plotted at the end of shaking �:�P��
L ���s�y���O�;. Although the two stiffer soil bulbs intersect, 

they still cannot reach the layer base.  
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Fig. 4.12. The effect of SSSI for pairs of identical neighboring structures. Settlement �:�S�; nor-
malized to that of the corresponding single building �:�S�»�5�; in function of normalized gap 
�:�O���$�; between the buildings, for the three examined structures and the two liquefiable layer 
depths: (a) �&�Å���$ 
L �s; and (b) �&�Å���$ 
L �t. 

Thereafter, and up to �O���$��
L ���s, the increase of the gap has a beneficial effect on �S. 

Due to the increased distance between the structures, the static shear stresses at the foun-

dation edges are not cancelled out, and the two foundations behave as two independent 

foundations. However, the developing failure mechanisms are not independent, intersecting 

each other. As a result, the soil wedge that develops between the two foundations is not free 

to uplift (as kinematically required), leading to an increase of bearing capacity, which results 

to the observed reduction of settlement. This is confirmed by the contours of settlement 

�:�S�;��at the end of shaking (Fig. 4.13b).  

Further increase of �O���$, leads to progressive separation of the two failure mechanisms, 

which leads to a decrease of bearing capacity and, consequently, to an increase of settlement. 

For �O���$ 
L �t, the two mechanisms are adequately (but not totally) independent (Fig. 4.13), 

and therefore the normalized settlement �S���S�»�5 tends (but is not equal) to 1. A sufficiently 
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larger gap is required to achieve full separation of the two failure mechanisms, which is of the 

order of �O���$ 
L �w��(Fig. 4.12b).  

  

Fig. 4.13. The effect of SSSI for pairs of identical neighboring structures on a �&�Å���$ 
L �t lique-
fiable layer for                  �P��
L �s�y���O. Contours of: (a) accumulated shear strain �:�Û�;�â��and (b) 
settlement �:�S�; for �O���$ 
L �r�ä�s�á�s���=�J�@���t. �� 

Rotational response 

Although SSSI has a beneficial effect on settlement, this is not necessarily the case when ex-

amining the residual rotation �:�ô�; of the buildings. Figure 4.14 summarizes the results in terms 

of �ô, for all of the studied pairs of buildings and for the shallow and deep liquefiable soil layers. 

The dotted line denotes the residual rotation of the corresponding single building. As for set-

tlement, a sufficiently large gap between the buildings, of the order of �O���$ 
L �w�á is necessary 

for the residual rotation to be unaffected by the presence of the neighboring building for both 

layer depths, �&�Å���$ 
L �s (Fig. 4.14a) and �&�Å���$ 
L �t (Fig. 4.14b). However, for smaller �O���$, 

SSSI leads to quite a significant increase of �� for all cases examined, with the only exception 
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being the heavily-loaded buildings on the shallow layer. In the case of the lightly-loaded build-

ings, the residual rotation is up to 23 times larger than that of the single building. The effect 

of SSSI on ����is reduced with increasing bearing pressure, with its increase being 22 and 4.6 

times for the moderately- and the heavily-loaded pairs of buildings, respectively. On the con-

trary, SSSI has a beneficial effect on ������for the heavily-loaded buildings on the shallow layer 

(Fig. 4.14a). This beneficial effect is observed only in this case, which is also the only case 

where the stiffer soil columns below the foundations reach the base of the layer.  

 

Fig. 4.14. The effect of SSSI for pairs of identical neighboring structures. Residual rotation �:�ô�; 
in function of normalized gap �:�O���$�; between the buildings, for the three examined structures 
and the two liquefiable layer depths: (a) �&�Å���$ 
L �s; and (b) �&�Å���$ 
L �t. 

The direction of rotation is another interesting conclusion that arises from Fig. 4.14. For 

the shallow �:�&�Å���$ 
L �s�; layer, the two buildings consistently tend to rotate away from each 
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other. A different trend is observed for the deep �:�&�Å���$ 
L �t�; layer, where the buildings tend 

to rotate towards each other for �O���$ 
O�s. Interestingly, with the increase of �O���$ beyond 1 

the two buildings tend to rotate away from each other, as for the shallow layer. These trends 

are better visualised in Fig. 4.15, where the change in distance �:�. 
F �O�;���$ between the top 

inner corners of the neighboring buildings is plotted against their normalized gap �O���$, for the 

moderately- and the heavily-loaded buildings. Positive values of �:�. 
F �O�;���$ correspond to an 

increase of distance. Potential collision between the two buildings has not been considered, 

and therefore negative values of of �:�. 
F �O�;���$ are possible, even for �O���$ 
L �r. 

 

Fig. 15. Change in distance �:�. 
F �O�;���$ between the top inner corners of the buildings (gap 
opening when positive, closure when negative) in function of initial gap �O���$ for moderately- 
and heavily-loaded buildings, and liquefiable layer depth: (a) �&�Å���$ 
L �s; and (b) �&�Å���$ 
L �t. 

In the case of the shallow �:�&�Å���$ 
L �s�; layer (Fig. 4.15a), both the heavily- and the mod-

erately-loaded buildings tend to rotate away from each other, when �O���$ 
Q�t�ä��For larger initial 
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gap �O���$, the effect of SSSI is progressively reduced and the response converges to that of a 

single building. The opening �:�. 
F �O�;���$ between the top corners of the buildings is less pro-

nounced for the heavily-loaded buildings, where the developing stiffer soil column reaches 

the base of the layer (Fig. 4.8), preventing excessive deformations. 

The reason why the buildings tend to rotate away from each other for �O���$ 
O�t is fur-

ther elucidated in Fig. 4.16, which depicts the total displacement �:�Q�; contours for the m�‰der-

ately-loaded  buildings on the shallow layer, for �O���$ 
L �r�ä�s, 0.5, and 2. Due to the proximity 

of the rigid base of the soil layer, a deep failure mechanism cannot develop, and a more shal-

low bearing capacity failure mechanism is mobilised (Lundgren & Mortensen, 1953; Mandel 

& Salencon, 1972; Sethy et al., 2020). The developing failure mechanism cannot reach the 

inner foundation corner, due to the shallow depth of the layer, but also due to the increased 

confinement between the two foundations. 

 

Fig. 4.16. Contours of total displacement �:�Q�; at the end of shaking �:�P��
L ���s�y���O�; for���M
L
�v�t�ä�w���G�2�= and liquefiable layer depth �&�Å���$ 
L �s�á for: (a)���O���$ 
L �t; (b)���O���$ 
L �s; and (c) �O���$ 
L
�r�ä�s. 

When the two buildings are close to each other, the initial shear stresses at the inner 

foundation edges tend to cancel out, or at least reduce significantly compared to the ones 

developing at the outer edges (are demonstrated for the deeper layer in Fig. 4.13). In addition 
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to the reduced shear stress, the soil between the two foundations is also more confined, due 

to the formation of the stiffer soil column. As a result, shear strains predominantly accumu-

late at the outer edges of the two foundations, leading to the observed rotation of the build-

ing away from each other. The toppling collapse of the Teverler buildings shown in Fig. 4.1b 

can be classified in this category. In that specific case, the two buildings were located next to 

each other, and were founded on top of a 2 m thick silt layer (ML), which is believed to have 

liquefied during the 1999 Kocaeli earthquake (Bray et al. 2004).   

In the case of the deep �:�&�Å���$ 
L �t�; layer, the response can be distinguished in three 

different regions. For���O���$ 
R�w (Fig. 4.17a), the two buildings are adequately away from each 

other and the developing failure mechanisms do not interfere with each other. Hence, SSSI 

does not affect significantly the response, which is similar to that of a single building. For���s
O

�O���$ 
O�w (Fig. 4.17b), a response similar to the one previously described for the shallow layer 

is observed, with the two buildings tilting away from each other (Fig. 4.15b). Each of the two 

buildings generates a soil bulb of stiffer soil, which intersects with the shear mechanism de-

veloped by its neighboring structure. Since the two shear zones intersect, the bearing capacity 

failure mechanism cannot fully develop between the two structures (see also Fig. 4.13a), fa-

cilitating accumulation of shear strains on the other side (the outer edges of the two build-

ings). Moreover, the presence of the neighboring foundation acts as a kinematic constraint, 

preventing the development of an inner failure wedge (Fig. 4.17b). As a result, the two build-

ings rotate away from each other.  

Interestingly, for���O���$ 
O�s the buildings start rotating towards each other. In this case, 

the two foundations are so close that they can be considered to behave as a single flexible 

(hinged) foundation of width �t�$. Due to the larger depth of the liquefiable layer, the devel-

�}�‰�]�v�P���•�š�]�(�(���Œ���•�}�]�o�����µ�o���•�������v�v�}�š���Œ�������Z���š�Z���������•�����}�(���š�Z�����o���Ç���Œ�U���^�(�o�}���š�]�v�P�_���]�v���š�Z�����•�}�(�š���v�������o�]�‹�µ���(�]������

soil. The failure mechanism observed in Fig. 4.17c is similar with the failure mechanism of a 

single building (Fig. 4.11b), with the soil in the stiffer soil bulb beneath the two neighboring 

foundations forming a triangular wedge that moves downwards, displacing the adjacent soil 

towards the free-field (left and right). Because the maximum vertical displacement is at the 

centre of the flexible foundation the two structures tilt inwards.  
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Fig. 4.17. Contours of total displacement �:�Q�; at the end of shaking �:�P��
L ���s�y���O�; for���M
L
�y�t�ä�w���G�2�= and liquefiable layer depth �&�Å���$ 
L �s�á for: (a)���O���$ 
L �w; (b)���O���$ 
L �t; and (c) �O���$ 
L
�r�ä�w. 

4.6 Conclusions 

This paper has studied the effect of structure�tsoil�tstructure interaction (SSSI) on the seismic 

response of neighboring structures, founded on shallow strip foundations on liquefiable sand. 

The problem was studied through coupled hydromechanical analyses, employing the FD code 

FLAC2d, modelling nonlinear soil response with PM4sand. The model was calibrated against 

soil element tests of Hostun (HN31) sand with initial void ratio �A
L �r�ä�z�u�z, conducted at the 

ETHZ geotechnical laboratory (Kassas et al., 2020). The numerical methodology has been thor-

oughly validated against 6 centrifuge model tests of different liquefiable layer depths and 

foundation bearing pressures, reported in detail in Kassas et al. (2021). 

Three idealized building structures were analyzed, varying the height (and therefore the 

aspect ratio), the foundation bearing pressure �:�M�;, and the depth of the liquefiable layer 

�:�&�Å���$�;. Before studying the effect of SSSI on the response of neighboring structures, the 
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corresponding reference cases of single building configurations were analyzed. In the case of 

a deep �:�&�Å���$ 
L �t�;��liquefiable layer, the settlement was found to increase with foundation 

bearing pressure �M, due to the increase of the rocking moments and the developing shear 

stresses in the soil.  In stark contrast, the increase of �M was shown to have a beneficial effect 

on settlement in the case of the more shallow �:�&�Å���$ 
L �s�; layer. The increase of �M was shown 

to lead to increased confinement, resulting to the development of a stiffer soil column going 

all the way to the base of the shallow layer, which offers better support to the overlying struc-

ture. The presence of the stiffer soil column does not allow redistribution of static shear 

stresses below the foundation edges, thus preventing shear stress reversals. As a result, the 

stress path does not pass through the origin, leading to a reduction of the accumulated shear 

strains, thus reducing the liquefaction-induced foundation settlement. 

Pairs of identical structures were subsequently analysed, revealing the effect of SSSI on 

co-seismic settlement and rotation. The assumption of a single (isolated) building was shown 

to be an oversimplification, as SSSI can have a significant beneficial or detrimental effect on 

performance, altering the response of the structure not only quantitatively but also qualita-

tively, by leading to the development of fundamentally different deformation mechanisms. 

More specifically, SSSI was found to have a beneficial effect on settlement �S, leading to up to 

a 40% reduction. In stark contrast, its effect on permanent building rotation �ô was shown to 

be detrimental, leading to its dramatic increase by up to 23 times compared to the equivalent 

single structure.  

The detrimental effect of SSSI on �ô was shown to be a function of the gap �:�O���$�; be-

tween neighboring structures, in combination with the liquefiable layer depth �:�&�Å���$�;. A suf-

ficiently large gap of the order of �O���$ 
L �w is required for the residual �ô not to be affected by 

the neighboring structure. In the case of the shallow �:�&�Å���$ 
L �s�; layer, the two buildings 

were consistently shown to rotate away from each other. When the buildings are in close 

proximity, the initial shear stresses under the inner foundation edges tend to cancel out. Com-

bined with the formation of a stiffer soil column, this leads to larger accumulation of shear 

strains at the outer foundation edges, resulting to their outward rotation. In the case of the 

deeper �:�&�Å���$ 
L �t�; layer, for���s
O�O���$ 
O�w, the response is similar, with the two buildings 

tilting away from each other. However, when the buildings are in close proximity���:�O���$ 
O�s�;, 

they tend to rotate towards each other. In this case, the two foundations are so close that 

they behave as a single flexible (hinged) foundation of width �t�$�ä The triangular wedge that 
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forms below the foundation has its maximum vertical displacement at its centre and thus the 

foundations rotating towards each other.   

Notation 

�D�Ö�à �>�I �? 
   

Height of the center of mass 

�D�ã�â���>
F�?   Contraction rate parameter 
�&�Å���>�I �?   Depth of liquefiable layer 
�&�å���>
F�?   Relative density 
�)�â���>
F�?   Shear modulus coefficient 
�A�à�Ô�ë���>
F�?   Maximum void ratio 
�A�à�Ü�á���>
F�?   Minimum void ratio 
�N�è���>
F�?   Pore water pressure ratio 
�é�×���>�/�C���I �7�?   Dry mass density 
�é�æ���>�/�C���I �7�?   Wet mass density 
�ê�"�é�â���>�G�2�=�?   Effective vertical stress 
�î �Ö�é�����>�@�A�C�?   Critical state friction angle 
�%�4�4  �>
F�?   Cyclic stress resistance 
�0���>
F�?   Loading cycles 
�3�á�4���>
F�?   Bolton's critical state parameter 
�=���>�C�?   Acceleration 
�A���>
F�?   Void ratio 
�G���>�I ���O�?   Permeability 
�S���>�I �?   Settlement 
�Û���>
F�?   Shear strain 
�M���>�G�2�=�?   Foundation bearing pressure 
�ô���>�N�=�@�?   Rotation 
�å���>
F�?   Poisson ratio 
�ì���>�G�2�=�?   Shear Stress 
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5. Conclusions and Outlook 
 

Abstract 

This chapter summarizes the key findings and contributions of this dissertation, in addition to 

the individual conclusions drawn at the end of each chapter. Moreover, the main limitations 

of this study are clearly stated and an outlook with suggestions for future research is offered. 
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5.1 Synopsis and key conclusions 

This dissertation comprises five chapters that summarize the conducted work on the numer-

ical modelling of structures on surface foundations resting on liquefiable soil, accounting for 

Structure�tSoil�tStructure Interaction (SSSI). The problem was analyzed through hydrome-

chanical coupled, nonlinear deformation analyses, employing the finite difference (FD) code 

FLAC2D. To realistically model the complex response of liquefiable soil, the advanced consti-

tutive model PM4sand was employed. The latter contains a large number of model parame-

ters, requiring proper calibration before attempting predictions.  

To that end, an extensive set of soil element tests on Hostun sand were performed at 

the ETH Zurich (ETHZ) geotechnical laboratory and were used for careful calibration of the 

constitutive model. The calibrated model was then validated against the results of six centri-

fuge model tests of different geometries and load characteristics. The validation was not re-

stricted to the recorded pore pressure, acceleration, and settlement time histories, but was 

extended to the deformation mechanisms extracted from the centrifuge tests through image 

analysis, allowing for in-depth assessment of the numerical simulation. The calibration was 

strictly based on the void ratio���:�A�;�U���Á�]�š�Z�}�µ�š�� ���v�Ç�����(�(�}�Œ�š���š�}�� �^�(�]�v��-�š�µ�v���_���u�}�����o���‰���Œ���u���š���Œ�•���š�}��

better match the centrifuge test results.  

 After thorough identification of its strengths and weaknesses, the numerical model was 

employed to investigate key physical modelling uncertainties. To that end, the sensitivity to 

initial soil density and to parasitic vertical acceleration was examined. The effect of boundary 

conditions imposed by different types of centrifuge containers was identified. Moreover, the 

influence of the lateral boundaries in function of their type and distance to the structure was 

quantified. The effect of these factors is considered of great importance to centrifuge model-

lers, allowing for optimized design of future experiments, but also to numerical modellers 

simulating such experiments for validation purposes. 

After having acquired deeper understanding of the factors affecting the response and 

the key deformation mechanisms of single buildings on liquefiable soil, the effect of SSSI was 

examined. Pairs of identical neighboring buildings were analyzed for this purpose, gaining in-

sights on the effects of SSSI in function or key factors, such as the slenderness ratio and the 

distance between the neighboring structures. To the best �}�(���š�Z�������µ�š�Z�}�Œ�[�•���l�v�}�Á�o�����P���U���š�Z�]�•���]�•��

the first comprehensive study on the effects of SSSI on structures on liquefiable soil. 
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Characterisation of Hostun sand 

Careful calibration of PM4sand was achieved on the basis of soil element tests on Hostun 

sand, conducted at the ETHZ geotechnical laboratory as part of this study (Chapter 2). The 

scope of the conducted tests goes beyond the needs of the specific study, aiming to offer a 

reference dataset for future model calibrations and validations. Overall, the types of the con-

ducted tests were: (a) limiting void ratios tests; (b) triaxial tests with embedded bender ele-

ments, to measure small-strain shear modulus; (c) cyclic drained direct simple shear (DSS) 

tests, to measure shear modulus degradation and damping ratio; and (d) cyclic constant vol-

ume direct simple shear tests (CVDSS), to determine the cyclic stress resistance. The key con-

clusions and contributions of this part of the study can be summarised as follows: 

�ƒ The reported in literature limiting void ratios �:�A�à�Ü�á�á���A�à�Ô�ë�; of Hostun sand were found to 

exhibit considerable variability, leading for �A
L �r�ä�z�u�z of the centrifuge model tests to a 

estimates of relative density �&�å ranging from 38% to 56% �t a difference of 19%. This is 

critical in numerical modelling with PM4sand, where the relative density �:�&�å�;, rather 

than the void ratio �:�A�;�á is used as an input parameter. It was therefore concluded that 

accurate estimation of the limiting void ratios is of great importance. In this study, the 

limiting void ratios were measured to be �A�à�Ü�á
L �r�ä�x�y�s and �A�à�Ô�ë
L �s�ä�r�v�{, according to  

ASTM D4253-00 (2006) and ASTM D4254-00 (2006). Regarding the minimum void ratio, 

it was found that a denser state could be achieved by air pluviation���:�A�à�Ü�á
L �r�ä�x�v�z�;.  

Therefore, this value was adopted as the minimum void ratio in this study.  

�ƒ Regarding the interpretation of the bender element results and the determination of 

travel time, a multitude of methodologies have been proposed, with a consensus not yet  

reached. In this study, after thorough comparative assessment of various options pro-

posed in the literature (Arulnathan et al., 1998; Viggiani and Atkinson, 1995; Lee and 

Santamarina, 2005) the point of first arrival was used to determine the travel time, as it 

was found to lead to the most reliable results. For the determination of the point of the 

first arrival, �š�Z�����^�Ì���Œ�}�����(�š���Œ���(�]�Œ�•�š�����µ�u�‰�_���Á���•�����}�v�•�]�����Œ�����X 

�ƒ The calculated small-strain shear modulus �)�4�� was found to be in a good agreement with 

the published analytical expression of Azeiteiro et al. (2017). Their results are based on a 

series of bender element measurements, which were performed on air�tpluviated triaxial 

samples of Hostun sand. 
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�ƒ Based on the conducted drained direct simple shear tests (DDSS), the expression of 

Ishibashi & Zhang (1993) was found to offer a good approximation for the evolution of 

the shear modulus degradation and the damping ratio with shear strain of Hostun sand. 

�ƒ From the conducted constant volume direct simple shear tests (CVDDS), the liquefaction 

susceptibility of the fully saturated sand was determined using dry specimens, increasing 

testing efficiency. Triggering of liquefaction was assumed at the point where the shear 

strain becomes equal to 3.75% in single amplitude (SA). This criterion was found to coin-

cide with the point at which the excess pore water pressure ratio �N�è ��
L �Â�Q�ê�"�é�â�¤  reaches 

98 %. An analytical exponential expression was fitted to the results, offering a prediction 

of the cyclic stress resistance���:�%�4�4�; in function of void ratio ���A and number of cycles to 

liquefaction���0, allowing accurate calibration of PM4Sand for any void ratio. 

Calibration of PM4sand 

The seismic response of fully saturated Hostun sand was simulated using the plane-strain, 

stress-ratio controlled, critical state compatible, bounding surface plasticity model PM4Sand, 

Version 3.1 (Boulanger & Ziotopoulou, 2017). A detailed description of model formulation and 

its modifications can be found in Boulanger & Ziotopoulou (2013), Ziotopoulou & Boulanger 

(2016) and Boulanger & Ziotopoulou (2017). PM4Sand comprises �t�y input parameters, from 

which �x are considered primary (including the atmospheric pressure and �t���^�(�o���P�_���‰���Œ���u���š���Œ�•�•��

and 21 secondary. The primary parameters include the apparent relative density���:�&�å�;, the 

small-strain shear modulus coefficient���:�)�â�; and the contraction rate parameter���:�D�ã�â�;. Preset 

values, which are generally functions of an index property, can be used for the secondary 

parameters, or they can be calibrated against experimental data. To that end, the previously 

discussed soil element test results were used for extensive calibration of model parameters 

(Chapter 2). The key conclusions and contributions of this part of the study can be summa-

rised as follows: 

�ƒ PM4sand was found to be capable of predicting soil behaviour under cyclic loading at 

different relative densities, under different confining pressures and stress paths. 

�ƒ However, the model cannot simulate the abrupt drop of effective vertical stress during 

the first load cycle, predicting a steeper decrease of initial vertical stress prior to lique-

faction triggering in comparison to the element tests. 
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�ƒ The two liquefaction triggering criteria do not coincide in the numerical simulation, as 

was the case for the conducted experimental results. It was found that more loading cy-

cles are required for the shear strain to become equal to 3.75% in single amplitude (SA), 

than the excess pore water pressure ratio �N�è ��
L �Â�Q�ê�"�é�â�¤  to reach 98 %. This discrepancy 

could be bypassed with the reduction of the initial shear modulus coefficient. However, 

using such reduced small-strain shear modulus is not consistent with the soil element 

test results, and was therefore not pursued further.  

�ƒ The constitutive model maintains a residual strength even after liquefaction triggering, 

which is significantly higher than the one measured in the soil element tests. This discrep-

ancy is responsible for the higher predicted acceleration amplitude at the ground surface 

after liquefaction triggering, compared to the centrifuge model tests.  

�ƒ An important issue is the inability of the constitutive model to capture the targeted �%�4�4 

curve over a wide range of values. The adjustment of the contraction rate parameter 

leads to horizontal translation of the �%�4�4 curve, but its inclination could not be adjusted 

to match the entire range of the soil element test results. To tackle this issue, a range of 

interest of 0 to 20 load cycles was selected, which is considered appropriate for earth-

quake-related problems. 

Validation versus centrifuge tests 

The calibrated constitutive model was employed to simulate six different centrifuge model 

tests, conducted at the University of Cambridge (Adamidis & Madabhushi, 2018) with variable 

geometries, densities, and foundation bearing pressures (Chapter 3). The validation was not 

restricted to pore pressure build-up and foundation settlement and rotation, but extended to 

deformation mechanisms, captured in the centrifuge tests through image analysis (Adamidis 

& Madabhushi, 2018). Modelling and calibration were identical for all 6 centrifuge tests. The 

calibration was strictly based on the void ratio���:�A�;�U���Á�]�š�Z�}�µ�š�����v�Ç�����(�(�}�Œ�š���š�}���^�(�]�v��-�š�µ�v���_���u�}�����o��

parameters to better match the centrifuge test results. By comparing the numerical predic-

tion to the centrifuge test results, the efficiency of the numerical methodology can be as-

sessed, identifying its strengths and its weaknesses. The detailed comparison against six cen-

trifuge model tests enabled a strict assessment of the modelling methodology versus differ-

ent stress-paths and deformation mechanisms. The key conclusions and contributions of this 

part of the study can be summarised as follows: 
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�ƒ For all cases examined, the numerical analysis predicted adequately well the developed 

pore-water pressures at the free-field. Both the initial build-up and the maximum values 

of pore water pressures were predicted satisfactorily, irrespective of���&�Å.  

�ƒ The numerical predictions of pore water pressure build-up under the structure were less 

accurate. The numerical analyses captured adequately well the pore water pressures di-

rectly below the footing only for the deep �:�&�Å ���¤ 
L �t�ä�w�; layer. At this location, the initial 

(for ���P
O�w�O) drop of pore water pressure, due to dilation was well-predicted for both 

bearing pressures examined (�M
L �w�r�G�2�= and 10�r�G�2�=). The numerical predictions were 

less accurate for intermediate���:�&�Å ���¤ 
L �s�ä�r�; and shallow �:�&�Å �$�¤ 
L �r�ä�w�; layers, both in 

terms of initial pore water pressure build-up and to its subsequent, co-seismic dissipa-

tion.  

�ƒ The final settlement was predicted sufficiently well. The numerical predictions were rea-

sonably conservative, over-estimating (not to a large extent) the final foundation settle-

ment. However, the discrepancies were more pronounced in the prediction of the settle-

ment evolution, where the analysis significantly under-predicts the settlement during the 

first load cycle, while a slight over-prediction was observed for later load cycles. The un-

der-prediction during the first cycles of loading can be linked to the inability of the con-

stitutive model to capture the abrupt drop of initial effective stresses. The over prediction 

of co-seismic settlements is attributed to the lower cyclic stress resistance predicted by 

the model after the first ten load cycles, compared to the soil element tests. The latter is 

related to the calibration of the constitutive model and the aforementioned inability to 

capture the targeted shear stress resistance over the entire range of loading cycles. The 

calibration for a targeted range is a compromise that leads to over-prediction of the cyclic 

shear resistance before the first ten load cycles, and to its under-prediction for the fol-

lowing load cycles. 

�ƒ The evolution of foundation rotation was predicted with non-negligible discrepancies. 

With the exception of one test, the rotational oscillation amplitude was experimentally 

observed to increase with subsequent load cycles. Although the numerical analysis re-

produced the trends, higher levels of rotational oscillation than those experimentally rec-

orded were predicted for all cases examined. The higher amplitude of predicted rocking 

oscillations can be attributed to the difference in the deformation mechanism between 

physical and numerical modelling. Furthermore, the imperfect soil-foundation interface 
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and the progressive embedment of the foundation during shaking, which was observed 

in the centrifuge experiments but cannot be accurately modelled in the numerical simu-

lation, may be (at least partly) responsible for these discrepancies. 

�ƒ Both the acceleration and the settlement at the free-field were not predicted very accu-

rately, despite the very successful prediction of excess pore water pressures. Close to the 

ground surface, the numerical prediction significantly overestimated the accelerations, 

while the settlement was underpredicted. 

Modelling uncertainties 

Centrifuge model tests offer valuable insight to the studied problem and are widely accepted 

as validation benchmarks. However, physical modelling also has certain limitations and is not 

�^�]�u�u�µ�v���_���š�}���u�}�����o�o�]�v�P���µ�v�����Œ�š���]�vties. The previously discussed validation against 6 centrifuge 

�š���•�š�•���Á���•���‰���Œ�(�}�Œ�u���������}�v�•�]�•�š���v�š�o�Ç�U���Á�]�š�Z�}�µ�š�����v�Ç���^�(�]�v��-�š�µ�v�]�v�P�_���}�(�������o�]���Œ���š�]�}�v���‰���Œ���u���š���Œ�•���š�}���]�u�r

prove predictions. The validation was not perfect, and the key factors leading to the observed 

discrepancies were identified and discussed. However, in addition to the limitations of any 

constitutive model, there are also physical modelling uncertainties that may affect the results 

of such validation process. These uncertainties are related to material properties, input mo-

tion characteristics, and boundary conditions. The sensitivity of the results to such uncertain-

ties was investigated (Chapter 3). The key conclusions and contributions of this part of the 

study can be summarised as follows: 

�ƒ The prediction of the final settlement �:�™�;��was found to be very sensitive to the assumed 

initial relative density���&�å, with a 
G���v���¨  range leading to significant deviations for all cases 

examined. And since an error in the estimation of �&�å is also possible, both in the centri-

fuge model tests and the soil element tests, this leads to significant uncertainty in the 

prediction of the final settlement. 

�ƒ In the case of the deep layers, the assumption of linear elastic response for the Duxseal 

material was found to be also a significant source of uncertainty. It was shown that the 

response of Duxseal affects both the final settlement and the developing failure mecha-

nism. The under-prediction of pore water pressure below the structure can be attributed 

to the more shallow failure mechanism that develops, due to the influence of the Duxseal 

inclusions at the boundaries. The reduction of Duxseal stiffness (to account for its non-

linear response) led to improved settlement prediction. 
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�ƒ The consideration of the parasitic vertical component of the input motion (simulated by 

the centrifuge-mounted shaker), which is often ignored, was also shown to affect the 

response, leading to better prediction of the final settlement in the case of the shallow 

layers.  

Bearing pressure effect 

The validated numerical model was used to investigate the influence of the foundation bear-

ing pressure �:�M�; and the depth of the liquefiable layer (�&�Å���$) on the response of the single 

structure (Chapter 4). Three idealized structures of width �$ were considered, of different as-

pect ratios and foundation bearing pressure, founded on two liquefiable layer depths, 

�&�Å���$ 
L �s��and 2. The key conclusions and contributions of this part of the study can be sum-

marised as follows: 

�ƒ In the case of a deep �:�&�Å���$ 
L �t�;��liquefiable layer, the settlement was found to increase 

with foundation bearing pressure �M, due to the increase of the rocking moments and the 

developing shear stresses in the soil. 

�ƒ In stark contrast, the increase of �M was shown to have a beneficial effect on settlement 

in the case of the more shallow �:�&�Å���$ 
L �s�; layer. The increase of �M was shown to lead 

to increased confinement, resulting to the development of a stiffer soil column going all 

the way to the base of the shallow layer, which offers better support to the overlying 

structure. The presence of the stiffer soil column does not allow redistribution of static 

shear stresses below the foundation edges, thus preventing shear stress reversals. As a 

result, the stress path does not pass through the origin, leading to a reduction of the 

accumulated shear strains, thus reducing the liquefaction-induced settlement. 

Influence of the boundary conditions 

The validated numerical model was used to parametrically investigate the effects of the cen-

trifuge model container and of the distance of lateral model boundaries �:�.�; (Chapter 3). The 

key conclusions and contributions of this part of the study can be summarised as follows: 

�ƒ Boundary effects are minimized with a laminar container, where a normalized boundary 

distance �.���&�Å 
R�s is shown to be adequate for all liquefiable layer depths �:�&�Å�; exam-

ined.  

�ƒ The use of a rigid container is proven problematic, as it always imposes an unrealistic 

wave propagation pattern.  
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�ƒ The use of Duxseal inclusions offers a major advantage, allowing accurate reproduction 

of foundation settlement even with �.���&�Å 
R�s, a key conclusion for the design of centri-

fuge model tests.  

Structure-Soil-Structure Interaction (SSSI) 

SSSI has been primarily studied for non-liquefiable soils, where it has been shown to be ben-

eficial or detrimental, depending on the characteristics of the structures and of the seismic 

motion. Research on the effects of SSSI in the event of liquefaction is still at an early stage. 

Recently, a few centrifuge studies have been performed (Haigh and Madabhushi, 2014; Hay-

den et al., 2015; Jafarian et al., 2017; Kirkwood and Dashti, 2018a), all examining two adjacent 

foundations, at different distances from each other. They all arrive at the conclusion that ig-

noring SSSI is not conservative. To investigate the effect of SSSI, three different neighboring 

building configurations were studied (Chapter 4). The analyzed configurations consist of pairs 

of identical structures, varying the aspect ratio, the bearing pressure, and the gap in between. 

Two different liquefiable layer depths were studied, �&�Å���$ 
L �s��and �t�ä The key conclusions and 

contributions of this part of the study can be summarised as follows: 

�ƒ The assumption of a single (isolated) building was shown to be an oversimplification, as 

SSSI can have a significant beneficial or detrimental effect on performance, altering the 

response of the structure not only quantitatively but also qualitatively, by leading to the 

development of fundamentally different deformation mechanisms. 

�ƒ For all cases examined, SSSI was found to have a beneficial effect on settlement �S, lead-

ing to up to a 40% reduction, due to the interaction of the stress bulbs of the two build-

ings and the intersection of their failure mechanisms .  

�ƒ The effect of SSSI on permanent building rotation �ô was shown to be detrimental, leading 

to its dramatic increase by up to 23 times compared to the equivalent single structure. 

The detrimental effect of SSSI on �ô was shown to be a function of the gap �:�O���$�; between 

neighboring structures, in combination with the depth of the liquefiable layer���:�&�Å���$�;. A 

sufficiently large gap of the order of �O���$ 
L �w is required for the residual �ô not to be 

affected by the neighboring structure. 

�ƒ In the case of the shallow �:�&�Å���$ 
L �s�; layer, the two buildings were consistently shown 

to rotate away from each other. When the buildings are in close proximity, the initial 

shear stresses under the inner foundation edges tend to cancel out. Combined with the 
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formation of a stiffer soil column, this leads to larger accumulation of shear strains at the 

outer foundation edges, resulting to their outward rotation.  

�ƒ In the case of the deeper �:�&�Å���$ 
L �t�; layer, for���s
O�O���$ 
O�w, the response is similar, 

with the two buildings tilting away from each other. However, when the buildings are in 

close proximity���:�O���$ 
O�s�;, they tend to rotate towards each other. In this case, the two 

foundations are so close that they behave as a single flexible (hinged) foundation of width 

�t�$�ä The triangular wedge that forms below the foundation has its maximum vertical dis-

placement at its centre and thus the foundations rotating towards each other.   

5.2 Limitations and Outlook 

The problem was studied through numerical analysis, employing an advanced constitutive 

model, carefully calibrated versus a broad set of element tests and thorough validated versus 

six centrifuge model tests. Nevertheless, to focus on the key mechanisms governing the re-

sponse, the problem had to be idealised to some extent. The key limitations of the study, 

along with suggestions for further research on the subject, are summarised as follows: 

�ƒ The study focused on strip surface foundations resting on uniform clean sand layers, with-

out any embedment. This was done to exclude some sources of uncertainty and focus on 

the main mechanisms governing the response. However, this is rarely the case in practise, 

since most foundations are at least partially embedded and the soil stratigraphy can be 

much more complicated. Both the embedment and soil non-uniformity are expected to 

affect the response and need to be examined.  

�ƒ The study focused on strip foundations allowing the reduction of the real 3D problem to 

an equivalent 2D plane strain problem. However, the typical foundation/building sizes 

encountered in practice call for 3D analysis, which can be much more computationally 

demanding. Moreover, since PM4Sand is not yet available in 3D, a different constitutive 

model would be required. 

�ƒ Following the centrifuge model tests, in all cases examined harmonic excitations were 

used as seismic input. The consideration of real seismic records is not expected to affect 

the observed deformation mechanisms, but the calibration of the constitutive model may 

have to be reconsidered, due to the different number of loading cycles. 

�ƒ The calibration of the constitutive model in terms of the cyclic stress resistance (CSR) was 

based on cyclic constant volume direct simple shear tests with initial vertical effective 
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stress of 100 kPa and zero initial static shear stress. The effect of the overburden pressure 

and the initial static stress (K�• and Ka effect) on the cyclic stress resistance of Hostun sand 

has not been quantified. Therefore, more element tests have to be conducted and the 

efficacy of the constitutive model to predict these more complicated stress paths has to 

be evaluated. 

�ƒ The numerical analyses were validated against centrifuge model tests of single buildings. 

The numerical predictions regarding the neighboring structures should be validated ver-

sus centrifuge model tests, accounting for SSSI. 

�ƒ The Duxseal material was considered and modeled as a linear elastic material. However, 

this is not totally realistic. Especially in the case of the deep layers, the response was 

shown to be affected by the nonlinearity of the Duxseal material. To that end, the mate-

rial has to be characterized through element tests, so that it can be modelled more accu-

rately.  

�ƒ In all numerical analyses, soil permeability is assumed to remain constant. Permeability 

changes during soil liquefaction, due to the evolution of �š�Z�����•�}�]�o�[�•��void ratio and the de-

veloping excess pore water pressures. Such effects also require some scrutiny. 
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Appendix A: PM4sand 3.1 (Reproduced from Boulanger and Ziotopoulou (2017)) 

 

PM4Sand, Version 3.1 is a stress-ratio controlled, critical state compatible, bounding-surface 

plasticity model, following the framework of the DM04 model (Dafalias and Manzari 2004). 

The basic constitutive modifications from the DM04 model are: 

1. Fabric formulation depends on plastic shear rather than plastic volumetric 

strains 

2. Fabric history and cumulative fabric formation terms were added 

3. Plastic modulus depends on fabric 

4. New dilatancy relationship depended on fabric and fabric history, which are dif-

ferent for contraction and expansion 

5. Dilatancy is constrained during volumetric expansion 

6. Dependency of the elastic modulus on the stress ratio and the fabric history 

7. Critical state framework is expressed in terms of a relative state parameter index 

�æ�Ë (Fig. A2 left). 

8. Bounding and dilation surfaces are not depended on Lode angle. 

9. Incorporation of a methodology for improved modelling of post-liquefaction re-

consolidation strains 

 

PM4Sand, Version 3.1 comprises �t�y input parameters (Table A1, 2), from which �x are 

considered primary (including the atmospheric pressure and  �t  �^�(�o���P�_���‰���Œ���u���š���Œ�•�•�� ���v�����t�s 

secondary.  

The model incorporates bounding, dilatancy, and critical surfaces, independent from 

Lode angle. They are visualized as linear lines on a �M
F�L plot (Fig. A1 left) or as circular sur-

faces on a stress-ratio graph of �”�w�w versus �”�v�w (Fig. A1 right). As the model is sheared toward 

critical state �:�æ�Ë 
L �r�;, the values of �/ �Õand �/ �× will both approach the value of �/ . Thus the 

bounding and dilatancy surfaces move together during shearing until they coincide with the 

critical state surface when the soil has reached critical state (Boulanger and Ziotopoulou 

(2017)). A rotated dilatancy surface with slope �/ �×�Ë (Fig. A1 left), which evolves with the his-

tory of the fabric tensor �V was added to the framework of the model to facilitate earlier dila-
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tion at low stress-ratios under certain loading paths (Boulanger and Ziotopoulou (2017)). Ta-

ble A3 includes the governing equations of PM4sand Version 3.1 as they were reproduced 

from Boulanger and Ziotopoulou (2017). 

 

 

 

 

Fig. A1. Yield, critical, dilatancy, rotated dilatancy and bounding lines in q-p space (left) and 
in the �N�ì�ì 
F �N�ë�ì stress-ratio plane (right) (Reproduced from Boulanger and Ziotopoulou 
(2017)). 

 

 

  

 

Fig. A2. Definition of the relative state parameter, �æ�Ë (left) and schematic of the dilatancy �& 
calculation based on the stress state with regards to the rotated dilatancy �:�/ �×�Ë�;, dilatancy 
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�:�/ �Õ�;, and bounding �:�/ �Õ�; surfaces during a half-cycle that goes from contraction to dilation 
(right) (Reproduced from Boulanger and Ziotopoulou (2017)).  

 

 Table A1. Primary Parameters of PM4sand Version 3.1  (Reproduced from Boulanger and 
Ziotopoulou (2017)). 

�&�å Apparent relative density controlling dilatancy and stress-strain response characteristics. 
�)�â Shear modulus coefficient controlling the small strain shear modulus, Gmax. 
�D�ã�â Contraction rate parameter that adjusts contraction rates. 
�L�º Atmospheric pressure. 
�(�E�N�O�P�%�=�H�H Flag parameter that re-sets the back-stress ratio history terms equal to the current stress ratio, and 

erases all fabric terms. 
�2�K�O�P�5�D�=�G�A Flag parameter used during post-shaking portion of a simulation to improve modeling of post-

liquefaction reconsolidation strains. 

  

 

 

Table A2. Secondary Parameters of PM4sand Version 3.1  (Reproduced from Boulanger and 
Ziotopoulou (2017)). 

�D�â Variable that adjusts the ratio of plastic modulus to elastic modulus. The default value of �D�â 
L �:�r�ä�t�w
E�&�Ë�; �t�¤  
with minimum value of �r�ä�u�r. 

�A�à�Ô�ë�á�A�à�Ü�á Maximum and minimum void ratio. 

�J�Õ Controls dilatancy and thus also the peak effective friction angles. 

�J�× Controls the stress-ratio at which contraction transitions to dilation, which is often referred to as phase trans-
formation 

�#�×�â Default value is computed based on Bolton's dilatancy relationship at the time of initialization. 
�V�à�Ô�ë Default value is computed at the time of initialization as: 

 �V�à�Ô�ë
L �r�ä�y�r�A�T�L�:
F�x�ä�s�æ�Ë���; 
Q�t�r 
�?�í Controls strain levels at which fabric effects become important. 
�?�Ø The value is �r�ä�w for �&�Ë less than �w�w%, and linearly decreases to its minimum value of �r�ä�t at �&�Ë 
L �y�w�.̈ 

Can be used to adjust the rate of strain accumulation in undrained cyclic loading. 
�î �"�Ö�é Critical friction angle. 
�å��  �W�}�]�•�•�}�v�[�•���Œ���š�]�}�X 
�%�½�Ë Controls the rotated dilatancy surface and is applied to reduce the rate under which dilatancy is increasing. De-

fault value at the time of initialization as: �%�½�Ë
L �w
E�t�w�:�&�Ë 
F �r�ä�u�w�; 
Q�s�r. 
�%�Þ�Ô�Ù Controls the effect that sustained static shear stresses have on plastic modulus. Default value at the time of 

initialization as: �%�Þ�Ô�Ù
L �w
E�t�t�r�:�&�Ë�â
F�r�ä�t�x�;�7 �Ð�>�v�â�u�w�?. 
�3�á�4 Bolton's constants for Dilatancy. 
�I  Default value is �r�ä�r�s.   Default value provides reasonable modeling and numerical stability. 
�(�æ�Ø�×�á�à�Ü�á Controls the minimum value the reduction factor of the elastic moduli can attain during reconsolidation. De-

fault value: �(�æ�Ø�×�á�à�Ü�á
L �r�ä�r�u�A�T�L�:�t�ä�x�&�Ë�; 
Q�r�ä�{�{ (When �2�K�O�P�5�D�=�G�A
L �s) 
�L�"�æ�Ø�×�á�â It is the mean effective stress up to which reconsolidation strains are enhanced. (When �2�K�O�P�5�D�=�G�A
L �s) 
�?�N�Û�Ú Nominal plastic shear strength ratio used to compute �?�Û�Ú��at the time of initialization or when �(�E�N�O�P�%�=�H�H
L �r. 
�?�Û�Ú Nominal plastic shear strength assigned at initialization or when �(�E�N�O�P�%�=�H�H
L �r. 
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Table A3. Governing Equations of PM4sand Version 3.1  (Reproduced from Boulanger and 
Ziotopoulou (2017)). 

Critical state line 
 

�æ�Ë 
L
�4

�3 
F �Ž�•�@�s�r�r
�L
�L�º

�A

F �&�Ë�� 

 

Hardening Rule and Plastic Modulus 
 

�@�=
L �Ã�.�Ä
�6

�7
�D�:�=�Õ
F�=�;  

�D
L
�7

�6

�Ä�Û

�ã�:�Ô�Í �?�Ô�;�ã�á
  

�-�ã 
L �)�D�â

¥�:�Ô�Í �?�Ô�;�ã�á

�B�c�v�n�@
k�Ô�?�Ô�Ô�Ù
�Ì�Û�Û
o�ã�l �A�?�5�C�>�Û�,

�6�4�4
W
�%�å�Ø�é  

�®
�¼�Ö�Ì

�5�>�6�@
�å�Û�Ð�Ì�Ö
�å�Ø�Ì�ã

�A�Ã�:�Ô�Í �?�Ô�;�ã�á�Ä
¥�5�?�¼�å�Û�Ö�.

  

 

�%�å�Ø�é
L

k�Ô�?�Ô�Ô�Ù

�Ì�Û�Û
o�ã�l


k�Ô�?�Ô�Ô�Ù
�ß�Ý�à�Ð
o�ã�l

���B�K�N 
k�=
F �=�Ü�á
�Ô�ã�ã
o�ã�• 
Q���r   

�%�å�Ø�é
L �s  otherwise 

�%�Þ�Ô
L �s
E
�¼�¼�Ì�Ñ

�5�>�:�6�ä�9�Ã
k�Ô�?�Ô�Ô�Ù
�ß�Ý�à�Ð
o�ã�l �Ä�;�.

�%�ã�í�ã�6
�í�Û�Ð�Ì�Ö

�í�Î�à�Ø�>
�å�Ø�Ì�ã

�1

  

�%�í�ã�Þ�6 
L
�í�Û�Ð�Ì�Ö

�í�Î�à�Ø�>
�å�Ø�Ì�ã

�-�,�,

  

�%�ã�í�ã�6 
L
�?�Ã�?�:�ã�å�Û�?�ã�;�Ä

�?�Ã�?
k�ã�å�Û�?�ã
o�Ä�>�ã�Ø�Ô�Ù
  

 

Bounding, dilatancy and critical state ratio 
 

�/ �Õ
L �/ �®�‡�š�’���:
F�J�Õ�æ�Ë�; 
�/ �× 
L �/ �®�‡�š�’���:
F�J�×�æ�Ë�; 
�/ 
L �t �•�‹�•�:�î �Ö�é�; 

 
Fabric dilatancy tensor �:�=�× 
F �=�;�ã�J 
O�r 
 

�@�V
L 
F
�?�í

�s
E�Ã�V�Ö�è�à
�t�V�à�Ô�ë


F�s�Ä

�Ã
F�@�Ý�é
�ã�ß�Ä

�&
�:�V�à�Ô�ë�J
E�V�; 

�@�V�Ö�è�à
L ���@�V�� 
 

Yield surface 
 

�B
L �>�:�O
F�L�=�;�ã�:�O
F�L�=�;�?
�5

�6
W 
F 
§�s
�t
W�L�I  

�=�Õ
L 
§�5

�6
�>�/ �Õ
F �I �?�J��  

�=�× 
L 
¨
�s
�t

�>�/ �× 
F �I �?�J 

�J 
L
�N
F�=


§�s
�t �I

 

Plastic volumetric strains �t Dilation �:�=�× 
F �=�;�ã�J 
O�r 
 

�/ �×�Ë
L
�/ �×

�%�å�â�ç�5
 

�%�å�â�ç�5 
L �s
E
�t�Ã
F�V�ã�J�Ä

�¾�t�V�à�Ô�ë

�:�s
F �%�í�Ü�á�5�; 
R�s 

�%�í�Ü�á�5 
L �Ã�s
F �‡�š�’
l
F�t �,
�V�Ü�á�ã�J
F �V�ã�J

�V�à�Ô�ë
�,
p�Ä 

 

�=�× 
L
�s

�¾�t
�:�/ �× 
F �I �;�J 

�=�×�Ë
L
�s

�¾�t
�:�/ �×�Ë
F �I �;�J 

�&�á�â�á�?�å�â�ç
L �#�×�>�:�=�× 
F �=�;�ã�J�? 

�&�å�â�ç
L �#�×
�Ã
F�V�ã�J�Ä

�¾�t�V�à�Ô�ë

�:�=�×�Ë
F �=�;�ã�J
�%�½�Ë

 

 

�#�× 
L��
�#�×�4�%�í�Ü�á�6


l
�V�Ö�è�à

�6

�V�à�Ô�ë

p�F�s
F

�Ã
F�V�ã�J�Ä
�¾�t�V�ã�Ø�Ô�Þ

�G
�7

�%���6�%�ã�í�ã�%�ã�à�Ü�á�%�í�Ü�á�5 
E�s

 

 

�#�×�4 
L��
�s

�r�ä�v


d�•�‹�•�?�5
l
�/ �Õ

�t 
p
F �•�‹�•�?�5�@
�/
�t �A
h

�/ �Õ
F �/ �×  

�%�ã�í�ã
L
�5

�5�>
l
�.�ä�1�Û
�Û�å�Û


p
�1  

�%�ã�à�Ü�á
L
�5

�5�>�@
�Û�Ø�Ô�Ù

�Û
�A

�.  

�%�í�Ü�á�6 
L
�s
E�%�í�Ü�á�5

�V�Ö�è�à�?�í�Û�Ð�Ì�Ö

�u�V�à�Ô�ë

�s
E�u�%�í�Ü�á�5
�V�Ö�è�à
F�V�ã�Ø�Ô�Þ

�u�V�à�Ô�ë

 

 
�E�B���&�á�â�á�?�å�â�ç
O�&�á�â�á�: �&
L �&�á�â�á�?�å�â�ç 

�A�H�O�A���&
L ���&�á�â�á�?�å�â�ç
E�:�&�å�â�ç


F�&�á�â�á�?�å�â�ç�;
�Ã�/ �Õ
F �/ �Ö�è�å�Ä

�Ã�/ �Õ
F �/ �Ö�è�å
E�r�ä�r�s�Ä
 

Elastic strain increments 
 

�@�A�Ø�ß
L
�@�O
�t�)

 

�) 
L �)�â�L�º 
l
�L
�L�º


p
�5

�6
W

�%�Ì�Ë�L
�s
E

�V�Ö�è�à
�V�à�Ô�ë


E
�V�Ö�è�à
�V�à�Ô�ë

�%�À�½�M 

�%�Ì�Ë 
L �s
F �%�Ì�Ë�á�4 �®
l
�/
�/ �Õ
p

�à �Ä�Ã

 

�%�Ì�Ë�á�4 
L �r�ä�w 
�I �Ì�Ë 
L �v 
 

�@�A�é�Ø�ß
L
�@�L
�-

 

�- 
L
�6�:�5�>�� �;

�7�:�5�?�6�� �;
G 

 
Stress increment 
 

�. 
L
�t�)�J�ã�@�A
F�J�ã�N�-�@�Ý�é
�-�ã 
E�t�) 
F�-�&�J�ã�N

 

�@�ê
L �t�)�@�A
E�È�@�Ý�é�Ç
F �Ã�.�Ä�:�t�)�J 
E�-�&�+�; 
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Plastic volumetric strains �t Contraction �:�=�× 
F�=�;�ã�J 
P
�r 
 

�&
L �#�×�Ö�H�:�=
F �=�Ü�á�;�ã�J
E
�t�Ã�V�ã�J�Ä

�¾�t�V�à�Ô�ë
�I
�6 �:�=�× 
F �=�;�ã�J

�:�=�× 
F �=�;�ã�J
E�r�ä�s
 

�&
Q�s�ä�w�#�×�4
�:�=�× 
F �=�;�ã�J

�:�=�× 
F �=�;�ã�J
E�%�×
 

�#�×�Ö
L��
�#�×�4�:�s
E�Ã�V�ã�J�Ä�;

�D�ã�%�×�í
 

�%�×�í 
L �F�s
F �%�å�â�ç�6
�¾�t�V�ã�Ø�Ô�Þ

�V�à�Ô�ë
�G
l

�V�à�Ô�ë

�V�à�Ô�ë
E�%�å�â�ç�6�V�Ö�è�à

p 

�%�×�í 
R
�s

�s
E�V�à�Ô�ë
�t
W

 

�%�å�â�ç�6 
L �s
F �%�í�ã�Þ�6 
�D�ã 
L �D�ã�â�‡�š�’�:
F�r�ä�y
E�y�:�r�ä�w
F �æ�Ë�;�6�;�B�K�N���æ�Ë 
Q�r�ä�v 
�D�ã 
L �D�ã�â�‡�š�’�:
F�r�ä�y�;�B�K�N���æ�Ë 
P �r�ä�v 
 

Post-Shake reconsolidation 
 

�)�ã�â�æ�ç�?�æ�Û�Ô�Þ�Ü�á�Ú
L �(�æ�Ø�×�) 
�-�ã�â�æ�ç�?�æ�Û�Ô�Þ�Ü�á�Ú
L �(�æ�Ø�×�-  
 

�(�æ�Ø�×
L �(�æ�Ø�×�á�à�Ü�á
E�:�s
F�(�æ�Ø�×�á�à�Ü�á�;�F
�L�"

�t�r�L�"�æ�Ø�×
�G
Q�s 

�L�"�æ�Ø�×
L �L�"�æ�Ø�×�Ú

l

�V�Ö�è�à

�V�Ö�è�à
E�V�à�Ô�ë

p�Ã�s
F

�/ �Ö�è�å

�/ �× �Ä�4�ä�6�9 

�(�æ�Ø�×�á�à�Ü�á
L �r�ä�r�u�®�A�T�L���:�t�ä�x�&�Ë�;��
Q�r�ä�{�{ 

�L�"�æ�Ø�×�Ú

L 
F

�L�º
�w
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Appendix B: Drained Direct Simple Shear Tests (DDSS) 
 

Cyclic drained direct simple shear (DDSS) tests were performed on the NGI direct simple shear 

apparatus of IGT to assess the degradation of shear modulus �:�) �; and the increase of damping 

ratio �:�æ�; with shear strain and vertical effective stress���:�ê�"�é�;. The NGI device was designed by 

the Norwegian Geotechnical Institute and manufactured by Geonor (1968). The initial design 

was later modified to allow stress- or strain-controlled shearing and controlled vertical load-

ing. An electric screw jack actuator was added to control vertical loading, combined with a 4 

kN capacity load cell. Another electric screw jack actuator was added to apply horizontal 

shearing to the specimen, while linear variable differential transformers (LVDTs) record both 

vertical and horizontal displacements. Finally, a new control system was implemented, allow-

ing control of stress and strain loading. The modified apparatus is presented in Fig. B1a. 

The DSS apparatus allows uniform shearing of a soil specimen throughout its volume. 

The top plate translates horizontally relative to the fixed base, while the specimen is confined 

in a wire reinforced rubber membrane (Fig. B1b), which does not allow the development of 

radial strain during the test, forcing the horizontal cross sectional area of the specimen to 

remain constant. The membranes used were reinforced with iron-nickel wire of 0.15 mm di-

ameter, wound around the membrane 27 times per cm of height. 

The sand specimens were prepared in the wire reinforced rubber membrane by dry 

pluviation and were then tapped to reach the target relative density. All specimens had a 

cross sectional area of 50 cm2 and a height which varied between 21 mm and 24 mm. After 

preparation, each specimen was installed in the DSS apparatus and loaded to the target ver-

tical stress. When the target vertical stress was reached, it was maintained constant until the 

rate of settlement fell below 1 �…m/10 min, and only then was the specimen subjected to 

shearing.  
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Fig. B1. Simple shear testing: (a) modified Geonor direct simple shear apparatus; (b) wire 
reinforced membrane. 

    

 

 

Fig. B2. Drained Direct Simple Shear Test: shear stress�tshear strain �:�ì 
F �Û�;; and void ratio�t
shear strain �:�A
F�Û�;, for specimens with initial void ratio �:�A�â�;: (a) �r�ä�z�{; (b)���r�ä�z�t; and (c) �r�ä�y�x. 
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Fig. B3. Shear stress�tshear strain �:�ì 
F �Û�; response for 9 drained direct simple shear tests. 
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Fig. B4. Void ratio�tshear strain �:�A
F�Û�; response for 9 drained direct simple shear tests. 
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Fig. B5. Comparison of DSS test results with the analytical expression of Ishibashi & Zhang 
(1993) for 9 drained direct simple shear tests in terms of  �) 
F �Û degradation curves. 
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Fig. B6. Comparison of DSS test results with the analytical expression of Ishibashi & Zhang 
(1993) for 9 drained direct simple shear tests in terms of  �æ
F�Û degradation curves 
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Appendix C: Constant Volume Direct Simple Shear Tests (CVDSS) 
 

For the determination of the liquefaction potential of Hostun HN31 sand, 12 constant 

volume direct simple shear tests with an initial vertical stress of �ê�"�é�â
L �s�r�r���G�2�=  were per-

formed (CVDSS) (FIG. C1-C12). Constant volume tests were introduced by Taylor (1948) for 

triaxial conditions; Pickering (1969) applied the concept to cyclic simple shear tests of soil 

specimens constrained within rigid walls. The volume of the specimen is maintained constant 

during shearing by locking the vertical actuator to zero displacement. Cyclic shearing of loose 

samples leads to a tendency for contraction, which translates to a progressive reduction of 

vertical stress. This drop of vertical stress is equal to the increase in pore water pressure of a 

corresponding undrained test (Finn & Vaid 1977). Following this procedure, the liquefaction 

susceptibility of a fully saturated sand can be determined using dry specimens, thus increasing 

efficiency. Dyvik et al. (1987) showed that the drop in the vertical stress during shearing of 

constant volume direct shear tests is equal to the excess pore pressure developed during un-

drained tests. Finn & Vaid 1977 conducted several such experiments and concluded that there 

is no practical difference between experiments with dry and saturated sand specimens. 

Triggering of liquefaction is assumed to be at the point where the shear strain becomes 

equal to 3.75% in single amplitude (SA). Interestingly, this criterion was found to coincide with 

the point at which the excess pore water pressure ratio �N�è ��
L �Â�Q�ê�"�é�â�¤  reached 98 %. Soils do 

not necessarily reach the strain threshold for liquefaction with a full excess pore water pres-

sure and liquefaction particularly in dense sands may be triggered with �N�è even below 0.8 (Wu 

et al., 2004). Indeed, here it is observed that the largest discrepancies between the two crite-

ria are observed for the case of the denser samples �:�A
L �r�ä�y�r�z
F �r�ä�y�u�r�;. 
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Fig. C1. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C2. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C3. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C4. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C5. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   



 Appendix C: Constant volume direct simple shear test (CVDSS) 

 

147 
 

 

Fig. C6. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C7. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C8. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C9. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C10. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C11. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;   
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Fig. C12. Constant Volume Direct Simple Shear Test: (a) Shear stiffness degradation���:�ì 
F �Û�;; 
(b) stress path���:�ì 
F �ê�"�é�;; (c) vertical effective stress versus loading �:�ê�ñ

�é 
F �Ë�;  ; and (d)  ver-
tical effective stress versus shear strain �:�ê�ñ

�é 
F �Û�;  


