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Abstract

Earthquake-induced liquefaction is a phenomenon characterised by the loss of shear
strength and stiffness of soils and is one of the more complex hazards of geotechnical
engineering. This phenomenon typically occurs in loose and saturated sandy soil
deposits during monotonic or cyclic loading. Earthquake-induced liquefaction is
one of the most dramatic causes of damages and loss of functionality in buildings
and infrastructures, as demonstrated in several case histories —Japan (2011), New
Zealand (2010, 2011), Italy (2012, 2016) and Indonesia (2018). There are historical
documents about earthquake-induced liquefaction in the greater Lisbon area after
the 1755 earthquake. Such a catastrophic seismic event induced the generalised
collapse of most buildings in the centre of Lisbon, including the King’s palace.

The damages caused by earthquake-induced liquefaction demand innovative alterna-
tives to mitigate the effects caused by this phenomenon. Hence, in the last decades,
relevant achievements in liquefaction mitigation have been developed by reducing
pore pressure build-up and deformations in the ground surface. One of the most
promising techniques for liquefaction mitigation is the induction of partial satura-
tion (IPS). The mitigation techniques based on IPS have shown fruitful results in
increasing the soil resistance against liquefaction. The suitability of IPS techniques
for liquefaction mitigation is associated with the increment of fluid compressibility
in partially saturated soils, which reduces the pore pressure build-up during seismic
action.

This research aims to assess the liquefaction resistance and cyclic behaviour of sandy
soils in partially saturated conditions to provide relevant insights about the mitiga-
tion by IPS of liquefaction effects. For this purpose, a detailed characterisation of
an alluvial natural sand from the historical centre of Lisbon was carried out, namely
TP-Lisbon sand. This soil was used as a case history due to the liquefaction reports
after the 1755 earthquake. The characterisation allowed for the definition of the
critical state parameters and wave propagation of TP-Lisbon. Besides, the liquefac-
tion resistance in fully saturated conditions was assessed to obtain a reference for
estimating the liquefaction resistance improvement by the partial saturation effects.
Therefore, a novel approach combining experimental measurements of P-wave ve-
locity and Biot’s theory was proposed to estimate the degree of saturation during
element testing. On the other hand, a series of dynamic centrifuge tests were con-
ducted to assess the site response of sandy soil deposits with different depths under

i



ii Abstract

diverse degrees of saturation.

The liquefaction resistance improvement was analysed by a novel wave-based ap-
proach, which provides a reliable prediction of liquefaction resistance in partially
saturated conditions. The suitableness of IPS was attributed to the presence of
occluded air bubbles in partially saturated soils, which significantly reduce the pore
pressure build-up during cyclic loading. In addition, centrifuge test results indi-
cated variations in the peak ground acceleration in free field with the change in
degree of saturation, confirming the effects of induced partial saturation on the
cyclic behaviour of TP-Lisbon sand, which can be replicated in the future for other
sands..

Keywords: Liquefaction; Partial saturation; Mitigation; Laboratory tests; Wave
propagation; Sands.



Resumo

A liquefação induzida por terramotos é um dos fenómenos mais complexos no campo
da engenharia geotécnica devido à perda de resistência ao corte e rigidez dos solos.
Esse fenómeno é comum em depósitos de solo arenoso solto e saturado durante car-
regamento monotónico ou cíclico. A liquefação induzida por terramotos é uma das
causas mais dramáticas de perdas na funcionalidade de edifícios e infraestruras, como
demonstrado em diversos casos históricos —Japão (2011), Nova Zelândia (2010,
2011), Itália (2012, 2016) e Indonésia (2018). Existem documentos históricos sobre
liquefação induzida por terramotos na região de Lisboa após o terramoto de 1755.
Esse evento sísmico catastrófico causou o colapso generalizado do centro de Lisboa,
incluindo grande parte dos edifícios e até mesmo o Palácio do Rei..

Os danos causados pela liquefação induzida por terramotos demandam alternativas
inovadoras para mitigar os efeitos desse fenómeno. Portanto, nas últimas décadas,
foram desenvolvidos avanços relevantes na mitigação da liquefação, visando reduzir
o aumento de poro pressão e deformações na superfície do solo. Uma das técnicas
mais promissoras para mitigação da liquefação é a indução de saturação parcial
(ISP). As técnicas de mitigação baseadas em ISP têm mostrado resultados positivos
no aumento da resistência do solo à liquefação. A adequação das técnicas ISP para
a mitigação da liquefação está associada ao aumento da compressibilidade do fluido
em solos parcialmente saturados, o que reduz a geração de poro pressão durante a
ação sísmica.

Este trabalho de investigação tem como objetivo avaliar a resistência à liquefação e o
comportamento cíclico de solos arenosos em condições parcialmente saturadas para
fornecer informação relevante relativamente à mitigação dos efeitos da liquefação
por meio da ISP. Para isso, foi realizada uma caracterização detalhada de uma areia
aluvial natural proveniente do centro histórico de Lisboa, denominada areia TP-
Lisbon. Esse solo foi escolhido como estudo de caso devido aos relatos de liquefação
após o terramoto de 1755. A caracterização permitiu a definição dos parâmetros de
estado crítico e propagação de ondas da areia TP-Lisbon. Além disso, a resistência à
liquefação em condições totalmente saturadas foi avaliada para obter uma referência
para estimar o aumento da resistência à liquefação devido aos efeitos da saturação
parcial. Portanto, foi proposta uma abordagem inovadora que combina medições
experimentais da velocidade de onda-P e a teoria de Biot para estimar o grau de
saturação durante os ensaios elementares. Por outro lado, uma série de ensaios
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dinâmicos de centrifugadora geotécnica foi realizada para avaliar a resposta do solo
arenoso com várias profundidades e com diferentes graus de saturação.

O melhoramento da resistência do solo à liquefação foi analisada por meio de uma
abordagem baseada em ondas, que fornece uma previsão confiável da resistência à
liquefação em condições de saturação parcial. Os resultados experimentais confir-
maram o aumento da resistência à liquefação pela indução de saturação parcial. A
eficiência da ISP foi atribuída à presença de bolhas de ar dentro do fluido nos solos
parcialmente saturados, o que reduz significativamente a geração de poro pressão
durante o carregamento cíclico. Assim mesmo, os resultados na centrifugadora
geotécnica indicaram variações na aceleração máxima do solo em campo livre com
a mudança no grau de saturação, confirmando os efeitos da saturação parcial no
comportamento cíclico da areia TP-Lisbon.

Palavras chave: Liquefação; saturação parcial; Mitigação; Ensaios de laboratório;
Propagação de ondas; Areias.



Resumen

La licuación inducida por terremotos es uno de los riesgos más complejos de la
ingeniería geotécnica debido a la pérdida de resistencia al corte y rigidez de los
suelos. Este fenómeno es típico en depósitos de suelos arenosos sueltos y saturados
durante cargas monótonas o cíclicas. La licuación inducida por terremotos es una
de las causas más dramáticas de daños en construcciones e infraestructura, como se
ha demostrado en varios casos históricos, como Japón (2011), Nueva Zelanda (2010,
2011), Italia (2012, 2016) e Indonesia (2018). Existen documentos históricos sobre
la licuación inducida por terremotos en el área de Lisboa después del terremoto
de 1755. Dicho evento sísmico catastófico causó el colapso de varios edificios en el
centro de Lisboa, incluyendo el palacio real del imperio.

Los daños causados por la licuación inducida por terremotos demandan alternativas
innovadoras para mitigar los efectos de este fenómeno. Por lo tanto, en las últimas
décadas, se han alcanzado logros relevantes en la mitigación de la licuación mediante
la reducción del aumento de presión de poros y las deformaciones en la superficie
del suelo. Una de las técnicas más prometedoras para la mitigación de la licuación
es la inducción de la saturación parcial (IPS, por sus siglas en inglés). Las técnicas
de mitigación basadas en IPS han mostrado resultados favorables en el aumento de
la resistencia del suelo contra el aumento de la presión de poros. La implementación
de las técnicas de la IPS para la mitigación de la licuación está asociada con el
incremento de la compresibilidad del fluido en suelos parcialmente saturados, lo que
reduce la acumulación de presión de poros durante la acción sísmica.

Esta investigación tiene como objetivo evaluar la resistencia a la licuación y el com-
portamiento cíclico de suelos arenosos en condiciones parcialmente saturadas para
proporcionar información relevante sobre la mitigación de los efectos de la licuación
mediante IPS. De esta manera, se realizó una caracterización detallada de una arena
natural de origen aluvial proveniente del centro histórico de Lisboa, conocida como
arena TP-Lisbon. Este suelo granular se utilizó como caso estudio, debido a los
reportes históricos de licuación después del terremoto de 1755. La caracterización
permitió definir los parámetros de estado crítico y la propagación de ondas en di-
cho suelo. Además, se evaluó la resistencia a la licuación en condiciones totalmente
saturadas con el fin de obtener una referencia para estimar el incremento en la re-
sistencia a la licuación debido a la disminución en el grado de saturación. Por lo
tanto, se propuso un enfoque novedoso que combina resultados experimentales de la
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velocidad de onda P y la teoría de Biot para estimar el grado de saturación durante
los ensayos elementales. Por otro lado, se realizaron una serie de pruebas dinámi-
cas en centrífuga geotécnica para evaluar la respuesta de sitio en depósitos de suelo
arenosos superficiales bajo diferentes grados de saturación.

El aumento en la resistencia a la licuación se analizó mediante un enfoque nove-
doso basado en propagación de ondas, que proporciona una predicción confiable de
la resistencia a la licuación en condiciones parcialmente saturadas. Los resultados
experimentales confirmaron un aumento en la resistencia a la licuación mediante la
inducción de la saturación parcial. La efectividad de la IPS se atribuyó a la pres-
encia de burbujas de aire dentro del fluido en condiciones parcialmente saturadas,
lo que reduce significativamente el aumento de presión de poros durante la carga
cíclica. Además, los resultados de centrífuga geotécnica indicaron variaciones en la
aceleración máxima del suelo en campo libre con el cambio en el grado de saturación,
lo que valida los efectos de la inducción de saturación parcial en el comportamiento
cíclico de la arena TP-Lisbon.

Palabras clave: Licuación; Saturación parcial; Mitigación; Ensayos de laboratorio;
Propagación de ondas; Arenas.
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χ Dilatancy rate scaling parameter
Ψ Matrix function
ψ State parameter
ω Water content
ωR Resonant frequency (Hz)
ωf Final water content





Chapter 1

Introduction

1.1 Context and research motivation

Earthquakes are one of the most destructive natural phenomena. During the past
century, earthquakes caused the deaths worldwide and numerous damages in in-
frastructures, resulting in an estimated economic loss of EUR75 billion in the last
quarter. Approximately half of this earthquake-induced was caused by liquefac-
tion. Recent reports on liquefaction in Japan (Boulanger, 2012) and New Zealand
(Cubrinovski et al., 2011) have clearly evidenced the risks to communities associated
with liquefaction, providing an opportunity for improving public policies in various
countries under similar risk. In May 2012, an energetic seismic sequence affected
Northern Italy, despite the relatively moderate magnitude (around 5.9). This survey
showed heavy damage in critical infrastructures essentially due to liquefaction or soil
failure, as well as in old masonry constructions and recent constructions (Viana da
Fonseca et al., 2017).

Recent works from FEUP geotechnical group of CONSTRUCT, within the scope
of two projects financially supported by the Portuguese Foundation for Science and
Technology (FCT) ‘Tools for performance-based design in liquefiable deposits’ (PT-
DC/ECM/103220/2008) and ‘Liquefaction Assessment Protocols to Protect Critical
Infrastructures against Earthquake Damage: LIQ2PROEARTH’ (PTDC/ECM/-
GEO/1780/2014), concluded in 2013 and 2019, have confirmed that liquefaction
susceptibility can be essentially addressed by Critical State Soil Mechanics theory,
both from static/monotonic and cyclic loading conditions. Furthermore, in-situ

1
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testing was performed in four experimental sites in Portugal to identify liquefiable
layers. In such experimental sites, high-quality samples of sandy soils were collected
and which were subsequently tested in the laboratory using advanced procedures.
Moreover, in European Project ‘LIQUEFACT’ (H2020 GA 700748), in which the
geotechnical group of CONSTRUCT also participated, systems for IPS have been
implemented in an experimental site in Pieve di Cento in Italy (Flora et al., 2020),
where horizontal drains and air injection performed well as liquefaction mitigation
measures (http://www.liquefact.eu/).

Therefore, it is of the utmost relevance to identify mitigation techniques to tackle
liquefaction risk while satisfying the requirements of design reliability, environmental
compatibility and cost-effectiveness. It is well-known that soil liquefaction is trig-
gered in saturated conditions (Tatsuoka et al., 1986; Kokusho, 2013; He et al., 2014).
Hence, reducing the saturation level can reduce liquefaction susceptibility (Soares
and Viana da Fonseca, 2016; Wang et al., 2016). During element testing, the degree
of saturation of the soil (Sr) can be estimated by measuring both Skempton’s B-
value and P-wave velocity (Yang, 2002; Vieira Faria et al., 2006; Valle-Molina and
Stokoe, 2012). However, P-wave velocity is advantageous to measure in the field
and the laboratory, contrasting with other methods.

The induced partial saturation (IPS) technique is considered one of the most inno-
vative and promising for increasing the liquefaction resistance of soils. IPS consists
of introducing a certain amount of air/gas into the soil voids (Okamura et al., 2011;
Eseller-Bayat et al., 2013). The air/gas insertion reduces the degree of saturation,
and even a small decrease in saturation (from 100% to 95%) can increase the re-
sistance to liquefaction by 30% (Yegian et al., 2007; Jafarzadeh and Sadeghi, 2012;
Mele et al., 2019). The air in the voids prevents soil liquefaction due to a minor
effect of the matric suction (Zhang et al., 2016; Tsukamoto, 2019) and the most
relevant factor is the high-volumetric compressibility of air bubbles, even at micro-
scale (Okamura and Soga, 2006; Tsukamoto et al., 2014; Mele and Flora, 2019). The
partial saturation condition induces an increment of soil stiffness and a displacement
of the critical state locus (Robertson et al., 2017). During undrained cyclic loading,
the matric suction generates an additional strength, and the compression of air/gas
minimises the pore pressure build-up in loose to medium-dense sands, which tend
to contract (Mele et al., 2020). The instability of granular soils during cyclic load-
ing is more pronounced in the presence of non-compressible fluids (Lirer and Mele,
2019). This effect can be controlled by increasing the compressibility of the voids

http://www.liquefact.eu/
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phase with specific fluids or by applying IPS techniques (e.g. remoulding partially
saturated specimens). However, no integrated experimental procedure currently al-
lows for the reliable measurement of the degree of saturation, controlled testing of
sands under different degrees of saturation, and an approach to quantifying the IPS
performance for liquefaction mitigation.

Furthermore, using a micro shaking table equipped with a piezoelectric actuator for
centrifuge testing has significantly reduced testing time while providing reliable and
small-scale models (Cabrera et al., 2012; Molina-Gómez et al., 2019). Therefore, a
practical application for assessing site response (e.g., amplification factor and soil
deformations) by integrating the micro shaking-table and geotechnical centrifuge
for different degrees of saturation has not been proposed yet. Physical models in
geotechnical centrifuges have been implemented in both dry and saturated sands.
However, recently there has been an increased interest in studying geotechnical
problems involving desaturated soils (Caicedo and Thorel, 2014). Prototypes for
assessing liquefaction effects in shallow foundations and mitigation techniques have
shown a reduction in the settlement after decreasing the degree of saturation of
liquefiable layers (Yegian et al., 2007; Dashti et al., 2010; Olarte et al., 2017; Zeybek
and Madabhushi, 2017, 2018).

1.2 Research objectives

1.2.1 General objective

To assess the cyclic behaviour of a sandy soil under different degrees of saturation by
evaluating the performance of the induced partial saturation as a potential method
to mitigate the effects of earthquake-induced liquefaction.

1.2.2 Specific objectives

• To characterise the physical, mechanical and dynamic properties of TP-Lisbon
sand by an experimental plan in the laboratory, interpreting the geomechanical
behaviour of such soil using the Critical State Soil Mechanics framework.

• To evaluate the liquefaction susceptibility of the liquefiable layer below the
Terreiro do Paço site by combining advanced in situ and laboratory testing,
analysing and comparing the results in the light of the state parameter concept.
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• To propose a novel experimental method for estimating the degree of saturation
during element testing, using elastic wave velocities and validated by the wave
propagation theory on fluid-saturated granular media.

• To assess the liquefaction resistance of partially saturated sands using a cyclic
triaxial apparatus equipped with piezoelectric transducers and local instru-
mentation, quantifying the soil improvement provided by the induced partial
saturation by novel approaches.

• To perform a site response analysis of shallow sandy soil deposits by combining
a micro shaking table and geotechnical centrifuge apparatuses, evaluating the
seismic response for different degrees of saturation.

1.3 Thesis structure

This thesis is organised into eight chapters, representing all research work phases.

Chapter 1 presents the motivation, objectives and organisation of the thesis.

Chapter 2 contains a compilation of the main theoretical aspects related to the
effects of degree of saturation on soil liquefaction. Therefore, this chapter covers
a literature review of the mechanisms for earthquake-induced liquefaction, novel
methods to interpret the cyclic behaviour of partially saturated sands, the wave
propagation theory of fluid-saturated media and the techniques for inducing partial
saturation.

Chapter 3 presents the materials and experimental methods used in this reserach.
This chapter is divided into two main sections. The first one defines the selection
of TP-Lisbon sand and its historical relevance for the Portuguese heritage. The
second section describes the equipment and testing procedures implemented during
the research.

Chapter 4 addresses the characterisation of the physical, mechanical and dynamic
properties of TP-Lisbon sand. The characterisation results are interpreted in the
light of the Critical State Soil Mechanics framework. Besides, the critical state pa-
rameters controlling the geomechanical behaviour of TP-Lisbon sand are correlated
with the intrinsic properties and contrasted against similar sands.

Chapter 5 focuses on the assessment of the liquefaction susceptibility of TP-Lisbon
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sand. The assessment is carried out by advanced in situ and laboratory testing, com-
prising reconstituted samples with relative densities representative of the liquefiable
layer below the Terreiro do Paço site. The state parameter concept interprets the
results between the diverse testing methods, predicting the liquefaction resistance
for different stress and state conditions.

Chapter 6 covers the liquefaction resistance of TP-Lisbon sand in partially satu-
rated conditions. In this chapter, two main contributions are introduced. The first
contribution is proposing a novel experimental method to assess the degree of satu-
ration during element testing by measuring mechanical wave velocities. The second
contribution corresponds to the assessment of induced partial saturation to improve
the liquefaction resistance of TP-Lisbon sand. The results of this method are val-
idated by contrasting experimental results against theoretical predictions based on
the wave propagation theory of fluid-saturated media.

Chapter 7 deals with a Site Response Analysis of shallow sandy soil deposits with
different degrees of saturation. The Site Response Analysis comprises an advanced
testing approach combining shaking table and centrifuge testing. This approach
provides a series of frequency amplification spectra considering various testing con-
ditions, namely the degree of saturation and effective centrifuge accelerations. The
results obtained from centrifuge testing revealed the effects of the degree of satu-
ration on the amplification factor, first resonant frequency and volumetric strains
during cyclic loading for soil deposits with different depths.

Chapter 8 summarises the main findings and concluding remarks of the thesis,
including the limitations and suggestions for further research works.
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Chapter 2

Perspectives of the effects of degree of
saturation on soil liquefaction

A version with the main content of this chapter has been submitted for publication to
Earth-Science Reviews: Molina-Gómez, F.; Viana da Fonseca A.; Ferreira, C.; Caicedo,
B. Earthquake-induced liquefaction mitigation based on induced partial saturation tech-
niques: A review.

2.1 Outline

This chapter addresses a literature review on the mechanisms of soil liquefaction
and the progress of induced partial saturation (IPS) techniques to mitigate this phe-
nomenon. The review method covers a systematic search for research works aimed
at selecting: (i) fundamental aspects regarding the liquefaction susceptibility; (ii)
desaturation methods currently used to induce partial saturation in soils; and (iii)
experimental evidence about the effectiveness of IPS techniques. On the other hand,
methods to measure the degree of saturation in soils are also presented in this chap-
ter. These methods highlight the propagation of P-wave in fluid-saturated media
using Biot’s theory. The review discusses the most notable achievements, limitations
and challenges of IPS techniques. Therefore, relevant findings that propose inter-
esting and valuable concepts are conferred in this chapter. Further literature about
the explored ideas and concepts will be given in the main text of each chapter.

7
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2.2 Features of soil liquefaction

2.2.1 Mechanisms of soil liquefaction

Liquefaction is an instability phenomenon characterised by the rapid loss of the
strength and stiffness of soil. Effective stress tends to zero during liquefaction due to
the generation of pore pressure build-up. This phenomenon may occur in saturated
soil deposits subjected to rapid undrained loading, including monotonic conditions
(e.g. seepage, water level rise or accelerated overloading) and cyclic conditions (e.g.
earthquakes, machine vibration or traffic action). Once the soil liquefies, it presents
similar characteristics and behaviour to a non-Newtonian fluid. Physically, liquefac-
tion causes the loss of contact between soil particles. For this reason, liquefaction is
one of the most complex phenomena occurring in granular soils. Besides, it is one of
the causes of severe damage in operational facilities and natural ecosystems.

Any soil capable of generating pore pressure build-up is susceptible to trigger lique-
faction. Therefore, one of the main aspects of assessing the liquefaction susceptibility
of soil deposits is to establish whether the soil is liquefiable or not. Kramer (1996)
classified the liquefaction susceptibility through the criteria, covering four broad cat-
egories. Figure 2.1 presents the criteria for identifying the liquefaction susceptibility
in soil deposits, based on the criteria indicated by Kramer (1996), mentioning their
main peculiarities.

The historical criterion addresses seismic activity and involves factors like magni-
tude, acceleration and duration of the earthquake in a specific zone or region. Histor-
ical evidence about earthquake-induced liquefaction provides relevant insights into
the liquefaction susceptibility of natural soil deposits. Furthermore, such informa-
tion allows developing and validating methods to mitigate liquefaction and, thus its
consequences or effects. Table 2.1 summarises a series of recent liquefaction case
histories worldwide.

The geological environment plays a relevant role in liquefaction susceptibility. Loose
to medium sands with a uniform grain size distribution are the soils most susceptible
to trigger liquefaction. Such types of soils are typical in alluvial, colluvial and aeolian
soil deposits. In addition, the grain size, particle shape and grading curve of the
soil have a strong influence on liquefaction resistance since these factors restrain
the volume change of soils and control the development of pore pressure build-
up required for liquefaction triggering (Yang and Wei, 2012; Wei and Yang, 2014;
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LIQUEFACTION SUSCEPTIBILITY

Historical criteria

Seismic hazard

Site effects

Geological criteria

Geological formation (time)

Ground water level

Depth of the soil deposit

Compositional criteria

Size particle

0.05 mm< D50 < 1.0 mm

Fines content

FC < 10%

Plasticity

LL < 35%

PI < 15%

State criteria

Degree of saturation

Relative density

Effective confining pressure

Loading conditions

Figure 2.1: Criteria of liquefaction susceptibility
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Table 2.1: Recent liquefaction case histories (adapted from Geyin and Maurer 2020)

Date Earthquake Country Magnitude (Mw)
16/6/1964 Niigata Japan 7.6
09/2/1971 San Fernando United States 6.6
04/2/1975 Haicheng China 7.0
27/7/1976 Tangshan China 7.6
15/10/1979 Imperial Valley United States 6.5
09/5/1980 Victora (Mexicali) Mexico 6.3
26/4/1981 Westmoreland United States 5.9
26/5/1983 Nihonkai-Chubu Japan 7.7
28/10/1983 Borah Peak United States 6.9
02/3/1987 Edgecumbe New Zealand 6.6
24/11/1987 Elmore Ranch United States 6.2
24/11/1987 Superstition Hills United States 6.5
18/10/1989 Loma Prieta United States 6.9
17/1/1994 Northridge United States 6.7
16/1/1995 Hyogoken-Nambu Japan 6.9
17/8/1999 Kocaeli Turkey 7.5
20/9/1999 Chi-Chi Taiwan 7.6
8/6/2008 Achaia-Ilia Greece 6.4
27/2/2010 Maule Chile 8.8
04/4/2010 El Mayor-Cucapah Mexico 7.2
04/10/2010 Darfield New Zealand 7.1
22/2/2011 Christchurch New Zealand 6.2
11/3/2011 Tohoku Japan 9.0
20/5/2012 Emilia Romagna Italy 6.1
14/2/2016 Christchurch New Zealand 5.7

Lashkari et al., 2020). Soils with rounded particle shapes have lower shear strength
resistance than soils composed of angular particles, meaning liquefaction resistance
is higher in angular-grained soils.

Tsuchida (1970) proposed a series of grain size boundaries to identify soils susceptible
to the phenomenon based on historical earthquake-induced liquefaction cases. Such
bounds establish that fine sands and poorly graded are the most liquefiable soils,
while silts and coarse sands are potentially liquefiable soils. Figure 2.2 presents the
compositional criterion proposed by Tsuchida (1970) to identify soils susceptible to
liquefaction.

The composition criterion proposed by Tsuchida (1970) has been implemented for
the characterisation of soil deposits recently experienced liquefaction in Italy (Monaco
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Figure 2.2: Grain size boundaries proposed by Tsuchida (1970) to define liquefaction
susceptibility

et al., 2011) and New Zealand (Villamor et al., 2016). Besides, it has been used as
a first approach to identify the causes of the collapse of B1 tailings dam, in Brazil,
(Cambridge and Shaw, 2019). These contrasts showed a good agreement with the
composition criterion in term of liquefaction susceptibility for both static and cyclic
loading conditions.

Park and Kim (2013) and Boulanger and Idriss (2014) recognise that soils with a high
content of plastic and fine particles, such as clays, are less susceptible to liquefy due
to the difficulty of particle rearrangement and the additional shear strength given
by the electrostatic forces between particles of plastic soils. Notwithstanding, the
plasticity index (PI) is a better indicator of liquefaction susceptibility than fines
content. Hence, non-plastic silts and clayey silts with PI < 12% are susceptible
to liquefy, but clayey silts and silty clays with 12% < PI < 18% can also undergo
liquefaction (Bray and Sancio, 2006). On the other hand, coarse sands and gravels
are less susceptible to trigger liquefaction because of their high permeability, which
allows the drainage and then eliminates the development of pore-water pressure
build-up. However, these soil types can trigger liquefaction under high loading
solicitations or at a large number of cycles (Dhakal et al., 2020).

On the other hand, the tendency to generate pore pressure excess is strongly influ-
enced by the state of the soil; i.e. stress, density and saturation conditions. Hence,



12 Perspectives of the effects of degree of saturation on soil liquefaction

liquefaction susceptibility depends on the initial state, even if the soil satisfies all
previous criteria. Both stress and density define the dilative or contractile behaviour
of soil. Been and Jefferies (1985) defined the state parameter (ψ) to establish the
dilative or contractile behaviour of soil by applying the critical-state soil mechanics
framework. Equation 2.1 defines the state parameter.

ψ = e− ecs (2.1)

where e is the current void ratio of the soil, and ec is the void ratio of the critical state
at the current mean stress –measuring the vertical distance between the initial state
of the soil and its critical-final state. Therefore, ψ can simultaneously quantify the
influence of the relative density (void ratio) and the stress level on the behaviour of
granular soils. Besides, it allows defining whether the soil has dilative or contractile
behaviour. Soils with positive state parameter (ψ > 0) have contractile behaviour
(covering very loose to loose soils under low stress). In contrast, soils with negative
state parameter (ψ < 0) have dilative behaviour (typically comprising medium to
dense soils under high stress). Figure 2.3 represents the definition of ψ and the
location of contractile and dilative behaviours in the e : log(p′) space.

p′0

e2

ecs

e1

Mean effective stress, log(p′)

V
oi

d
ra

ti
o,
e

Contractile behaviour

Dilative behaviour

ψ = e1 − ecs > 0

ψ = e2 − ecs < 0

CSL

Figure 2.3: Illustration to define the state parameter, ψ

Soil behaviour, represented in terms of ψ, provides relevant insights on the lique-
faction susceptibility since this parameter can be associated with the tendency of
soil to generate pore pressure built-up (Ishihara, 1993; Jefferies and Been, 2015).
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Soils with positive state parameter tend to pack the particles close together, aiding
the pore pressure build-up during loading. On the other hand, soils with dilative
behaviour tend to separate the particles during loading, reporting, in some cases,
negative excess of pore pressure. Therefore, soils with contractile behaviour are
more susceptible to trigger soil liquefaction than soils with dilative behaviour. To
practical engineers, the value of the ψ approach is that many soil properties and
behaviours are simple functions of normalised parameters in terms of this param-
eter (Jefferies and Been, 2015; Giretti et al., 2018). Hence, it turns out that ψ is
fundamental to constitutive models of soil that integrate invariant properties with
soil density and stress level (Jefferies, 1993).

Loose or medium-dense granular soils tend to be more susceptible to soil liquefaction
under full saturation conditions. However, earthquake-induced liquefaction may also
occur in partially saturated soils. Experimental evidence reported by Tsukamoto
et al. (2002); Zeybek and Madabhushi (2017); Mele et al. (2019) showed that a
reduction of the degree of saturation has a relevant influence on the liquefaction
susceptibility. The above is because of two effects of air into soil voids: (i) the
matric suction that increases the initial effective stress of soil (Zhang et al., 2016;
Robertson et al., 2017; Tsukamoto, 2019) and (ii) the less capability of generating
pore pressure build-up during loading (Yoshimi et al., 1989; Yang, 2002; Eseller-
Bayat et al., 2013).

The effects of degree of saturation (Sr) on liquefaction resistance are the focus of
this research; thus, these will be thoroughly addressed in this document in order
to understand and explain the soil behaviour under partially saturated conditions
and the influence of induced partial saturation on liquefaction resistance of sandy
soils.

2.2.2 Earthquake-induced liquefaction damages

The consequences of soil liquefaction may be catastrophic. Earthquake-induced liq-
uefaction has caused significant damage in critical infrastructures and building col-
lapses, causing the loss of its operation and functionality (Viana da Fonseca et al.,
2017). In Portugal, local liquefaction-induced damage dates from 1344, 1531, 1755
and 1909, when distant and local intraplate earthquakes (Mw ≈ 6.0 − 8.5) stroke
the country, mainly affecting the greater Lisbon area (Viana da Fonseca et al., 2019;
Ferreira et al., 2020). Major damages were reported after in 1755 and 1909 earth-
quakes. The 1st November 1755 earthquake (Mw = 8.5) is probably the greatest
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seismic disaster of Western Europe since it almost destroyed the Lisbon centre,
killed up to 100 000 people and injured more than 40 000 people (Soares, 2015).
The characterisation of the liquefiable layers composing the historical centre is thor-
oughly addressed in this study. On the other hand, the 23 April 1909 earthquake
(Mw = 6.0) destroyed the small municipality of Benavente and affected surrounding
towns, being the largest crustal earthquake in the Iberian Peninsula during the 20th
century (Teves-Costa and Batlló, 2011).

Well-documented studies about earthquake-induced liquefaction are available after
the Niigata earthquake (Mw = 7.3 on 16 June 1964), which severely damaged Niigata
city. Niigata is located on the west coast of Japan and lies over 30 m of fine alluvial
sand from the Shinano River. The most relevant liquefaction-induced damage due
to the Niigata earthquake resulted in ground deformations and tilting on a set
of apartment buildings located in Kawagishi in Niigata city (Jefferies and Been,
2015) – now a frequently used illustration of the results of liquefaction (see Figure
2.4). The tilting of such buildings was because of an excessive settlement and a
bearing capacity failure in the liquefied ground, affecting the building foundation
without degrading its structure. Yoshimi and Kuwabara (1973) pointed “after the
earthquake, water from the ground flowed due to the dissipation of pore pressure in
the areas of the city that experienced liquefaction”. It is supposed that at such time
the buildings probably settled (Yoshimi and Tokimatsu, 1977).

In addition to excessive settlements and tilting on buildings, liquefaction can produce
the following damages:

• loss of bearing capacity;

• differential settlements in bridges;

• lateral spreading;

• ground failures and large deformations in transport infrastructures;

• large deformations in energy infrastructures and pipelines;

• increments of active lateral earth pressures behind retaining walls;

• flotation of underground structures (i.e. tunnels and pipelines);

• loss of passive resistance in anchor systems.
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Figure 2.4: Liquefaction-induced damages illustration –tilt of building after 1964
Niigata earthquake (Kramer, 1996)

Figure 2.5 displays some liquefaction-induced damages evidenced after case histories.
The Niigata incident highlighted the effects of soil liquefaction and the relevance of
assessing its susceptibility, especially in sandy soil deposits in areas with moderate to
high seismic risk. However, it was not until 1964 that liquefaction became considered
one of the main concerns in geotechnical engineering (Towhata, 2008).

NASEM (2016) compiled liquefaction triggering case history databases for level-
ground conditions of different historical earthquakes in Chile, Japan and the United
States. From such a compilation, these authors defined the bases for the most
common correlations used to assess liquefaction susceptibility by different types of
in-situ tests. Table 2.2 summarises the results of number of case histories, presenting
the earthquake magnitude and reporting the number of cases in which liquefaction
was triggered during the seismic events. Besides, Table 2.2 shows the parameters of
soil resistance for an equivalent earthquake of MW = 7.5 estimated by different in-
situ tests methods (e.g. SPT, CPT and seismic tests) and the critical depth —with
the lowest factor of safety against liquefaction— together with its corresponding
vertical effective stress.
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Figure 2.5: Effects of soil liquefaction in recent case histories: a) differential set-
tlement of a house – Maule, Chile, 2010 (Bertalot et al., 2013); b) settlement and
tilt of a store – Tokio, Japan, 2011 (Ishihara, 2012); c) offset between an undam-
aged building and surrounding ground settlement – Urayasu, Japan, 2011 (Ishihara,
2012); d) car stuck in boiled mud and soil– Urayasu, Japan, 2011 (Yasuda et al.,
2013); d) rutting pavement due to liquefacton– Urayasu, Japan, 2011 (Yasuda et al.,
2013); f) spreading of sand over the road – Urayasu, 2011, Japan (Ishihara, 2012);
g) sand boils – Benavente, 1909, Portugal (Teves-Costa et al., 2001); h) spreading of
sand over the field – Itako, 1971, Japan (Ishihara, 2012), i) sandy soils transported
hydraulically after liquefaction – Urayasu, 1971, Japan (Ishihara, 2012)
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2.2.3 Assessment and interpretation of liquefaction resistance

The identification of liquefaction onset is the main concern in the assessment of such
phenomena. In current design practice, the number of cycles necessary to trigger liq-
uefaction for a representative load of an earthquake is used to define the liquefaction
susceptibility of soils. Eurocode 8 (CEN, 2010) recommends the simplified proce-
dure proposed by Seed and Idriss (1971) to define the earthquake-induced loading,
considering the seismic wave propagation in a soil column.

The movement induced by the peak horizontal acceleration on the ground surface
(amax) generates a shear stress (τ), which acts at the bottom of the soil column.
Seed and Idriss (1971) indicates that the movement induced by the seismic wave
propagation is assumed to be completely horizontal. This simplified procedure allows
estimating the cyclic stress ratio (CSR) at a specific depth, Z, during an earthquake
of magnitude Mw = 7.5. Equation 2.2 describes the simplified procedure proposed
by Seed and Idriss (1971).

CSR = τcyc

σ′
v0

= 0.65 · amax

g
· σv0

σ′
v0

· rd (2.2)

where τcyc is the amplitude of cyclic shear stress, σ′
v0 is the vertical effective stress,

σv0 is the vertical stress, and rd is stress reduction coefficient that considers the depth
of soil deposit (Z) and the earthquake magnitude (Mw) (see equation 2.3).

rd = exp[α(Z)+β(Z)Mw] (2.3)

where:

α(Z) = −1.012 − 1.126 sin
(

Z

11.73 + 5.133
)

(2.4a)

β(Z) = 0.106 + 0.118 sin
(

Z

11.28 + 5.142
)

(2.4b)

From the simplified procedure, the cyclic shear stress at the surface caused by the
seismic action can be estimated. There are different methods based on in situ
test results have been proposed to estimate the cyclic resistance ratio (CRR) of
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the soils susceptible to earthquake-induced liquefaction –discussed below. However,
to characterise the liquefaction susceptibility of soils, it is necessary to assess the
number of cycles to trigger liquefaction (NL) for different earthquake-induced loads;
that is, the assessment of NL for different CSR, representing the cyclic resistance
ratio (CRR) of the soil. This characterisation is conducted in the laboratory by
element testing. During element testing, a soil sample is subjected to an undrained
and uniform sinusoidal cyclic loading to measure the evolution of shear strain and
pore pressure build-up (see Figure 2.6).
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Figure 2.6: Soil response during cyclic element testing —based on experimental
data: a) cyclic loading; b) evolution of shear strain; c) pore pressure build-up

Cyclic element testing can be performed in a triaxial, torsional, hollow cylinder or
simple shear apparatus. According to the type of test, the cyclic stress ratio (CSR) is
obtained differently. The CSR computation depends on the nature of loading during
element testing, e.g. axial, torsional or tangential. Besides, CSR depends on the
type of consolidation, that is, p′

0 or σ′
0. Both loading and consolidation depend on the
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Table 2.3: CSR for different cyclic element testing

Test type CSR and ru computation DA value∗

Triaxial

q

p ´0
CSR = q

2p′
0

ru = ∆u
p′

0

εa = 5.0%

Torsional shear p ´0

t

CSR = τ

p′
0

ru = ∆u
p′

0

γ = 7.5%

Hollow cylinder p ´0

t

CSR = τ

p′
0

ru = ∆u
p′

0

γ = 7.5%

Cyclic simple shear p ´0

t
CSR = τ

p′
0

ru = ∆u
p′

0

γ = 7.5%

Cyclic direct simple
shear+

t

K0

s´0
CSR = τ

σ′
0

ru = ∆σ
σ′

0

γ = 7.5%

∗ Values suggested by Ishihara (1996)
+ in this testing condition the variation of vertical stress (∆σ) is assumed as equivalent to the
pore pressure built-up

apparatus configuration used for cyclic testing. Usually, the liquefaction triggering
occurs when the pore pressure build-up is equal to the actual effective stress of the
soil. The assessment of liquefaction triggering based on the pore pressure build-up
is known as the stress criterion and uses the pore pressure ratio (ru). However, the
soil deforms progressively during cyclic loading as the pore pressure approaches the
effective confining pressure (Ishihara, 1996). Such an evolution of strains provides
another liquefaction criterion, the strain criterion. The strain criterion considers the
onset of liquefaction from a specific value of double strain amplitude (DA), which
changes according to the loading type. Table 2.3 shows the procedures to compute
cyclic stress ratio (CSR) and ru, together with the DA value for different testing
methods and apparatuses in the laboratory.
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In element testing, the incremental pore pressure build-up and evolution of strains
are measured along with the number of loading/stress cycles. Therefore, the test
results for liquefaction assessment cover the number of cycles necessary to trigger
liquefaction (NL) for each CSR. During element testing, the CSR is equivalent to
CRR since the testing aim is to identify the liquefaction onset for a specific loading
condition. The number of cycles can be estimated using the ru or DA strain criteria.
Experimental data provide a series of points that compose the liquefaction resistance
curve (LRC).

Figure 2.7 illustrates the LRC and its derivation from experimental data. Figure
2.7 shows that CSR above LRC designates liquefaction manifestation, while CSR
below LRC designates non-liquefaction onset. Nevertheless, the LRC curve depends
on the soil state; that is, an LRC only represents the cyclic behaviour of a specific ψ
or Sr. Usually, the LRC follows a power rule in the form of equation 2.5 (Boulanger
and Idriss, 2014), where a and b are curve fitting parameters, and NL represents the
number of cycles for liquefaction onset.

CRR = a(NL)−b (2.5)

Number of cycles to onset liquefaction, NL
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R
R

Experimental data

Fitting of LRC

Liquefaction

Non-liquefaction

Figure 2.7: Schematic of LRC from experimental data

For loose sands, the liquefaction onset can be unquestionably taken as a state of
softening because large deformations are produced suddenly with complete loss of
strength during or immediately following the ru = 1. In contrast, for medium dense
to dense sand, a state of softening is also generated with a pore water pressure
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build-up of almost ru = 1, accompanied by about double strain amplitude criterion
(Ishihara, 1993). Viana da Fonseca et al. (2015); Giretti and Fioravante (2017) ob-
served the same number of cycles to trigger liquefaction, NL, for stress and strain
criteria in loose sands. However, these authors showed that the difference between
the number of cycles between both criteria increases with increasing relative density,
identifying higher values of NL for the DA strain criterion. Therefore, the assess-
ment of liquefaction susceptibility from ru measurements provides more conservative
results, which is conceptually consistent since soil liquefaction is strongly linked to
pore pressure build-up.

Due to the relevance of stress criterion, models to predict the pore pressure build-
up in granular soils have been explored by several authors (Lee and Albaisa, 1974;
Seed et al., 1975; Booker et al., 1976; Polito et al., 2008; Park et al., 2015; Khashila
et al., 2018; Chiaradonna and Flora, 2020). These models allow predicting the pore
pressure build-up by the pore pressure ratio (ru), denominating these models as
stress-based methods. The stress-based have been proposed by fitting experimental
data of cyclic element tests and following the formulation developed by Seed et al.
(1975) to predict the ru as a function of the cycle ratio, N/NL. Such a formulation
uses a coefficient, β, which depends on the soil type and state. Equation 2.6 describes
the formulation of Seed et al. (1975).

ru = 1
2 + 1

π
arcsin

[
2
(
N

NL

)1/β

− 1
]

(2.6)

From equation 2.6, it can be inferred that β controls the shape of the curve describing
ru evolution. Booker et al. (1976) recommended β = 0.7 and β = 1.4 as lower and
upper boundaries, respectively, for clean sands. Figure 2.8 shows the ru evolution as
a function ofN/NL and compares different values of β. Note that dashed lines denote
the boundaries recommended by Booker et al. (1976). Due to the association of β
with soil type and testing conditions, Polito et al. (2008) introduced a correlation
relating β to fines content (FC), relative density (Dr) and cyclic stress ratio (CSR),
as follows:

β = C1 · FC + C2 ·Dr + C3 · CSR + C4 (2.7)

where C1, C2, C3 and C4 are regression coefficients. Polito et al. (2008) indicated
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that for soils with FC < 35%, C1 = 0.01166, C2 = 0.007397, C3 = 0.01034 and
C4 = 0.5058; while for soils with FC≥ 35%, C1 = 0.002149, C2 = −0.0009398,
C3 = 1.667 and C4 = 0.4285.
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Figure 2.8: Evolution of ru evolution as a function of N/NL (dashed lines denote
the boundaries recommended by Booker et al., 1976)

The main drawback of the models predicting the pore pressure build-up is that it
is challenging to implement them in a coupled dynamic numerical analysis (Park
et al., 2015). The above is because N/NL has to be specified a prior and such
type of analysis seeks to establish the stability, deformations and possible dam-
ages induced by pore pressure increments in geotechnical structures (Chiaradonna
et al., 2018). Accordingly, to overcome the limitations of stress-based and strain-
based methods, energy-based methods have been recently introduced for analysing
earthquake-induced liquefaction (Millen et al., 2020). Energy-based methods for
evaluating soil liquefaction were introduced as an alternative to stress-based proce-
dures for analysing historical earthquake cases. The energy approach proposed by
Nemat-Nasser and Shokooh (1979) was proposed based on seismological application
to estimate the soil densification for drained conditions and pore pressure build-up
for undrained conditions. Besides, it is based on the idea that the soil deforms as it
dissipates part of the energy during cyclic loading (Figueroa et al., 1994).

The energy-based procedures use various measures of energy, including the elastic
stored energy (W ), stored energy (Wr) and total dissipated energy per unit volume
(∆W ), which is appropriate since cyclic response involves energy transformation



24 Perspectives of the effects of degree of saturation on soil liquefaction

(Liang, 1995; Green, 2001). For liquefaction assessment, the dissipated energy per
unit volume of all cycles before liquefaction triggering is linked to the pore pres-
sure built-up (Nemat-Nasser and Shokooh, 1979; Khashila et al., 2021). Figure
2.9 schematises the graphical definition of W , Wr and ∆W for one stress-strain
hysteresis loop.

Elastic stored energy

εa or γ

q or τ

Stored energy

Stored energy

εa or γ

q or τ

q or τ

Dissipated energy

εa or γ

q or τ

εa or γ

q or τ

γmax

G0

γi+1 − γi

1
2
(τi+1 + τi)

Figure 2.9: Schematic representation of energy definitions and computation

Equation 2.8 allows quantifying ∆W by relating the stresses and incremental strains
(note that both the stress and incremental strain tensors are symmetrical), as fol-
lows:

∆W =
∫
dW =

∫
σ′

xdεx + σ′
ydεy + σ′

zdεz + τxydγxy + τxzdγxz + τyzdγyz (2.8)

where dW is the incremental dissipated energy per unit volume; σ′
x, σ′

y and σ′
z are

the effective stresses acting parallel to the x, y and z axes, respectively; dεx, dεy

and dεz are the incremental axial strains in the x, y and z directions, respectively;
τxy, τxz and τyz are the shear stresses acting on planes having normal vectors in the
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x, y and z directions, respectively; and εxy, εxz and εyz are the incremental shear
strain resulting from τxy, τxz and τyz, respectively.

Equation 2.8 can be solved by numerical integration (e.g. using the trapezoidal rule),
as illustrated in Figure 2.10. The numerical solution allows deriving the normalised
unit energy (Ws), which is the parameter used for liquefaction assessment (Green,
2001; Polito et al., 2013; Khashila et al., 2021). Equations 2.9a, 2.9b and 2.9c present
the numerical derivation of Equation 2.8 for estimating Ws from experimental data
obtained from cyclic triaxial, cyclic torsional (for solid and hollow soil specimens)
and cyclic direct simple shear tests, respectively:

Ws = 1
2p′

0

n−1∑
i=1

(qi + qi+1) (εa,i − εa,i+1) (2.9a)

Ws = 1
2p′

0

m−1∑
i=1

(τi + τi+1) (γi − γi+1) (2.9b)

Ws = 1
2σ′

0

n−1∑
i=1

(τi + τi+1) (γi − γi+1) (2.9c)

where i represents the load/stress increment, n is the total number of increments to
trigger liquefaction; q and τ are deviator and shear stresses, respectively; εa and γ

are axial and shear strains, respectively; and p′
0 and σ′

0 are mean effective and vertical
stresses, respectively, which represent the stress confinement of the soil.

γ

τ

γi γi+1

∆τ

∆γ

i+1
τi+1

i
τi

Figure 2.10: Numerical integration to compute the energy during cyclic loading
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Figueroa et al. (1994), Azeiteiro et al. (2017), Khashila et al. (2018) and Rios et al.
(2022) observed that the strain amplitude and location of the peak loading cycle
have no effects on the results of energy-based methods. Since the dissipated en-
ergy required to trigger liquefaction is independent of the applied loading pattern
(uniform or non-uniform), energy-based methods are very promising for liquefaction
assessment. Therefore, energy-based methods allow for comparing results of differ-
ent laboratory test procedures and predicting pore pressure generation in the field
(Kokusho, 2013).

Another advantage of energy-based methods is associating the energy applied during
cyclic loading with the pore pressure build-up. Green et al. (2000) proposed Equa-
tion 2.10, which provides an empirical expression for relating ru to the Ws of soil
and calibration parameter denominated as the pseudo-energy capacity (PEC):

ru =
√
Ws

PEC (2.10)

Such a model was developed using experimental data from cyclic element tests car-
ried out on non-plastic silt-sand mixtures, which ranged in fines contents from clean
sands to pure silts. The calibration parameter PEC is estimated from cyclic test
data by plotting ru versus the square root of Ws or calculated as follows (Green
et al., 2000):

PEC = Ws,ru=0.65

(0.65)2 = Ws,ru=0.65

0.4225 (2.11)

The term pseudo-energy capacity or PEC indicates that the calibration parameter
has a physical significance rather than just being a fit parameter (Polito et al., 2008).
Consequently, PEC represents the normalised unit energy dissipated at the point of
the liquefaction onset (Green, 2001). Figure 2.11 presents a graphical illustration of
the PEC estimation.

Energy-based methods provide a powerful approach for assessing earthquake-induced
liquefaction from historical cases, in-situ testing, cyclic element testing and physical
modelling. This is because energy-based methods use parameters to quantify the
load imposed on the soil by the earthquake and the capacity required to induce
liquefaction, contrary to stress-based and strain-based methods (Alavi and Gan-
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Figure 2.11: Graphical illustration of PEC estimation (adapted from Green et al.
2000)

domi, 2012). Moreover, the energy-based methods have shown more advantages
than stress-based methods since their formulation allows estimating the liquefaction
onset under irregular loading conditions (Rios et al., 2022), such as the cyclic load-
ing induced in the ground during earthquakes. Therefore, several models involving
an energy-based approach have been developed to relate the soil energy to trigger
the liquefaction of sands with the shear strain amplitude and the state of soil (e.g.
mean effective stress or confinement pressure and relative density).

Table 2.4 summarises a series of logarithmic regression models to estimate the accu-
mulated energy required for triggering liquefaction as a function of the mean effective
stress and relative density for diverse sands and based on different testing proce-
dures, including element testing and physical models, involving different stress-state
and relative densities. These models are also independent of the loading conditions,
providing a reasonable estimation of liquefaction onset using element testing and
physical modelling.



28 Perspectives of the effects of degree of saturation on soil liquefaction

Ta
bl

e
2.

4:
R

ep
or

te
d

lo
ga

rit
hm

ic
en

er
gy

-b
as

ed
m

od
el

s
fo

r
liq

ue
fa

ct
io

n
as

se
ss

m
en

t
(a

da
pt

ed
fro

m
A

la
vi

an
d

G
an

do
m

i2
01

2)

R
ef

er
en

ce
M

od
el

Te
st

in
g

ap
pa

ra
tu

s
Te

st
in

g
m

et
ho

d
So

il
Fi

gu
er

oa
et

al
.

(1
99

4)
lo

gW
s

=
2.

00
2

+
0.

00
48
p′ 0

+
0.

01
16
D
r

C
yc

lic
to

rs
io

na
ls

he
ar

St
re

ss
co

nt
ro

l
R

ei
d

Be
df

or
d

sa
nd

Li
an

g
(1

99
5)

lo
gW

s
=

2.
06

2
+

0.
00

39
p′ 0

+
0.

01
24
D
r

C
yc

lic
to

rs
io

na
ls

he
ar

St
ra

in
co

nt
ro

l
R

ei
d

Be
df

or
d

sa
nd

Li
an

g
(1

99
5)

lo
gW

s
=

2.
48

4
+

0.
00

47
p′ 0

+
0.

00
05
D
r

C
yc

lic
to

rs
io

na
ls

he
ar

St
ra

in
co

nt
ro

l
LS

FD
sa

nd
Fi

gu
er

oa
et

al
.

(1
99

9)
lo

gW
s

=
2.

05
5

+
0.

00
48
p′ 0

+
0.

01
27
D
r

C
yc

lic
to

rs
io

na
ls

he
ar

St
ra

in
co

nt
ro

l
LS

I-3
0

sa
nd

Fi
gu

er
oa

et
al

.
(1

99
9)

lo
gW

s
=

1.
33

0
+

0.
00

61
p′ 0

+
0.

02
19
D
r

C
yc

lic
to

rs
io

na
ls

he
ar

St
re

ss
co

nt
ro

l
N

ev
ad

a
sa

nd

D
ie

f
an

d
Fi

gu
er

oa
(2

00
1)

lo
gW

s
=

2.
45

9
+

0.
00

45
p′ 0

+
0.

00
12
D
r

G
eo

te
ch

ni
ca

lc
en

tr
ifu

ge
60

g
R

ei
d

Be
df

or
d

sa
nd

D
ie

f
an

d
Fi

gu
er

oa
(2

00
1)

lo
gW

s
=

1.
16

4
+

0.
01

24
p′ 0

+
0.

02
09
D
r

G
eo

te
ch

ni
ca

lc
en

tr
ifu

ge
60

g
N

ev
ad

a
sa

nd

N
ot

e:
W
s

is
th

e
ac

cu
m

ul
at

ed
en

er
gy

re
qu

ire
d

fo
r

tr
ig

ge
rin

g
liq

ue
fa

ct
io

n
(in

J/
m

3 )
;p

′ 0
is

th
e

in
iti

al
m

ea
n

eff
ec

tiv
e

st
re

ss
;D

r
is

th
e

re
la

tiv
e

de
ns

ity
of

so
il.



2.2 Features of soil liquefaction 29

For partially saturated soils, the total specific energy (Wtot) approach is used to
assess the liquefaction susceptibility (Mele and Flora, 2019). The main feature of
Wtot approach is the incorporation of the volumetric deformations during cyclic
loading, which are mainly controlled by the fluid compressibility, corresponding to
the mixture of gas and liquid .

Okamura and Soga (2006) proposed a theoretical formulation to relate the volu-
metric strain at liquefaction onset (εv,liq) with the initial degree of saturation (Sr0)
based on Boyle’s law. Such a formulation also involves the initial void ratio (e0),
the initial air pressure (ua,0) and the initial effective confinement stress (p′

0). The
effective confinement stress can be assessed using the model proposed by Bishop
and Blight (1963), which is valid for any Sr. Equation 2.12 describes the model to
compute the εv,liq of partially saturated soils.

εv,liq = e0

1 + e0
(1 − Sr0)

(
1 − ua,0

p′
0

)
(2.12)

Note that when Sr0 = 1.0, the volumetric strain is zero. In such case, the energy-
based methods referred to in Figure 2.9 provide a good estimation of liquefaction
susceptibility. Moreover, Equation 2.12 indicates that there is a unique value of εv,liq,
for specific values of e0 (or Dr) and Sr0, which is consistent with the experimental
evidence reported by Mele et al. (2019). Hence, these authors observed that during
undrained cyclic tests, the relationship between p′/p′

0 and εv/εv,liq does not depend
on soil intrinsic and state properties, following the general law of Equation 2.13 (see
also Figure 2.12).

p′

p′
0

= 1 −
(
εv

εv,liq

)1.7

(2.13)

However, to apply Boyle’s law to partially saturated soils, the system must follow
the subsequent thermodynamic hypotheses (Mele et al., 2019):

• the process is isothermal; that is, no heat is generated or lost during the test;

• the mass of the system is constant; that is, no increase or decrease of the mass
of air, water or soil in the specimen during the test;
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Figure 2.12: General law of normalised effective stress against the normalised volu-
metric strain of partially saturated soils subjected to cyclic loading (adapted from
Mele and Flora 2019)

• the system is thermodynamically open; that is, within the specimen, the de-
formation process implies internal flows of air and water;

• the pore gas (air) can be treated as an ideal gas.

Under the hypotheses of Boyle’s law, Equation 2.13 can be formally rewritten using
the Helmholtz function (represented by Ψ). Li (2007) proposed the following equa-
tion to represent the gradient dΨ as a function of the internal energy during cyclic
loading at a constant temperature, Equation 2.13 adopts the form:

dΨ = [(p′ − uaδ) + sSrδ] : dε− e

1 + e
sdSr + e0

1 + e0
(1 − Sr0)uad (ln ρa) (2.14)

where the term (p′ − uaδ) is the net stress, ua is the pore air pressure, s is the
suction, Sr is the degree of saturation, e is the void ratio, the subscript 0 indicates
the initial value, and ρa is the mass density of the air. In accordance with Li (2007),
the incremental dissipation is neglected.

Mele et al. (2019) incorporated Helmholtz function (Equation 2.14) in the concept of
total specific energy to assess the liquefaction resistance of partially saturated soils.
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Such a new energy-based approach considers the sum of three components: (i) the
work associated with the deformation of the soil skeleton; (ii) the work caused by
the flow of water mass; and (iii) the work induced by the air into the porous media.
Hence, Wtot can be expressed as:

Wtot = Wsk +Ww +Wa (2.15)

where Wsk, Ww and Wa represent the specific work to cause deformation of the
soil skeleton, water and air, respectively. Wsk covers the work due to change in
volume (Wv) and the work caused by deviatoric strains (Wd), as follows in Equation
2.16:

Wsk = Wv,sk +Wd,sk (2.16)

Considering the measured volumetric strains during element testing and incorporat-
ing thermodynamic hypotheses of Boyle’s law, the elements of equations 2.15 and
2.16 can be evaluated as:

Wv,sk =
∫ εv,liq

0
[(p′ − ua) + sSr] dεv (2.17)

Wd,sk =
∫ ∫

∆W
dqdεd (2.18)

Ww = −
∫ Sr,liq

Sr0

(
eSr

1 + eSr
sSr

)
dSr (2.19)

Wa = e0

1 + e0
(1 − Sr0)ua,liqd(ln ρa,liq) (2.20)

Mele et al. (2019) stated that Wv,sk depends on the soil state (that is, p′
0, e0 and

Sr) and is independent of CSR; whereas Wd,sk only comprises the dissipated strain
energy. Therefore, it can be estimated from the sum of the areas of all loading cycles
(as indicated in Figure 2.9). Besides, these authors observed that Ww associates
the liquefaction of partially saturated soils with the variations of Sr, which can
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be attributed to the volumetric deformations during cyclic loading. Finally, Wa

describes the effect of pressure variation in the gas phase.

2.3 Saturation in soils and its measurements

2.3.1 States of saturation in soils

Soils comprise an assemblage of grains —forming the soil skeleton— and fluid ma-
terial. The fluid material (liquid or gas) fills the pores of the soil skeleton. In
natural deposits, the soil can present all or some of the following conditions: ‘dry’,
‘unsaturated’, ‘partially saturated’ and ‘fully saturated’ according to the volume of
liquid (typically water) in the pores of the soil skeleton (Zeybek and Madabhushi,
2020).

Dry soils are typically located on the ground surface or in the shallow layers of the
natural deposits, but this condition is weather dependent (Fredlund and Rahardjo,
1993). Unsaturated soils are the most common materials in natural deposits and
cover a saturation state in which the soil voids are water and air. Besides, these soils
are above the current or historical groundwater level, having pores filled with air
and menisci of water. In such menisci, pore water pressures are usually negative due
to capillary suction (Fredlund, 2006). Partially and fully saturated soils are located
below the current groundwater level. In both conditions, soil voids are primarily
filled with water. The difference between these conditions is that partially saturated
soils have air bubbles in the fluid (Zeybek and Madabhushi, 2017). Therefore, the
Sr of partially saturated soils is relatively low compared to fully saturated soils.
Although the voids are filled with water, occluded air bubbles in the fluid have no
direct contact between the solid particles and the gas. Figure 2.13 illustrates the
saturation states in soil deposits. Moreover, this figure displays how liquefaction
resistance increases from saturated to dry conditions.

Dry and fully saturated soils comprise only two phases, including the soil skeleton
and gas or liquid. In these saturation conditions, the gas or liquid is in a continuous
phase, directly interacting with the soil grains (Fernandes, 2017). Unsaturated and
partially saturated soils have three phases: soil skeleton, gas and liquid. The unsatu-
rated condition includes a continuous gas phase (commonly composed of air), which
creates a series of water meniscus between the grains contacts. On the other hand, in
the partially saturated condition, the gas exists as occluded bubbles surrounded by
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Figure 2.13: State of saturation in soil deposits (adapted from Zeybek and Madab-
hushi 2020)

the pore fluid. Such a condition was established for higher Sr values, i.e., between
80% and 99% (Okamura and Soga, 2006). Figure 2.14 shows the distributions of
phases in unsaturated and partially saturated soils.

By using enlarged and high-quality images, Zeybek and Madabhushi (2017) observed
that the size of the air bubbles was generally smaller than or in the same order as
the size of the sand particles. These authors identified that these air bubbles are
in discrete forms and fit the pore spaces without interacting with the soil grains.

a) b)

Continuous 
air phase

Soil grains

Water

Occluded 
air bubbles

Figure 2.14: Gas distribution in different soil states: a) unsaturated condition; b)
partially saturated condition
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Therefore, the matric suction is negligible in partially saturated sandy soils since
pore water and pore air pressures can be considered almost equal (Zeybek and
Madabhushi, 2020). This effect is because occluded air bubbles are in equilibrium
with the surrounding pore fluid.

The occluded air bubbles increase the volumetric compressibility of the medium,
even at the micro-scale, reducing the pore pressure build-up during cyclic loading
and, consequently, the liquefaction susceptibility of partially saturated sandy soils
(Okamura and Soga, 2006; Tsukamoto et al., 2014; Mele and Flora, 2019). Stud-
ies developed by Yoshimi et al. (1989); Yang (2002); Eseller-Bayat et al. (2013);
Tsukamoto (2019) demonstrated that the degree of saturation (Sr) influences the
pore pressure build-up during earthquake-induced liquefaction. Physical models con-
ducted by Zeybek and Madabhushi (2017) in dynamic centrifuge tests on partially
saturated sand models also validate these conditions. Therefore, such experimental
evidence confirmed the influence of Sr on liquefaction resistance, which increases
from saturated to dry conditions and has optimal values in the partially saturated
condition.

2.3.2 Experimental procedures to measure the degree of saturation
in soils

During element testing, the saturation of the soil sample can be estimated by mea-
suring the value of the pore pressure coefficient B (or B-value). Skempton (1954) de-
fined the B-value as the ratio between the increment of the isotropic confining pres-
sure (∆σ) with the corresponding increment of pore pressure (∆u) under undrained
conditions, as follows in equation 2.21.

B = ∆u
∆σ (2.21)

In fully saturated conditions, B-value is about 1.0 —that is, ∆σ ≈ ∆u. This re-
sponse is due to the volumetric compressibility of granular media, which corresponds
to a combination between the bulk modulus of soil skeleton, Ksk, and the bulk mod-
ulus of the pore fluid, Kf , (Skempton, 1954). However, the estimation of B-value
considers two assumptions: (i) the soil remains incompressible when applying ∆σ;
and (ii) the porosity of soil skeleton (n) does not change with the increment of
cell pressure. Equation 2.22 presents the model to estimate B-value based on the
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volumetric compressibility of granular media.

B =
(

1 + n
Ksk

Kf

)−1

(2.22)

Equation 2.22 considers the fluid in the soil skeleton as a mixture of liquid and
gas, which typically corresponds to water and air (Ishihara, 1970).Hence, Kf can be
computed from the bulk modulus of water and air (Kw and Ka) for a given degree
of saturation, Sr (see equation 2.23).

Kf =
(
Sr

Kw

+ 1 − Sr

Ka

)−1
(2.23)

Emerson and Foray (2006); Leong and Cheng (2016) suggested values of Kw and Ka

equal to 2.18 × 106 kPa and 142 kPa, respectively. By combining equation 2.22 and
equation 2.23, B-value can be estimated as a function of Sr and bulk moduli of the
granular media (i.e. Ksk, Kw and Ka), as follows in equation 2.24.

B =
[
1 + n ·Ksk

(
Sr

Kw

+ 1 − Sr

Ka

)]−1
(2.24)

Ensuring B-values higher than 0.97 is particularly important in undrained element
tests for assessing liquefaction resistance (Soares and Viana da Fonseca, 2016). How-
ever, measurements of B-value cannot be carried out during physical modelling (e.g.
shaking table and geotechnical centrifuge tests) or in the field due to the lack of con-
trol of undrained conditions (Kokusho, 2000; Naesgaard et al., 2007; Rebata-Landa
and Santamarina, 2012; Eseller-Bayat et al., 2013; Gu et al., 2021; Zhang et al.,
2021). Therefore, Sr must be estimated by implementing alternative methods for
physical modelling and field applications.

Studies conducted by Tsukamoto et al. (2002); Emerson and Foray (2006); Conte
et al. (2009); Kumar and Madhusudhan (2012); Kim et al. (2021) showed that
changes in Sr lead to variations in the propagation of primary wave (or P-wave)
velocity, V p. Such a response is a consequence of the environment in which the
P-wave is propagated; that is, the existence of water in the voids. The above means
that P-wave is preferably propagated through the fluid and not by the soil grains
(Foti et al., 2002). Therefore, the V p values in saturated soils are higher than 1482
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m/s since the wave propagation is mainly controlled by the water in the pores of
soil skeleton (Santamarina et al., 2001).

Biot (1956a; 1956b) proposed a series of relationships involving the characteristic
linear poroelasticity parameters to estimate the wave propagation in fluid-saturated
granular media, which is only valid if relative movement between soil grains does not
occur (Ishihara, 1970). These relations involve the bulk modulus (Ksoil), the shear
modulus of the soil (Gsoil), and mass density (ρsoil) of the propagation medium, in
this case, the soil, as follows in equation 2.25:

V p =

√√√√√Ksoil + 4
3Gsoil

ρsoil
(2.25)

Ksoil = Ksus = Ksk +Kf (2.26)

where Ksoil is the sum of the bulk modulus of the suspension composed of the fluid
and solid particles (Ksus) with the bulk modulus of soil grains (Ksk). For unsaturated
soils, the bulk modulus of the suspension, Ksus, can be computed from the porosity
of soil (n), the bulk modulus of the grains (Kg) and the bulk modulus of the fluid
(Kf ), which depends on Sr, Kw and Ka (see equation 2.23). Equation 2.27 defines
the computation of Ksus.

Ksus =
(

1 − n

Kg

+ n

Kf

)−1

(2.27)

In addition, considering that the shear stiffness in the fluid is null, Ksk can be
computed using the equation 2.28.

Ksk = 2
3Gsoil

1 + νsk

1 − 2νsk

(2.28)

where νsk is the Poisson’s ratio of soil skeleton. This parameter can be obtained in
dry conditions by estimating as a function of both P-wave velocity (V p) and S-wave
velocity (V s), as follows:
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νsk =

1
2

(
V p

V s

)2
− 1(

V p

V s

)2
− 1

(2.29)

The Equation 2.29 also provides an approximate estimation of Poisson’s ratio of
the soil (ν) for different Sr since the soil is a homogeneous non-continuous porous
media with fluid. On the other hand, there is an influence of n on ρsoil (equivalent
to density of the suspension ρsus) since it is the parameter controlling the volume
of fluid that saturates the soil. Therefore, the bulk mass density of fluid-saturated
porous media is defined by:

ρsoil = ρsus = (1 − n) ρg + nρf (2.30)

where ρg is the bulk mass density of the soil grains and ρf is the mass density of
the fluid, which depends on the degree of saturation (Sr), the density of the air (ρa)
and density of the water (ρw), as follows:

ρf = (1 − Sr) ρa + Srρw (2.31)

Based on the equations of motion governing the propagation of P-wave, Equation
2.32 can be derived to assess Vp in fluid-saturated soils (Yang and Sato, 2001; Foti
et al., 2002):

V p =

√√√√√Ksk + 1
n
Kf + 4

3Gsoil

(1 − n) ρsoil + nρf

(2.32)

Figure 2.15 applies Biot’s theory to describe the evolution of V p as a function of
the degree of saturation by varying both ν and n. The computations of Figure 2.15
were conducted by adopting V s = 230 m/s, Kg = 3.5 × 109 kPa and ρg = 2.65
g/cm3 (Santamarina et al., 2005).

The results of Biot’s model showed a notable influence of Sr on V p, particularly for
Sr higher than 90%. In such a range, V p sharply increases, reaching values of about
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Figure 2.15: Evolution of V p in soils near the full saturation conditions (after San-
tamarina et al. 2005): a) effect of ν; b) effect of n.

1500 m/s. The above is consistent with the experimental findings reported by Nak-
agawa et al. (1997); Valle-Molina and Stokoe (2012); Leong and Cheng (2016).

Based on this principle, Equation 2.33 allows estimating VP as a function of B-value
in granular media (Yang, 2002):

V p =

√√√√√√ 4
3Gsoil + Ksk

1 +B
(1 − n) ρsoil + nρf

(2.33)

Note that Equation 2.33 satisfies the principles of the continuum mechanics (Biot,
1956a,b), providing a robust theoretical framework to correlate the degree of satura-
tion of the soil obtained from different measurement methods. This has a particular
interest and application to assess techniques for liquefaction mitigation based on in-
duced partial saturation since it allows correlating results of in situ and laboratory
testing (Yang, 2002; Tsukamoto et al., 2002).

Figure 2.16 illustrates the variation of V p and B-value, by adopting the same soil
parameters of Figure 2.15 for different n. From Figure 2.16, it can be observed that
V p remains constant for B-values lower than 0.50, and then it slowly increases until
a B-value of about 0.85. Afterwards, V p sharply tends toward (or even exceeds)
the V p value in water (i.e. > 1482 m/s), indicating the full saturation condition
of the soil for B-values higher than 0.975. The literature reports studies focused
on assessing the V p and B-value relationship. Table 2.5 summarises the details of
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Figure 2.16: Relationship between V p and B-value (adapted from Yang 2002)

experimental studies carried out to validate the relation between V p and B-value
using Equation 2.33 in sandy soils.

Tsukamoto et al. (2002) and Leong and Cheng (2016) reported a good agreement
between experimental measurements and the theoretical approach of Equation 2.33,
showing differences for B-values from 0.50 to 0.95. In these studies, V p tends to
a value of about 1500 m/s for B-values higher than 0.97, as observed by Soares
and Viana da Fonseca (2016). The evolution of V p as a function of B-value agrees
with the results reported by Kokusho (2000). Tamura et al. (2002) stated that the
discrepancies between laboratory measurements and theoretical predictions are due
to the size and solubility of air bubbles in the pore-water. Naesgaard et al. (2007)
conducted a series of numerical modelling in FLAC to assess the effects of the ho-
mogeneous and non-homogeneous distribution of gas-phase in the evolution of V p
as a function of B-value. These authors observed that the size of air bubbles af-
fects the V p and B-value relationship; that is, a good fitting between experimental
measurements and theoretical approach when simulating a homogeneous distribu-
tion of air into the fluid (e.g. occluded air bubbles) and important differences of
V p evolution in models involving a continuous three-phase of soil (the unsaturated
condition).

Gu et al. (2021) explored the effects of the types of pore air and pore fluid on the
relationship between V p and B-value (i.e. CO2 flushing, tap water and de-aired
water). These authors observed that V p measurements were independent of the B-
value for the specimens with de-aired water, while V p increased as B-value increased
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Table 2.5: Summary of experimental studies on the V p and B-value relationship

Reference Soil Dr (%) p′ (kPa) B-value V p (m/s)

Tamura et al. (2002) Toyoura
sand 64 - 84 49 0.36 - 0.97 660 - 1643

Tsukamoto et al.
(2002)

Toyoura
sand 30 - 70 98 0.00 - 0.90 400 - 1770

Naesgaard et al.
(2007)

Fraser
sand 20 30 0.36 - 0.99 1415 - 1557

Kumar and Mad-
husudhan (2012)

∗ 40 - 80 100 - 300 0.94 - 1.00 512 - 1756

Leong and Cheng
(2016)

River
sand

∗ 30 0.56 - 0.97 200 - 1688

Gu et al. (2021) Fujian
sand 70.5 30 0.36 - 0.99 340 - 1720

Note: ∗do not reported

for the soil specimens containing tap water. These differences are because tap water
has more air than de-aired water. Therefore, the higher content of occluded air
bubbles in the tap water affects the measurements of B-values, which does not
allow for correctly reproducing the in situ state of the soil/fluid interface.

From the conclusions of these previous studies, it can be drawn that: (i) V p increases
as the B-value increases for the low and full saturation condition, following a parallel
tendency between experimental measurements and the theoretical approach; and
(ii) evolution of P-wave propagation and B-value is significantly affected by the
compressibility of the pore fluid type and distribution of gas bubbles (occluded or
in a continuous phase) in the soil skeleton.

2.4 Techniques for liquefaction mitigation

2.4.1 Conventional techniques for liquefaction mitigation

Many techniques to mitigate soil liquefaction have been developed in the last decades.
However, recent earthquake-induced liquefaction events (e.g. 1999 Adapazari (Turkey),
2010 Maule (Chile), 2011 Christchurch (New Zealand) and 2011 Great East (Japan)
earthquakes) indicate that the problems have not yet been solved, motivating re-
search about the improvement of liquefaction resistance and mitigation techniques.
Techniques for mitigation of soil liquefaction aim to prevent the 100% development
of excess pore water pressure (Towhata, 2008).
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Techniques for liquefaction mitigation comprise the enhancement of soil fabric or the
modification/change of the soil state. Nevertheless, liquefaction mitigation methods
face three main problems (Huang and Wen, 2015): (i) how to achieve non-disruptive
mitigation of liquefaction risk at developed sites susceptible to liquefaction, espe-
cially under vulnerable structures; (ii) how to achieve liquefaction mitigation in
large areas at low cost; and (iii) how to combine liquefaction mitigation with envi-
ronmental friendliness and low-carbon economy.

The selection of mitigation techniques mainly depends on the existence of structures
in the liquefiable soil deposit. In-built areas (for new or with existing structures),
the mitigation techniques aim to prevent the onset of liquefaction, whereas, for free-
field areas, mitigation techniques deal with the reduction of liquefaction-induced
damage (Towhata, 2008; Huang and Wen, 2015). Hence, installation of mitigation
techniques before construction has a clear and straightforward procedure, while it is
more complex in areas with existing structures. Towhata (2021) stated that when
the implementation of technologies for soil improvement is not feasible, structural
reinforcements are the best solution to reduce or mitigate liquefaction-induced dam-
age. Usually, such reinforcements deal with enhancing the foundation systems by
increasing the soil stiffness, which may eventually amplify the seismic action reaching
the surface.

Other factors for selecting the mitigation technique cover the soil type, stratigraphy,
depth of liquefiable layer(s), area size to be improved, foundation type, constraints,
subsurface obstructions, and environmental compatibility. Meslem et al. (2019) clas-
sified the level of importance to the applicability criteria and weighted accordingly
all factors presented herein. Table 2.6 shows the list of the factors considered by
Meslem et al. (2019) to select the mitigation techniques.
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To properly discuss the mitigation of soil liquefaction, it is essential to identify
the triggering mechanism, the characterisation of liquefiable soils (by in-situ and
laboratory testing) and the procedures to assess the liquefaction resistance in soil
deposits. Table 2.7 summarises the advancements to characterise the earthquake-
induced liquefaction after the Niigata earthquake. This table provides a better
understanding of the recent advances regarding liquefaction phenomena. Besides,
Table 2.8 presents an association between the processes towards soil liquefaction
with methods to prevent them, providing initial insights about the fundamentals for
liquefaction mitigation.

Based on a comprehensive literature review (e.g. Kramer 1996; Yegian et al. 2007;
Rebata-Landa and Santamarina 2012; He et al. 2013; Huang and Wen 2015; Marasini
and Okamura 2015; Bao et al. 2019; Salvatore et al. 2020; Towhata 2021; Seyedi-
Viand and Eseller-Bayat 2021) the following classification of liquefaction mitigation
techniques is proposed:

• soil improvement;

• drainage;

• soil densification;

• induced partial saturation.

The soil improvement techniques deal with the change of soil fabric. Within such
techniques, the artificial cementation and addition of fines are highlighted. The
soil reinforcement techniques cover the artificial cementation methods to increase
the soil stiffness, whereas adding fines decreases the soil permeability, limiting the
pore pressure build-up (Kramer, 1996). On the other hand, the implementation of
drainage systems (e.g. horizontal and vertical drains) allows rapid dissipation of the
pore pressure build-up during seismic action, reducing the liquefaction susceptibility.
The drains can be implemented in free-field or in areas with existing buildings.
Nevertheless, their implementation depends on the geometry and direction, that
is, horizontal or vertical. Therefore, drainage is a promising concept to consider
in shallow layers (not deeper than 10 m) using diameters less than 30 cm (Fasano
et al., 2019). However, the main limitation of drainage systems lies in controlling
soil deformations or settlements during cyclic loading.
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Table 2.7: Timeline of recent advances on the characterisation of soil liquefaction
(Ishihara, 1993, 1996; Kramer, 1996; Towhata, 2008; Boulanger and Idriss, 2014;
Towhata, 2021)

Topics Years Remarks Advancements

Case histories 1960s–now

Investigation
on earth-
quake dam-
ages and site
response

Identification of liquefaction-
induced damages due to signifi-
cant reduction of effective stress
during seismic loading.

Consequences of
liquefaction 1960s–2000s

Damages in
buildings and
critical infras-
tructures

Permanent deformations, settle-
ments, subsidence, tilting, float-
ing, landslides, lateral spreading,
and its combinations.

Assessment
of
liquefaction
susceptibility

1970s–now In situ testing
Correlations of liquefaction resis-
tance with SPT, CPT, DMT and
geophysical results.

1980s–now Laboratory
testing

Shear tests under undrained
cyclic loading up to large strains.

High-quality
samples 1990s–now

Advanced
sampling
techniques

Collecting undisturbed and rep-
resentative samples in liquefiable
soil deposits.

Mechanisms of
liquefaction 1970s–2000s

Factors
affecting
liquefaction
susceptibility
of soils

Association of liquefaction sus-
ceptibility with morphology
(grain size distribution and
particle shape), fines content,
plasticity and permeability.

Prediction
of deforma-
tions and
pore
pressure
build-up

1980s–now Numerical
tools

Development of computational
codes and numerical modelling.

1990s–now Formulation of constitutive laws.

2000s–now Physical
modelling

Scaled tests in shaking table and
geotechnical centrifuge.

2000s–now Benchmarks and instrumenta-
tion of case histories.

Mitigation
of liquefac-
tion
susceptibil-
ity and
effects

1970s–now Soil improve-
ment

Implementation of techniques
such as compaction/densifica-
tion, jet grouting, deep mixing,
horizontal/vertical drains and in-
duced partial saturation.

1990s–now

Protection
of new and
existing
structures

Construction of deep foundations
or retaining walls and structural
reinforcement.
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Table 2.8: Principles of liquefaction mitigation (Towhata, 2021)

Process toward liquefaction Principles of mitigation
Loose packing of particles Compaction/densification
Falling of particles into big voids Bonding/grouting of grains
Notable cyclic motion of particles Constraints against ground motion
Long time needed for drainage Installation of water channel; drains
Incompressibility of pore water Dewatering or injection of gas bubbles

On the other hand, densification and induced partial saturation (IPS) are the most
common methods for modifying the state of the soil. The densification methods
allow increasing the shear strength of the improved soil deposit. In contrast, the
IPS methods increase the volumetric compressibility due to the presence of gas
bubbles, which significantly reduce the pore pressure build-up during cyclic loading
(Okamura and Soga, 2006). Since this research focuses on assessing induced partial
saturation (IPS) techniques for liquefaction mitigation, only techniques for IPS will
be thoroughly addressed in the next section.

2.4.2 Techniques to induce partial saturation for liquefaction miti-
gation

The techniques to induce partial saturation (IPS) allow for improving the resistance
of soils against liquefaction by increasing the compressibility of the pore fluid with
the generation of some amount of gas. The presence of the gas (e.g. air) creates
occluded air bubbles in the pore fluid, inducing a condition of partial saturation
in the soil, as described in Section 2.3. As the gas content of the fluid increases,
liquefaction resistance increases (Rebata-Landa and Santamarina, 2012). Hence, the
number of cycles to trigger liquefaction in partially saturated soils is higher than in
fully saturated soils.

Figure 2.17 compiles results of experimental studies comparing the cyclic liquefaction
resistance of well-characterised sands at different degrees of saturation, including the
full-saturation condition. On the other hand, Figure 2.18 presents the normalised
cyclic resistance (NCR), which is a normalisation of liquefaction resistance for dif-
ferent Sr concerning liquefaction resistance reported in fully saturated conditions
(Ishihara et al., 1998; Tsukamoto et al., 2002). NCR was obtained using the data
reported in Figure 2.17 and by estimating the CSR corresponding to 15 cycles to
trigger liquefaction for each sand. From Figure 2.18, it can be observed that a
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Figure 2.17: Influence of degree of saturation on the liquefaction resistance: a)
Ottawa sand (after Sherif et al. 1977); b) Toyoura sand (after Yoshimi et al. 1989);
c) Niigata sand (after Ishihara et al. 1998); d) Toyoura sand (after Tsukamoto et al.
2002

reduction of Sr from 100% to 90% doubled the liquefaction resistance, providing
experimental evidence about the effectiveness of IPS as a liquefaction mitigation
technique.

The improvement of liquefaction resistance in partially saturated soils is due to the
following mechanisms: (i) the matric suction; and (ii) the reduction of the fluid
compressibility. The matric suction increases the effective stress and, consequently,
the stiffness and strength of the soil (Bishop and Blight, 1963). However, the matric
suction can be considered negligible for liquefaction resistance since the maximum
matric suction of clean sands is about 4 kPa (Fredlund, 2006). These suction values
are not relevant compared to the effective stress in natural soil deposits. Therefore,
reducing fluid compressibility is the main mechanism that increases the liquefaction
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Figure 2.18: Normalised cyclic ratio for different sands (data from: Sherif et al.
1977; Yoshimi et al. 1989; Ishihara et al. 1998; Tsukamoto et al. 2002)

resistance of clean sands. This is because the occluded air bubbles allow absorbing
the pore pressure build-up generated during seismic action by reducing the soil
volume (Pietruszczak and Pande, 1996). The enhancement of soil resistance is due
to the reduction of the bulk modulus of the pore fluid —caused by the presence of
air bubbles.

Okamura and Soga (2006) proposed a method for assessing the effect of gas com-
pressibility on liquefaction resistance by estimating the relationship between the
liquefaction resistance ratio (LRR) with potential volumetric strains (ε∗

v) achieved
at ru = 1. These authors defined LRR by normalising the liquefaction resistance
obtained in partially and fully saturated soil specimens, and ε∗

v through Equation
2.34:

ε∗
v = p′

0
BP + p′

0
(1 − Sr) e

1 + e
(2.34)

where p′
0 corresponds to the initial mean effective stress, BP denotes the back pres-

sure of during shearing (also designated as absolute fluid pressure), Sr is the degree
of saturation, and e is the void ratio of the soil. Such a method involved the com-
pilation of triaxial test results conducted in Toyoura sand under different effective
confinement stresses (from 50 kPa to 200 kPa), relative densities (from 40% to 90%)
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and degrees of saturation (from 70% to 100%). Figure 2.19 presents the relation
between potential volumetric strains with the liquefaction resistance ratio proposed
by Okamura and Soga (2006).
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Figure 2.19: Potential volumetric strain vs liquefaction resistance ratio (adapted
from Okamura and Soga 2006)

Experimental studies addressing the gas compressibility on the liquefaction resis-
tance of partially saturated soils have reported several element tests and physical
models subjected to static and dynamic loading. Table 2.9 reviews such experi-
mental studies for assessing the liquefaction resistance in partially saturated sands.
Indeed, there is an effect of the degree of saturation on the liquefaction resistance,
demonstrating the great potential and plausibility of the application of IPS for liq-
uefaction mitigation.
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Table 2.9: Studies on the liquefaction resistance of partially saturated sands

Reference Experimental
setup

Range tested
of Sr

Evaluation of lique-
faction resistance

Yoshimi et al.
(1989) Cyclic triaxial 70% to 100% B-value decreases;

NL increases

Ishihara et al.
(1998) Cyclic triaxial 90% to 100%

B-value decreases;
V p increases; NL

increases

Tsukamoto et al.
(2002) Cyclic triaxial 90% to 100%

B-value decreases;
V p increases; NL

increases
Okamura and
Soga (2006) Cyclic triaxial 70% to 100% εv increases; NL in-

creases
Yegian et al.
(2007) Shaking table 72% to 100% Sr decreases; ru de-

creases

Unno et al. (2008) Cyclic triaxial 12% to 100% s increases; NL in-
creases

Eseller-Bayat
et al. (2013) Shaking table 40% to 100% Sr decreases; γ de-

creases; ru decreases

He et al. (2013) Shaking table 84% to 100% Sr decreases; γ de-
creases; ru decreases

Tsukamoto et al.
(2014) Cyclic triaxial 42% to 100% s increases; εv; NL

increases
Marasini and
Okamura (2015)

Geotechnical cen-
trifuge 85% to 100% Sr decreases; ru de-

creases
Wang et al.
(2016)

Cyclic and mono-
tonic triaxial 68% to 100% Sr decreases; εv in-

creases; NL increases
Zeybek and Mad-
abhushi (2017)

Geotechnical cen-
trifuge 85% to 100% Sr decreases; ru de-

creases

Mele et al. (2019) Cyclic triaxial 54% to 100%
Sr decreases; εv

increases; Wtot in-
creases; NL increases

Tsukamoto
(2019)

Cyclic and mono-
tonic triaxial 41% to 100%

Sr decreases; USR
increases; NL in-
creases

Wang et al.
(2020)

Cyclic and mono-
tonic triaxial 83% to 100%

Sr decreases; USR
increases; NL in-
creases

Note: Sr is degree of saturation; NL is the number of cycles required to liquefaction; V p is
P-wave velocity; εv is volumetric strain; ru is pore pressure ratio; s is matric suction; γ is
shear strain; Wtot is the total specific energy; and USR is undrained shear resistance.
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Despite the beneficial effects of reducing Sr to increase the liquefaction resistance
of soils, this concept as a countermeasure of earthquake-induced liquefaction has
yet to be thoroughly studied Flora et al. (2020). IPS has emerged as a new cost-
effective and environment-friendly liquefaction mitigation technique (Pietruszczak
et al., 2003; Okamura et al., 2011; Zeybek and Madabhushi, 2018). This method is
relatively inexpensive as it involves only injection or production of gas in the soil
deposit (He et al., 2014). The partial saturation condition enhances the liquefaction
resistance by inducing gas bubbles, which can be applied in soil deposits using the
following techniques:

• air injection;

• water electrolysis;

• chemical desaturation;

• bio-desaturation or microbial desaturation.

The air injection technique relies on artificial air injection into the saturated and
liquefiable soil deposits. The principle of this technique considers the application
of pressurised air into the ground to introduce small-sized air bubbles in the voids,
reducing the degree of saturation of the soil deposit (Marasini and Okamura, 2015).
Nevertheless, the air must be injected at pressures that will not cause hydro-fracture.
Hence, the air pressure must overcome the value enabling air (equal to the sum of the
hydrostatic and capillarity pressures) to penetrate through pore water to guarantee
the airflow in the soil deposit. Figure 2.20 schematises the in-situ air injection
technique. Okamura et al. (2011) achieve a desaturation zone ranging from 68%
to 98% degree of saturation by injecting air in-situ, which is compatible with the
range reported by Zeybek and Madabhushi (2017) in physical models —74% to 99%
degree of saturation. The main drawback of the current air injection technique is the
incapability to create a homogeneous distribution of gas bubbles in the soil. Besides,
the air injected into the soil may not be stable; thus, ensuring constant saturation
over time is challenging.
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Figure 2.20: Schematic illustration of the air injection technique

The water electrolysis technique involves ionising hydrogen and oxygen gases by
sending water electrodes to entrap gas molecules in saturated soils. In contrast to
the air injection technique, this technique does not require the application of an
external pressure to induce partial saturation (Yegian et al., 2007). Water electrol-
ysis produces oxygen and hydrogen gases at the anode and cathode by ensuring the
following chemical reactions:

2 H2O − 4 e– 4 H+ + O2 (at the anode)

4 H2O + 4 e– 4 OH– + 2 H2 (at the cathode)

The electrolysis process should be maintained until hydrogen bubbles are generated,
which migrate from the cathode to the anode through the soil. The amount of
produced gas (mainly H2) is significant enough to change the degree of saturation
without compromising any safety hazard associated with explosions (Yegian et al.,
2007). However, the in situ implementation of the water electrolysis technique is
expensive because of its monitoring and maintenance.

Similarly to the water electrolysis technique, the chemical desaturation technique
promotes chemical reactions to generate gas. Eseller-Bayat et al. (2013) used sodium
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perborate monohydrate (NaBO3·H2O) to induce a partial saturation condition in
Ottawa sand. This technique was referred to as drainage-recharge. NaBO3·H2O
reacts with water (H2O) to generate hydrogen peroxide (H2O2), which is a ready
source produce (H2) and oxygen (O2), as follows:

2 (NaBO3· H2O) + 2 H2O2 2 H2O2 + 2 BO –3
3 + 2 Na+ + 4 H+

2 H2O2 2 H2 + O2

The results reported by Eseller-Bayat et al. (2013) revealed uniform distribution
of gas bubbles. Figure 2.21 presents a digital image of the desaturated soil after
applying the drainage-recharge technique. The digital imaging results indicated
that gas bubbles were smaller in size (0.1–0.3 mm diameter) than the observed void
space (0.6 mm in equivalent diameter as observed on the digital image). However,
the degree of saturation of this technique was limited to 82-86%. Therefore, using
sodium perborate monohydrate in liquefiable soils reduces the degree of saturation
by about 80%

Gas 
bubbles

Sand 
particles

Average sand particle size: 0.35 mm
Average bubble size: 0.2 mm

5 
m

m

Figure 2.21: Digital image of desaturated Ottawa sand using the drainage-recharge
technique (Eseller-Bayat et al., 2013)

Finally, the generation of biogas to desaturate the soil has been explored as a lique-
faction mitigation technique (Rebata-Landa and Santamarina, 2012; He et al., 2013;
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Figure 2.22: Reduction of nitrites and nitrates (Rebata-Landa and Santamarina,
2012)

Wang et al., 2020; Astuto, 2021). The biochemical process for inducing partial sat-
uration leads to the nucleation of gas bubbles within the soil pores by the activity
of the microorganisms (e.g. archaea, fungi or bacteria), which generates gas as a
product of their metabolism. This activity leads to the formation of different gases,
according to the type of microorganisms and bio-chemical reaction involved in the
process.

The gases produced during the biochemical reaction are carbon dioxide (CO2),
carbon monoxide (CO), nitrogen (N2), nitrous oxide (N2O) and methane (CH4).
The biochemical reaction involves different activities of microorganisms, such as
nitrogen fixation, dissimilatory nitrate reduction to ammonia, nitrification, Anoxic-
Ammonia-Oxidation (An-Amm-Ox), and denitrification. The above activities cor-
respond to biological and anoxic processes that are simultaneously carried out.
Notwithstanding, denitrification is the process most used to induce the partial sat-
uration in liquefiable soils due to the formation of soluble nitrogen oxides, which
afterwards are reduced to N2 (Rebata-Landa and Santamarina, 2012; Astuto, 2021).
Figure 2.22 presents the reduction of nitrites and nitrates during microorganisms
activities.

He et al. (2013) and Astuto (2021) observed degrees of saturation lower than 80%
using the denitrification of bacteria in quartz sands. Such results were obtained
from physical models specially adapted to apply such an IPS technique. Moreover,
these authors concluded that the in-situ application of bio-desaturation by bacteria
denitrification for liquefaction mitigation is feasible due to the degrees of saturation
experimentally achieved and N2 is a gas with low solubility in water, chemically inert
and of low environmental impact. However, it is effective for shallow layers, with
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a maximum depth of about 7 m below the groundwater level. Such a limitation
is because the microorganisms cannot generate enough gas under relatively high
pressure or vertical stresses (Astuto, 2021).

2.4.3 Applicability and performance of IPS techniques for liquefac-
tion mitigation

The interest in the IPS techniques for liquefaction mitigation has grown due to its
ability to increase the liquefaction resistance by inducing a minimal disturbance to
the soil and its simple implementation in free field conditions and urban areas. The
applicability of IPS saturation techniques depends on different factors. These factors
are presented as follows:

• area and depth of treated zone;

• technology and equipment the induction of partial saturation;

• the monitoring of Sr in the long-term;

• maintaining of the IPS systems.

• durability of the induced partial saturation.

The area and depth of the treated zone should be considered the specific IPS tech-
nique to implement. Therefore, in the case of air injection systems, the air pressure
must be higher than the sum of the pressure associated with the head of water and
the capillary pressures at the point of injection, and not it must exceed the effective
stresses at that point to avoid failure or cracking of the material (Marulanda et al.,
2000). Considering these factors, the air injectors can desaturate areas with about
5 m radius, as observed by Ishihara et al. (2003) in centrifuge tests. Numerical
simulations performed by Nateghi and Shamy (2022) validated these results.

For the case of chemical and bio-desaturation techniques, the results depend on
the concentration of the components Rebata-Landa and Santamarina (2012); Wang
et al. (2020). The concentration generates occluded air bubbles with different di-
ameters that control the final Sr of the soil. However, the main limitation of these
methods lies in the depth at which the denitrification process is conducted, restrict-
ing their implementation for soil deposits below 7 m depth Astuto (2021). Besides,
the efficiency of this technique may change with the temperature, as observed by
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Mousavi and Ghayoomi (2021), affecting the time to achieve the lowest possible Sr
by microbial-induced partial saturation (see Figure 2.23).
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Figure 2.23: Sr variation in time by microbial induced partial saturation for two
temperatures (adapted from Mousavi and Ghayoomi 2021)

A pertinent question regarding the IPS techniques is whether or not gas bubbles in
sands can remain for a long time. Therefore, before answering that question, it is
necessary to establish a method for measuring Sr during the operation of any IPS
technique, which is critical in assessing IPS performance.

In the laboratory, the B-value is the most common parameter to estimate the Sr.
However, this parameter does not provide a reliable estimation of Sr in the field
since, in free field conditions, the undrained condition cannot be guaranteed. There-
fore, alternative methods involving the electrical conductivity or P-wave velocity
have demonstrated good results in estimating Sr by both in situ and laboratory
testing (Consentini and Foti, 2014; Chen et al., 2021; Astuto, 2021).

Wave velocities and electrical resistivity in soils depend on the saturation and other
parameters, such as the porosity, fabric, stress, mineralogy, pore fluid and tempera-
ture (Santamarina et al., 2005). Hence, P-wave velocity (VP ) and relative electrical
conductivity (r) can be used as reliable estimators of Sr. Figure 2.24 shows the the-
oretical approaches based on the electrical resistivity theories (Archie, 1942), which
complements the wave-based approach of Biot’s theory (Biot, 1956a,b) of Figure
2.15.
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Figure 2.24: Relation between relative electrical conductivity and degree of satura-
tion based on Archies’s theory (adapted from Consentini and Foti 2014)

After establishing the procedure to estimate Sr, the durability of IPS is examined.
Yegian et al. (2007) observed a change in the degree of saturation from 82% to 84%
during 442 days. Similar tests were also carried out by He et al. (2013) using bio-
gas. Okamura et al. (2011) collected high-quality undisturbed frozen samples from
six different experimental sites where the IPS was implemented. Analyses of these
samples in the laboratory revealed a slight increment in the degree of saturation con-
cerning the degree of saturation reported after the IPS application. These authors
concluded that the gas bubbles injected into the soil remained for more than 26
years, demonstrating the long-term durability of the soil improvement by the IPS.
Notwithstanding, the durability results referred to above are limited for hydrostatic
conditions.

Hu et al. (2020) carried out a series of tests under hydraulic gradient flow to assess
the stability of biogas generated by bacteria denitrification. In the seepage condition,
degrees of saturation increased from 84.7% to 85.5%. No biogas bubble aggregation
occurred, and no biogas bubbles were observed to flow away from the sample. Hence,
these authors attributed the biogas bubbles decreasing to the gas dissolution caused
by the seepage. The performance of IPS techniques in hydrostatic and seepage
conditions is not significantly affected by the void ratio (or relative density) of the
soil (Mousavi et al., 2021; Zeybek, 2022).
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2.5 Remarks

This chapter presented the mechanisms of liquefaction, the earthquake-induced
liquefaction damages worldwide and describes novel approaches to interpret the
undrained cyclic behaviour and liquefaction resistance of soils. This novel interpre-
tation addresses stress-based and energy-based methods. The energy-based methods
provide a promising framework to assess the liquefaction resistance of partially sat-
urated soils because of the incorporation of fluid compressibility effects during cyclic
loading.

Compilation of experimental results disclosed that the liquefaction resistance tends
to increase by decreasing the degree of saturation (Sr). Such results revealed that
soils with Sr = 90% have cyclic resistance (or the number of cycles to trigger
liquefaction) of about twice that of soils with Sr = 100%. The enhancement of liq-
uefaction resistance in partially saturated soils is due to the effects of occluded air
bubbles, which reduce the bulk modulus of fluid. The bulk modulus reduction in-
creases the volumetric strains of soil deposits and reduces the pore pressure build-up
during cyclic loading. The effects of matric suction have been considered negligible
in clean sands since its maximum value is of about 4 kPa—a non-relevant value com-
pared to the mean effective stress on the field. This confirms the Sr effects on the
liquefaction resistance, which indicates the plausibility of reducing Sr to increase
the cyclic resistance of liquefiable soils, demonstrating the great potential of IPS
techniques for liquefaction mitigation.

The induced partial saturation (IPS) has been receiving increasing interest as an
alternative technique for liquefaction mitigation because of the gas generation in
fully saturated soils. The presence of gas bubbles increases the fluid compressibil-
ity and significantly reduces pore pressure build-up during cyclic loading. Differ-
ent techniques, such as air injection, water electrolysis, chemical desaturation and
bio-desaturation can generate gas bubbles. These techniques are environmentally
friendly. Besides, its implementation causes a minimal soil disturbance, in con-
trast to other mitigation techniques that improve the cyclic resistance of the soil
(e.g. vibro compaction), which is suitable for both free-field conditions and urban
areas.

The use of P-wave velocity and the application of Biot’s theory for estimating Sr

have several advantages, including the real-time monitoring of Sr in different ex-
perimental setups, a precise comparison between Sr measured in the field and the
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laboratory, the detection of small Sr changes in partially saturation conditions (e.g.
Sr > 85%), and a reliable correlation between V p and B-value which are param-
eters that can be correlated with the liquefaction resistance for soils with different
Sr.

Energy-based methods provide a promising framework to assess the liquefaction re-
sistance of partially saturated soils and represent an alternative to the conventional
approach interpreting liquefaction resistance (e.g. stress-based methods), due to
the incorporation of fluid compressibility effects on the soil behaviour during cyclic
loading. Moreover, energy-based methods allow for comparing results obtained from
different procedures for characterising the liquefaction resistance of soils in the lab-
oratory, including several types of element testing and centrifuge modelling.



Chapter 3

Materials, devices and experimental
procedures

3.1 Outline

This chapter describes the materials and the testing apparatuses used in this re-
search. This study focuses on a historically liquefiable sand from the Lisbon centre.
Hence, the geological setting description and sampling of such a sandy soil are pre-
sented herein. Most parts of the experimental program were carried out in the
Geotechnical Laboratory (LabGEO) of the Civil Engineering Department at the
Faculty of Engineering of the University of Porto (Portugal), and complementary
advanced tests were conducted in the ‘Centre for Advanced Studies of Road Infras-
tructure and Geotechnics’ at the Universidad Militar Nueva Granada. The physical
modelling by geotechnical centrifuge tests was developed in the ‘Geotechnical Mod-
els Laboratory’ at Universidad de los Andes (Colombia). The tests carried out in
the centrifuge focused on the assessment of the site response of TP-Lisbon sand
under different stress states and degrees of saturation. Hence, this chapter also de-
scribes the instrumentation of the models. On the other hand, this chapter includes
a description of testing devices and experimental procedures adopted for character-
ising the behaviour of TP-Lisbon sand. A special focus is given to a series of novel
adaptations in the apparatuses to estimate the soil state during element testing.
These adaptations allow for a proper definition of the critical state parameters and
liquefaction resistance of sandy soils.

59
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3.2 Studied soil

3.2.1 Geological setting of Terreiro do Paço site

In Portugal, local liquefaction-induced damage dates from 1344, 1531, 1755 and 1909
when distant and local intraplate earthquakes (with a magnitude Mw between 6.0
and 8.5) stroke the Portuguese onshore mainland, mainly affecting the greater Lisbon
area (Jorge and Vieira, 1997; Teves-Costa and Batlló, 2011; Lai et al., 2020). Rele-
vant damages were reported after in 1755 and 1909 earthquakes. Notwithstanding,
the 1st of November 1755 earthquake (Mw = 8.5) is probably the greatest seismic
disaster in Western Europe since it almost destroyed the Lisbon centre, killed up
to 100,000 people and injured more than 40,000 people (Oliveira, 2008). Therefore,
the characterisation of the cyclic behaviour of liquefiable layers composing the soil
deposits of Lisbon centre is of utmost importance to prevent damage and possible
collapse of buildings, facilities and critical infrastructures in this area.

This seismic event is a well-known major earthquake (Mw = 8.5) that impacted
the Portuguese continental mainland. The 1755 earthquake, which originated in the
depths of the Atlantic Ocean, induced the collapse of several buildings in Lisbon, in-
cluding the Ribeira Palace —the most important royal complex in Portugal, consid-
ered the centre of the empire. Historical reports indicated that earthquake-induced
liquefaction caused lateral spreading and affected the stability of the foundations of
the surrounding buildings at this site (Salgado, 2019). The combination of lique-
faction effects with a tsunami from the Tagus River induced significant damage to
several buildings in the city centre. Figure 3.1 shows two representations of Terreiro
do Paço site before and after of 1755 earthquake. This figure illustrates well the
damages and effects of such an earthquake on this site.

After the 1755 earthquake, a plaza was constructed. This plaza was named ‘Praça
do Comércio’ and is now one of the historically significant sites in Portugal and
one of the most beautiful plazas in Europe. Due to the previous location of the
palace, the Portuguese people referred to the site as ‘Terreiro do Paço’, which in
English means yard of the palace, instead of using the name Praça do Comércio. The
Terreiro do Paço site is surrounded on three sides by distinctive yellow Pombaline
architecture –a superb Portuguese heritage (Couto et al., 2020)– with the decorative
‘Arco da Rua Augusta’ located on the north side, serving as the focal point of the
plaza. Facing the Arco da Rua Augusta, Terreiro do Paço opens up to the Estuary
of the Tagus River. This site is one of the main transportation hubs in Lisbon as
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a)

b)

Figure 3.1: Illustrations of Terreiro do Paço site —images provided by the Lisbon
Museum to Fundação Luso-Americana (2005): a) before 1755 earthquake; b) before
1755 earthquake
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it includes a significant commuter ferry terminal, offering departures south across
the Tagus River. The site also serves as a departure location for the tram network
heading towards the Belem district or the Basílica da Estrela. Furthermore, the bus
and metro stations are adjacent to the river terminal, providing connections between
central Lisbon and other parts of the city.

Terreiro do Paço site is located in the mainland region with probably the greater
seismic risk of Portugal. This region is affected by the occurrence of large magnitude
(Mw > 8) distant earthquakes and medium magnitude (Mw > 6) near earthquakes
due to its proximity to the boundary of African and Eurasian plates. An example
of a distant event is the 1755 earthquake (Mw > 8.5) generated in the Eurasian-
Nubia plate boundary zone (Jorge, 1993). However, local intraplate earthquakes
(Mw ≈ 6−7) have occurred more frequently, in 1344, 1531 and 1909 (Ferreira et al.,
2020). The assessment of liquefaction susceptibility in this region can be done by
using the parameters of EC8-NA (CEN, 2010), for a return period of 475 years and
a seismic action Type 1 and Type 2, as summarised in Table 3.1

Table 3.1: Seismic parameters for a return period of 475 years in the Lisbon area
(CEN, 2010)

Seismic action Type 1 Seismic action Type 2
Seismic zone 1.3 2.3
Mw 7.5 5.2
agR (m/s2) 1.5 1.7
γI 1 1
ag 1.0 1.7
Ground type D D
Smax 2 2
Sf 1.83 1.77
amax (m/s2) 2.75 3.00
amax (g) 0.28 0.31

The geological profile at the Praça do Comércio site corresponds to the alluvial
materials of the Tagus River valley, in the south of Portugal. The lithology of
this region is composed by widespread deposits of fine-grained sands, which were
sedimented in the late Quaternary and are resting over Miocene deposits of stiff clays.
Shallow layers mainly consist of fine clean sands and sandy silts with intercalations
of plastic soils. However, these layers contain the remaining resulting from older
civilisations that occupied Lisbon and the wreckage caused by the 1775 earthquake
(Teves-Costa et al., 2001). Such intercalations indicate that the valley was infilled
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Figure 3.2: Lithological profile of Terreiro do Paço site (adapted from Salgado 2009,
2019)

in a heterogeneous process, which included water level variations of the Tagus River.
Besides, the thick shallow layers of sandy soils below the Praça do Comércio site
are susceptible to trigger liquefaction (Salgado, 2009). Figure 3.2 schematises the
lithology of the Praça do Comércio site.

The main interest in studying this site is related two factors. The first is assessing
earthquake-induced liquefaction susceptibility of the sandy soils composing this zone.
The second one is the characterisation of the soil involving the incident that occurred
during the construction of the underground Lisbon blue line tunnel of ‘Metropoli-
tano de Lisboa’ (point B in Figure 3.2), which was constructed with a large boring
machine passing onshore through the Tagus River, on 9th of June 2000. This un-
derground tunnel sought to extend the blue line, passing by the riverfront of the
Terreiro do Paço. The geotechnical design of the tunnel included soil improvement
with the jet grouting technique in 250 holes for its construction. However, mud and
water began to erupt uncontrollably from the 13th hole during the excavation of
such holes, and settlements started to occur at the surface that affected the build-
ings around the excavation (Salgado, 2019). This incident caused settlements at the
surface, affecting several surrounding buildings, including some of the old heritage
Pombalino masonry buildings (Couto et al., 2020). Detailed work carried out by
Salgado (2009) indicates that this incident was induced by flow liquefaction of the
alluvial soils, which compose the affected area.
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The main interest in studying this site is related to two factors. The first is as-
sessing earthquake-induced liquefaction susceptibility of the sandy soils composing
this zone. The second one is the characterisation of the soil involving the incident
that occurred during the construction of the underground Lisbon blue line tunnel
of ‘Metropolitano de Lisboa’ (point B in Figure 3.2), which was constructed with a
large boring machine passing onshore through the Tagus River, on 9th of June 2000.
This underground tunnel sought to extend the blue line, passing by the riverfront of
the Terreiro do Paço. The geotechnical design of the tunnel included soil improve-
ment with the jet grouting technique in 250 holes for its construction. However,
mud and water began to erupt uncontrollably from the 13th hole during the exca-
vation of such holes, and settlements started to occur at the surface that affected
the buildings around the excavation (Salgado, 2019). This incident caused settle-
ments at the surface, affecting several surrounding buildings, including some of the
old heritage Pombalino masonry buildings (Couto et al., 2020). Detailed work by
Salgado (2009) indicates that this incident was induced by flow liquefaction of the
alluvial soils, which compose the affected area.

3.2.2 Piezocone penetration tests and soil sampling

For the design and construction of the underground Lisbon blue line tunnel of
‘Metropolitano de Lisboa’, nine piezocone tests (CPTu) were performed, including
four into the square of the Praça do Comércio site and five next to the Tagus River.
The tests were performed before this research according to the standard procedure
ASTM D5778 (ASTM International, 2017). The groundwater level was measured in
each location, varying from 2.3 m to 8.4 m. The variations of the groundwater level
position were conferred to the tidal effects of the Tagus River. Figure 3.3 shows the
location of the tests.

Only the results of CPTu112, CPTu118 and CPTu119 are discussed in this document
due to the central location of these tests. CPTu were conducted from 8 m until 30
m depth. The starting point (corresponding to 8 m depth) of Penetration testing
was selected due to the presence of remains from the old palace and compacted
materials used for the embankment and the pavement structure surrounding Praça
do Comércio site. Figure 3.4 presents the primary data of the CPTu tests, that
is cone tip resistance (qc), sleeve friction (fs) and pore-water pressure generated
during the cone penetration (u2).
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Figure 3.3: Plan view and CPTu locations at Terreiro do Paço site

Primary data were analysed regarding the soil behaviour type (SBT) methodology
proposed by Robertson (1990). In addition, a simplified soil profile has been defined
for practical purposes by approximating the original soil behaviour type index (Ic)
by constant values, where similar behaviour is expected. As proposed by Cubrinovski
et al. (2019), the simplified soil profile considers gravel and coarse sand (Ic < 1.3);
clean sand (1.3 ≤ Ic ≤ 1.8); sands with low fines content (1.8 ≤ Ic ≤ 2.1); silty
sand, sandy silt and non-plastic silt (2.1 ≤ Ic ≤ 2.6); and non-liquefiable silt or clay
(Ic > 2.6). This alternative classification method focuses on soil response concern-
ing earthquake-induced liquefaction (Ferreira et al., 2020). Figure 3.5 illustrates
a preliminary soil profile and the simplified soil profile, based on the proposal of
Robertson (1990) and Cubrinovski et al. (2019), respectively.

Based on the in situ characterisation results, a sampling campaign was carried out
to collect representative and integral soil samples at Praça do Comércio site. These
samples were obtained by Keller Groundbau GmbH Company using a rotary probe
attached to a Shelby sampler device able to retrieve integral samples of 110 mm
diameter in the vertical direction. The samples corresponding to TP-Lisbon sand
were collected between 13 to 23 m depth in a site investigation point next to CPTu18
located inside Praça do Comércio at the coordinates 38◦42′26.61′′N − 9◦8′13.37′′W

(point A in Figure 3.2). Figure 3.6 exhibits the integral samples of TP-Lisbon sand
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Figure 3.4: Profiles of primary CPTu data: a) cone tip resistance; b) sleeve friction
c) pore-water pressure generated during the cone penetration

and shows the profiles of relative density (Dr) and state parameter (ψ) derived from
CPTu data. These profiles were estimated based on the correlations proposed by
Robertson (2009), which are widely used for soils with Ic < 2.6.

3.3 Testing devices

3.3.1 Bender elements

A bender element (BE) is a piezoceramic transducer able to transmit or receive a
mechanical perturbation. It comprises two thin plates, rigidly bonded to a central
metallic sheet and two electrodes on its outer surfaces. BE can be installed virtually
in any soil testing apparatus, including the oedometer (Lee and Santamarina, 2005),
triaxial (Viana da Fonseca et al., 2009), resonant-column (Camacho-Tauta, 2011),
true triaxial or cubical devices (Ferreira, 2009) and geotechnical centrifuges (Murillo
et al., 2009). Besides, BE can also be used in bench tests, similarly to other ultrasonic
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Figure 3.5: SBT and Ic simplified soil profiles: a) CPTu12; b) CPTu18; c) CPTu19

transducers, for rapid assessment and monitoring of soil stiffness (Silva et al., 2013).
Figure 3.7 shows a BE installed in advanced geotechnical testing apparatuses.

BE behaves as a simple cantilever beam, fixed at the base and free at the other
end. For soil testing, a couple of such transducers are used at two locations of the
soil specimen, allowing the generation or detection of a mechanical perturbation.
The BE transmitter generates such disturbance and travels thru the soil specimen
until the other end, where the BE receiver converts the mechanical perturbation
into a voltage signal (Rio, 2006). The mechanical perturbation is in the range of
small-strain and is similar to a seismic wave. Figure 3.8 illustrates the operation of
BE tests.

For BE tests, a sine pulse was used as an input signal to excite the BE transmitter.
However, different electrical signals can generate distortion in the BE transmitter,
such as square, impulse, forced oscillation, continuous sine with constant frequency,
sine sweep or stochastic random noise (Viggiani and Atkinson, 1995; Santos, 1999;
Ferreira, 2009; Camacho-Tauta, 2011). The BE test set-up used in this research
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Figure 3.6: Integral samples of TP-Lisbon sand: a) collected soil; b) relative density
profile at SI18; c) state parameter profile at SI18

consists of a function generator (TTi TG1010), two input-output amplifiers (de-
signed at the University of Western Australia), an oscilloscope (Tektronix TDS 220)
and a computer with WaveStar software to acquire the wave signals. All the BE
used in this research were manufactured in the Geotechnical Laboratory of FEUP
(LabGEO). Figure 3.9 presents the BE set-up used in the LabGEO.

The wave velocity from BE tests was obtained by computing the ratio between
the travel length and the wave propagation time. The travel length (Ltt) corre-
sponds to the tip-to-tip distance between BE (Camacho-Tauta et al., 2015). On
the other hand, the wave propagation time (tt) was obtained using the first arrival
time method Viggiani and Atkinson (1995). Figure 3.10 presents a representation of
the wave propagation time and the interpretation by the first arrival time method.
In this figure, it can be observed three different times, represented by three ar-
rows to consider the first arrival point, O′. Due to the differences between these
times, determining the arrival time is controversial. Lee and Santamarina (2005)
and Ferreira (2009) suggest considering arrival the time in the time indicated by
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a) b)

Figure 3.7: Photograph of BE: a) Simple shear device; b) base cap of a triaxial cell

Function
generator

Oscilloscope

Amplifier

Top cap
Porous stoneBender element (receiver)

Rubbermembrane

Soil sample

Bender element (transmitter)Porous stone
Base cap

Figure 3.8: Schematic view of the Bender Element testing
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Figure 3.9: Bender elements setup

the arrow 3. Such a consideration is because arrows 1 and 2 indicate a change in
the polarity of the signal, which is related to near-field effects. In contrast, arrow 3
corresponds to the point at which the BE receiver starts to detect the mechanical
distortion. Viana da Fonseca et al. (2009) recommended measuring wave propaga-
tion time by applying several input signals at frequencies at different frequencies to
avoid misinterpretations during BE testing.

Ferreira et al. (2021) demonstrated by laser vibrometer results that BE can gen-
erate concurrent P-waves and S-waves without installing additional transducers in
the testing device (i.e. bender extender elements and flat disk-shaped piezoceramic
transducers). These authors proposed an experimental methodology using high-
frequency excitation pulses for detecting P- and S-wave velocities using a single BE
pair. During BE testing, detecting the P-wave arrival is possible when high fre-
quencies are used because high frequencies excite higher BE vibration modes, hav-
ing relatively higher disclaims in the vertical direction than lower vibration modes.
Such vibrations create compression-extension movements, which generate a stronger
P-wave front. The high-frequency laser vibrometer measurements of the actual BE
deformation showed that P-wave and S-wave can be induced by applying frequencies
between 20 to 100 kHz and 1 to 10 kHz, respectively. The methodology proposed by
Ferreira et al. (2021) was implemented in this research to assess the P- and S-wave
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velocities of liquefiable sands to control its soil state during element testing in dry,
partially and fully saturated conditions.
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Figure 3.10: Interpretation of BE test by the first arrival time method

3.3.2 Triaxial apparatuses

In this research, three triaxial equipment configurations were used. The first con-
figuration corresponds to triaxial cells with lubricated oversized end platens and an
embedded connection piston into the top cap. The second configuration comprises
a Bishop-Wesley type stress-path triaxial cell equipped with piezoelectric ceramic
instruments. Finally, the third configuration is a cyclic triaxial apparatus fabricated
in the Institute of Science and Innovation in Mechanical and Industrial Engineering
(INEGI) of FEUP.

The first triaxial configuration was used to characterise critical state parameters of
TP-Lisbon sand, as recommended by Viana da Fonseca et al. (2021). The use of
lubricated end platens allows reducing the influence of platen restraint on stresses
in the soil specimen during triaxial testing, which induces uniform radial strains
and helps to keep the cylindrical shape of the specimen at large axial strain levels.
Hence, the oversized platens ensure the full support of the soil specimen, avoid-
ing any overhang and allowing a uniform radial deformation during shear. The
embedded connection piston significantly reduces specimen ‘tilting’ of the top cap
during all phases of triaxial testing, providing more reliable test results for assessing



72 Materials, devices and experimental procedures

shear-strain behaviour and CSL of soils (Reid et al., 2021). Figure 3.11 shows the
configuration of the oversized lubricated end platens. Figure 3.12 shows the system
and configuration of the embedded top-cap loading ram connection in the triaxial
apparatus. An automatic volume change gauge measured the volume change during
testing.

a) b)

Figure 3.11: Oversized lubricated end platens for triaxial tests (after Viana da
Fonseca et al. 2021): a) photo with the implemented configuration; b) lateral view
scheme

a) b)

Loading ram

Load cell

Embedded piston

Guidelines

Lubricated top platen
Drainage line
Porous stone

Figure 3.12: Embedded top-cap loading ram connection (after Viana da Fonseca
et al. 2021): a) parts and scheme; b) implementation in the triaxial apparatus

The second triaxial configuration was used for evaluating the stress-dependency of
small-strain stiffness of different granular soils addressed in this research. Neverthe-
less, the Bishop-Wesley triaxial apparatus of LabGEO can apply different stress-path
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stress during testing. Such a particular feature of this type of equipment also applies
to the control of deformations. Therefore, this advanced equipment allows for the
advanced characterisation of soils subjected to complex stress conditions, such as
anisotropic consolidations, extension shearing and pore water pressure increments.
The stress-path cell allows for conducting automatic tests by TRIAX software, which
controls stresses and displacements using a set of pressure transducers and an LVDT
(Linear Vertical Displacement Transducer). The system transfers the pressure from
an air compressor to the Bishop-Wesley cell through a series of air/water interfaces.
Besides, the equipment has a submersible load cell and a volume gauge to mea-
sure/control the axial load and volume changes during testing. Figure 3.13 shows
the Bishop-Wesley triaxial apparatus for stress-path testing of LabGEO.

Figure 3.13: Bishop-Wesley triaxial apparatus for stress-path testing of LabGEO

The third triaxial configuration is a cyclic triaxial apparatus used for assessing the
liquefaction resistance of soils. Such a configuration covers a conventional triaxial
cell equipped with piezoelectric transducers to measure the seismic wave velocities
and local Hall-Effect transducers to accurately measure the axial and radial strains
of soil specimens in all testing phases. Figure 3.14 shows a general overview of the
cyclic triaxial apparatus of LabGEO.



74 Materials, devices and experimental procedures

Figure 3.14: Cyclic triaxial apparatus of LabGEO

The cyclic loading is applied by a servo-actuator composed of a hydraulic piston
with displacement and load transducers, which allows varying the loading frequency
between 0.001 and 2 Hz. This hydraulic system is powered by an oil pump, which
allows applying a maximum load of 10 kN. However, the maximum load that can be
applied during testing is limited to the capacity of the load cell. In this research, a
load cell of 1 kN was used. On the other hand, a rubber V-ring was used to ensure the
contact between the top cap and the hydraulic piston during cyclic loading (Ramos,
2021), warranting the inversion of principal stresses during the cyclic testing in this
equipment.

The cell and back pressures were controlled by a pair of GDS Advanced Pressure/Vol-
ume Controllers, which automatically increment both pressures during the satura-
tion and consolidation of soil specimens by a step-by-step motor. The cyclic triaxial
apparatus includes connections to a panel with air/water interfaces connected to a
motorised air compressor system, which manually operates until 600 kPa constant
pressure. The air/water interfaces were contected to the triaxial cell during the
shearing phase to allow for a correct application of cyclic loading and then obtain-
ing a reliable measurement of soil behaviour during testing, as recommended by Liu
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et al. (2022). An automatic volume gauge was used to measure the volume changes
in fully saturated conditions during testing.

The local instrumentation comprises four Hall-Effect transducers, two to measure
axial strains and two to measure radial strains directly installed in the soil specimen
(see Figure 3.15). The Hall-Effect transducers consist of a magnetic conductor
encapsulated in epoxy resin. Hall Effect conductors measure magnetic flux density
across a metallic plate almost in contact with a magnet. The transducers are directly
glued to the soil specimen thru a caliper assembly, which allows the movement —at
low friction— of all transducers without inducing additional deformations in the soil
specimen. These transducers were selected for this research since they are very light
(≈ 12 g), which is an advantage during the testing of loose sands. This configuration
allows for accurately estimating the volumetric strains of soil specimens in all testing
phases, highlighting the saturation and cyclic shearing phases.

Figure 3.15: Local instrumentation by Hall-Effect transducers

The local instrumentation with the Hall-Effect transducers was implemented to mea-
sure the volumetric strains of soil specimens in dry and partially saturated conditions
during testing. The validation of the measurements by Hall-Effect transducers was
carried out through a comparison between the volumetric strains (εv) reported by
these transducers against the measurements reported using the automatic volume
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gauge measurements. This validation was performed using a fully saturated soil
specimen of TP-Lisbon sand with a relative density of 30%. During such a test, the
evolution of εv was examined for different mean effective stresses. Figure 3.16 com-
pares the εv measurements between Hall-Effects transducers and automatic volume
gauge. This figure reveals a good agreement between the measurements with a max-
imum difference of about 10%. The results comparison validates the suitability of
using the Hall-Effects transducers to measure εv in partially saturated sands.
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Figure 3.16: Validation of Hall-Effect measurements: a) εv variation as a function
of p′

0; b) Comparison between Hall-Effects and automatic volume gauge

3.3.3 Simple shear apparatus

The simple shear (SS) apparatus used in this research is an advanced fully automatic
simple-shear apparatus manufactured by Willie Geotechnik, which comprises an au-
tomatic system composed of a servo controller for applying cell and back-pressure
increments and two high-quality servomotor drives for vertical and horizontal load-
ing. The apparatus also includes a series of LVDT transducers to measure vertical
and horizontal displacements and a multi-axis load cell, with the capacity for a
maximum vertical force of 5 kN and maximum horizontal force of 4 kN. This sys-
tem allows for conducting static and monotonic tests at strain and stress control.
This apparatus also includes piezoelectric transducers for BE testing, which were in-
stalled during the development of this research. Figure 3.17 shows the SS apparatus
of LabGEO.
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Figure 3.17: Simple shear apparatus of LabGEO

The device can carry out static and cyclic tests in samples of 63 mm and 70 mm
diameter. These samples are confined by a rubber membrane and a series of stacked
copper rings —SGI configuration— which keep the area constant but allow the shear
distortion of the specimen (Ramos, 2021). In this research, cyclic direct simple
shear (CDSS) tests were conducted. Therefore, during CDSS, the soil specimen is
subjected to cyclic shear stresses (or horizontal loading), ensuring a constant height
of the specimen. Due to this test condition and the null radial deformations, this type
of test is considered a test at constant volume state, which replicates the undrained
shear conditions of the soil specimen (Dyvik et al., 1987). The main advantage of
CDSS tests is the rotation of principal stresses during loading, which allows better
replicating the in situ solicitation of the soil during a seismic event.

3.3.4 Resonant-column and cyclic shear torsional apparatus

The resonant-column (RC) apparatus used in this study is of bottom-fixed and top-
free configuration or Stokoe type manufactured by Wykeham Farrance, which is in
the ‘Centre for Advanced Studies of Road Infrastructure and Geotechnics’ at the
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Universidad Militar Nueva Granada (Cajicá, Colombia). This apparatus allows ap-
plying a sinusoidal voltage to the coils attached to the cell body without an external
function generator. Such sinusoidal voltage is proportional to the torque produced
in the specimen top. In addition, the apparatus software has a routine to con-
duct the saturation and consolidation phases automatically. The pressures for these
phases are controlled by a pneumatic system, which generates both cell pressure and
back-pressure using air/water interfaces. The apparatus instrumentation consists of
an axial LVDT transducer, a volume change apparatus, three pressure transducers,
two Eddy current displacement sensors (with a miniaturised driving system) and a
MEMS accelerator. This apparatus can perform tests in soil specimens of 50 mm
diameter and 100 mm height. Figure 3.18 shows a photograph and scheme of the
RC equipment.

Figure 3.18: Resonant column apparatus at Uiversidad Militar Nueva Granada

The phenomenon of propagation of shear waves in an isotropic, homogeneous and
elastic medium is represented by the wave equation expressed in Equation 3.1. Such
an equation describes the movement of a particle located at any position of the
medium.

∂2u

∂t2
= V s2 · ∇u (3.1)

where V s is the shear wave velocity, ∇ is the Laplacian operator in cylindrical
coordinates of the displacement component u.

Santos (1999) derived the generalised equilibrium Equation 3.2 for a Stokoe-type
resonant-column apparatus, in which a specimen with height h, mass density ρ and
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known rotational mass inertia J is subjected to forced vibration. This equation
represents the small-strain visco-elastic response of a homogeneous, isotropic and
elastic soil tested in this type of resonant column. The amplitude T0 and frequency
ω of the torque are controlled while a motion transducer measures the resulting
rotation level θ0, which is ϕ radians out of phase with respect to the torque. The
dynamic properties of the active platen (i.e. rotational mass inertia of the active
pattern JA) are determined by equipment calibration.

T0

θ0
expiϕ(ω) = Jω2(

ω

V s
√

(1+i2ξ)

)
tan

(
ω

V s
√

(1+i2ξ)

) − JAω
2 (3.2)

This model is valid for any frequency within the experimental range under small-
strain loading. Since Equation 3.2 has a complex component, solving it by an
iterative process requires an initial estimated value. The model solution converges
if such initial values are close to the final results. Camacho-Tauta (2011) derived
Equation 3.3 for estimating V s and consequently G from measurable variables (e.g.
resonant frequency, ωR, and the total damping of the system, ξT ), and then used
them as the initial values to compute Equation 3.2. This proposal approximates the
RC system into a single-degree-of-freedom model (SDOF) Khan et al. (2011).

V s = ωR · h
√
JA

J
+ 1

3 (3.3)

3.3.5 Geotechnical centrifuge apparatus

The geotechnical centrifuge apparatus used in this study is a mini geotechnical
centrifuge located in the ‘Geotechnical Models Laboratory’ at Universidad de los
Andes (Bogotá, Colombia). This apparatus corresponds to a beam-type centrifuge
with a nominal radius of 56.5 cm. A beam centrifuge consists of horizontal structural
beams that carry the payload at one end and a counterweight at the other end
(Taylor, 1995). The horizontal beams are attached either by welds or bolts and
act as a single structural beam.The main feature behind this configuration is the
development of fast tests due to the preparation of small soil models lower than
4 kg (Garzón et al., 2015). Figure 3.19 shows the mini geotechnical centrifuge at
Universidad de los Andes (Uniandes).
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Figure 3.19: Mini geotechnical centrifuge at UniAndes
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The centrifuge apparatus of UniAndes incorporates an in-flight micro shaking ta-
ble and a laminar box system. The laminar box system was selected for dynamic
testing since it to minimises boundary effects and allows for uniform wave propa-
gation through the soil and container, as indicated by Esmaeilpour et al. (2023).
This system allows for conducting dynamic tests on the acceleration and frequency
of representative seismic events in the field. The novel design of this apparatus
allows for quick preparation of numerous soil models (Molina-Gómez et al., 2019).
The movement of the micro shaking table is applied by a Piezoelectric Actuator
(CEDRAT APA ML120), which receives an input signal produced by a function
generator (PROTEK B8003FD). The signal is then amplified by an amplifier de-
vice (CEDRAT LA75). This actuator is fixed at one end to the aluminium support
and constrained at the other end by the payload over the shaking table base plate,
serving as a ground motion source.

The centrifuge and micro shaking table setup allows for replicating the stress-state
conditions and seismic loading at the model base, which represents the action at the
bedrock of the soil deposit. The dynamic loading at the base is usually applied by a
sinusoidal continuous signal, which can comprise different combinations of accelera-
tions and displacements (induced by changing the input voltage and frequency of the
Piezoelectric Actuator). However, the dynamic action is not limited to sinusoidal
signals; it can be induced by different excitations depending on the capabilities of
the function generator or the focus of the evaluated model.

The laminar box consists of six rectangular hollow frames stacked with two mini-
linear bearings (SEBS3AY, Nippon Bearing). The frames have external dimensions
of × 90 mm × 95 mm, and internal dimensions of 52 mm × 85 mm. The frame
thickness is 8 mm, but each frame is separated by 1 mm to avoid any possible
friction. This novel design allows free movement (at very low friction), ensuring the
macro-gravity field without deforming or self-sliding. Inside the laminar box a latex
membrane was incorporate to prevent any leak during testing of saturated or wet
soils. Figure 3.20 schematises the mini shaking table and laminar box system.



82 Materials, devices and experimental procedures

Figure 3.20: Scheme of the laminar box (Jara et al., 2020)

For dynamic testing, a series of transducers were used. The system instrumentation
comprises three accelerometers (ACC104A OMEGA) positioned in the base, middle
and top of the laminar box (i.e. 0 mm, 37 mm and 72 mm height, respectively),
a pore pressure transducer (Honey Well 40PC0156) to measure up to 150 kPa and
a laser to measure the vertical displacements (settlements) at the soil surface. The
accelerometers allow registering the soil response during the dynamic testing, while
the pore is connected directly to the box bottom to measure the pore pressure build-
up of the soil when applying dynamic loading. Figure 3.21 presents the system
instrumentation.

On the other hand, seismic wave measurements are fundamental for dynamic re-
sponse assessment soils. This assessment can be performed by interpreting the
hysteresis cycles obtained during in-flight shaking table testing. The dynamic prop-
erties change with the stress or strain level induced in the soil. For this reason, the
use of ultrasonic methods or piezoelectric transducers is fundamental to characterise
the small-strain stiffness of soil. However, these methods cannot be implemented
in the laminar box since the elements may interfere with the free movement at
low friction of the system. Therefore, a new container was specially designed to
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Figure 3.21: Instrumentation of micro shaking table and laminar box

be equipped with a pair of bender elements. The bender elements (BE) allow for
the measurement of P-wave and S-wave velocities in-flight during centrifuge test-
ing. This container was fabricated with Teflon due to its low weight and versatility
during the manufacture of the box in the workshop. Moreover, this container has
the same internal dimensions as the laminar box to replicate the same state of the
soil during centrifuge testing. Figure 3.22 shows the soil container equipped with
BE.
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Figure 3.22: Soil container equipped with Bender Elements
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3.4 Experimental procedures

3.4.1 Specimen preparation

Two of the features that guarantee the representability of the tests carried out in
the laboratory are soil preparation and sampling remoulding. The soil preparation
involved the blending of the sandy soil collected below the Praça do Comércio site at
13 to 23 m depth (point A Figure 3.2). Furthermore, it comprised the oven-drying
and randomising of all studied soils using the standard procedure C702 (ASTM
International, 2018), to obtain homogeneous and representative samples for element
testing.

For this study, the dry pluviation method was adopted for remoulding the soil spec-
imens. Notwithstanding, few specimens were remoulded using the moist tamping
method for further comparisons and assessments of the fabric effect on the soil
behaviour of the studied soils. The dry pluviation method ensures reasonably ho-
mogeneous soil specimens with an initial soil fabric similar to the one encountered
in alluvial soil deposits (Miranda et al., 2020). Soil remoulding of soil using dry plu-
viation method comprised the procedure suggested by Yamashita et al. (2009). This
procedure is done by rotating and lifting a long-neck funnel with dry soil. During
the process, such a funnel is risen at a constant rate to maintain a constant drop
height from the soil surface. In this study, there are no sieves in front of the funnel to
regulate the flow, due to it was being controlled by the diameter of the funnel nozzle
(≈ 8 mm). The dry pluviation method provides soil specimens with uniform density,
which ranges from 25% to 75% if varies the drop height. This method was used in
all testing setups, i.e. triaxial, simple shear and centrifuge apparatuses.

For the case of the specimens remoulded using the moist tamping method, the soil
was mixed with water until achieve a specific of water content —usually 5% for
sandy soils (Soares and Viana da Fonseca, 2016). Afterwards, the wet soil was
divided into six or three layers to be compacted in the triaxial and simple shear
chamber, respectively. The soil compaction was carried out by applying the under
compaction method (Ladd, 1977) because it reduces the segregation of soil grains
and allows obtaining uniform layers with the same density. In this study, a percent
under compaction equal to 2% was adopted. Figure 3.23 schematises the remoulding
methods used in this research.



3.4 Experimental procedures 85

Dry soil

Latex 
membrane

Funnel

Mould

Chamber base

Layers of wet soil

Tamper

a) b)

Figure 3.23: Schematic representation of the methods used for sampling remoulding:
a) Dry Pluviation; b) Moist tamping

3.4.2 Element testing

The saturation process is fundamental for the assessment of liquefaction resistance of
soils. In this research, a novel experimental approach have been proposed to assess
the cyclic behaviour of sands under diverse Sr. This procedure mainly involves
the monitoring of the degree of saturation by measuring the evolution of P-wave
velocity (V p) during testing with an accuracy control of total and water volume
changes was carried out by means of local instrumentation (Hall-Effect transducers)
installed directly in the soil specimen (see Figure 3.15) and an automatic volume
change gauge. The details of this approach are in Chapter 6 due to the effects of Sr
on liquefaction resistance.

The consolidation of soil specimens involved different procedures based on the the
degree of saturation of the soil and type of element testing. Therefore, four proce-
dures were implemented, according to the degree of saturation for soil testing and the
type of element testing, two per condition, respectively. The procedure for fully sat-
urated conditions consists of flushing of carbon dioxide and de-aired water through
the sample and then gradually increasing the pressures using a ramp increment of 50
kPa/h. The procedure for soil testing in partially saturated conditions is described
below in Chapter 6. On the other hand, the soil consolidation depended on the test
type and device configuration. For triaxial testing, all soil specimens were isotrop-
ically consolidated at different confining effective stress (p′

0). Whereas, for direct
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simple shear testing, the samples were consolidated by increasing the vertical load
and restricting the radial strains by a series of stacked copper rings, inducing the K0

condition. During this stage, in both element test type, an automatic volume gauge
measured the specimen volume changes, the axial displacement was quantified with
a Linear Variable Differential Transformer (LVDT) —attached to the load piston—
or local instrumentation, when available.

The monotonic/static shear was conducted at 0.025 mm/min. This shear velocity
is compatible with the rate of excess pore pressure dissipation of granular soils.
For the case of cyclic tests, diverse combinations of cyclic stress ratio (CSR) were
adopted. The cyclic loading was applied using a continuous sinusoidal signal at 1
Hz frequency and constant amplitude. To ensure the accuracy of the results, all
tests were carried out by using internal submersible load cells. Besides, data was
corrected for membrane restraint using the method as indicated in the standard
procedure ISO/TS 17892–9 (ISO, 2004).

Regardless the type of test performed, an accurate void ratio determination is essen-
tial for the proper interpretation of results (Ramos, 2021). Therefore, at the end of
the shear stage, all specimens tested in the triaxial cell with lubricated end platens
were frozen to ensure a very accurate measurement of the final void ratio of the soil
after testing, as observed by Soares and Viana da Fonseca (2016); Reid et al. (2021).
For the case of the tests conducted in the devices equipped piezoelectric ceramic in-
struments (i.e. stress path, cyclic triaxial and simple shear), the specimens were
carefully removed from the cell, avoiding possible loss of soil particles and water
as suggested by Verdugo and Ishihara (1996); Murthy et al. (2007), for a correct
measurement of the final void ratio after testing based on the final water content.
The freezing was not used during the tests conducted in the apparatuses with BE
to avoid damages in the piezoelectric ceramic instruments. This procedure, if used
correctly, may be equally accurate to the EOTSF.

3.4.3 Site response by centrifuge testing

The characterisation of local site effects by site response analysis provides relevant
insights for the assessment and mitigation of earthquake-induced damages. More-
over, this characterisation is important for the earthquake-resistant design of in-
frastructures and heritage preservation, such as the Pombaline architecture of the
Terreiro do Paço site (located at the historical centre of Lisbon). Usually, local site
effects studies focus on the assessment of three main factors during an earthquake:
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i) amplification factor; ii) ground deformations; and iii) pore-pressure build-up (or
liquefaction susceptibility). These parameters can be obtained after seismic events
in instrumented sites or by dynamic centrifuge testing (Dashti et al., 2010; Bertalot
et al., 2013; Fioravante et al., 2021).

Dynamic centrifuge testing allows for the assessment of site response of soil deposits
due to its capacity to assess the soil behaviour under numerous combinations of
testing conditions, e.g. stress state, cyclic loading and Sr. Such a type of testing
can provide valuable insights that help in the proposal of alternatives to mitigate
the effects caused by earthquake-induced damage due to its capabilities in replicat-
ing the site conditions without affecting the existing infrastructure. Therefore, in
this research, an advanced experimental program that focuses on the site response
Analysis of shallow sandy soil deposits with different Sr using a mini centrifuge
equipped with a micro shaking table is carried out.

A novel procedure to perform site response analyses combining shaking table and
goetechnical centrifuge testing is proposed in this research. This procedure addresses
the application of diverse dynamic loading, as well as a method for the saturation and
desaturation of the soil. However, this procedure is detailed in Chapter 7 since it is a
novel contribution to the advancement of centrifuge testing methods, which enhances
the characterisation of site response under partially saturated conditions.

3.5 Final considerations
This chapter has outlined the criteria used to select a specific type of sand for inves-
tigation in this research based on a liquefaction case history. Moreover, it provides
a detailed description of the testing devices and experimental procedures employed
to characterise the behaviour of TP-Lisbon sand. The reliability of the experimen-
tal results obtained in this research relies on the quality of these procedures. As a
result, various equipment enhancements, such as the novel connection for the em-
bedded top-cap loading ram (monotonic triaxial apparatus), piezoelectric actuator
and transducers (cyclic triaxial and centrifuge apparatuses), rail miniature linear
guide with low friction (micro shaking table), and others, have been implemented.
On the other hand, specific details for soil testing, including the use of different
input frequencies for the Bender Element (BE) tests and the measurement of the
end-of-test void ratio, among other factors, have been applied in this research. These
enhancements and refinements ensure the accuracy of the obtained results.
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Chapter 4

Characterisation of the geomechanical
properties of TP-Lisbon sand

A version with the main content of this chapter has been published in:
Molina-Gómez, F. and Viana da Fonseca A. (2021) Key geomechanical properties of
the historically liquefiable TP-Lisbon sand. Soils and Foundations 61(3): 836-856. doi:
10.1016/j.sandf.2021.03.004 and Molina-Gómez, F.; Viana da Fonseca, A.; Ferreira,
C.; Camacho-Tauta, J. (2020) Dynamic properties of two historically liquefiable sands
in the Lisbon area. Soil Dynamics and Earthquake Engineering 140: 106101. doi:
10.1016/j.soildyn.2020.106101

4.1 Outline

This chapter presents the results of a comprehensive experimental study aimed at
characterising the geomechanical properties of TP-Lisbon sand. For this purpose,
a comprehensive experimental plan was conducted in the laboratory using accu-
rate testing procedures, addressing: (i) the evaluation of the particle shape from a
large number of particles using a computational geometry algorithm and statistical
procedures; (ii) the estimation of the minimum and maximum void ratio through
two standard methods; (iii) the assessment of the stress-strain behaviour by triaxial
tests using lubricated end platens and an embedded connection piston, and (iv) and
void ratio measurements by end-of-test soil freezing. Besides, resonant column and
bender element tests assessed the small-strain properties (shear modulus and damp-
ing). The main features of the behaviour of TP-Lisbon sand are interpreted within
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Figure 4.1: Grain size distributions: a) measurements at each meter; b) comparison
against liquefaction boundaries

the critical state soil mechanics framework. In addition, critical state parameters are
compared and thoroughly discussed against selected data from other sands. There-
fore, the results of this chapter provide a detailed geotechnical database to add new
experimental evidence about the mechanical behaviour of sandy soils, highlighting
the effects of the particle shape and granular packing on the geomechanical proper-
ties of TP-Lisbon sand.

4.2 Intrinsic properties

TP-Lisbon sand corresponds to a historically liquefiable soil, which was collected
below Praça do Comércio at 13 to 23 m depth (point A Figure 3.2), as described
in Chapter 3. Therefore, a series of particle-size analyses using the sieve method
ASTM D422 was carried out for samples located at each meter depth. Figure 4.1
presents the grain size distribution of the collected soil in each depth and the blended
material —giving to TP-Lisbon sand. Due to the low variability of the grain size dis-
tribution (GSD) of the sandy soils that compose the liquefiable layer bellow Praça
do Comércio, these samples were blended. The GSD of blended soil provides a
good representation of the range of grain sizes in the field. In addition, Figure 4.1
presents a comparison of the grain size distributions against the boundaries proposed
by Tsuchida (1970) to estimate the liquefaction susceptibility based on the compo-
sitional criteria of the soil. This comparison showed that the grain size distribution
of TP-Lisbon sand fall within the boundaries of a soil likely liquefiable.
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Table 4.1: Physical properties of TP-Lisbon sand

Parameter Units Value
Gs - 2.66
emax - 1.01∗ ; 1.01+

emin - 0.63∗ ; 0.64+

emax − emin - 0.38∗ ; 0.39+

D50 mm 0.21
Cz - 1.13
Cu - 1.69
Fines content % 2.21
Note: ∗ASTM method; +JGS method

As mentioned before TP-Lisbon sand is a natural sand with an alluvial origin from
the Tagus River. The mineralogy of this sand is 78% Quartz, 8% Orthoclase 8%
Muscovite and 6% Albite. Table 4.1 summarises the physical properties measured
in the laboratory of TP-Lisbon sand, such as specific gravity of solid particles (Gs)
mean diameter (D50), maximum and minimum void ratio (emax and emin). More-
over, Table 4.1 indicates the parameters of the grain size distribution of TP-Lisbon
sand, namely the coefficient of curvature (Cz) and the coefficient of uniformity (Cu).
According to the unified soil classification system (USCS) TP-Lisbon sand was clas-
sified as poorly-graded (SP) with low values of Cu and Cz —indicating a uniform
particle size distribution.

Due to the interest in studying the effect of soil package on the mechanical behaviour
of this soil, emax and emin were estimated by the ASTM and Japanese Geotechnical
Society (JGS) standard procedures (D4253 2016a; D4254 2016b; JGS 0161 2009).
For measuring emax, these standard procedures address the air pluviation technique
using a funnel located as close as possible to the soil surface to achieve its loosest
condition. The main differences between these procedures are related to the use
of moulds with different dimensions – 2830 cm3 for ASTM procedure and 113 cm3

for JGS procedure. For measuring emin, ASTM and JGS procedures use the same
moulds before mentioned and involve a vertical vibrating table and the application
of horizontal blows, respectively. Since the total applied energy during testing, emin

values obtained from the JGS method yields slightly higher values than emin values
obtained from the ASTM (Lunne et al., 2019). Non-significant differences resulted
by using both standard procedures for emax and emin. Void ratio range (emax −emin)
agree with the values claimed by Ishihara et al. (2016) for clean sands. The results
obtained by means of the ASTM methods will be used for further comparisons
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because these are more universal.

The particle shape has a strong influence on the extreme void ratios and various
mechanical properties like the small-strain stiffness sand shear strength of sands
(Cho et al., 2006; Altuhafi et al., 2016; Sarkar et al., 2020). The shape of particles
was assessed through extensive morphological imaging analysis, including samples
with of about 15000 sand particles. The equipment used in this research was a
Morphologi G3-ID, produced by Malvern Panalytical Company, which can measure
individual particles with sizes between 1.3 µm and 1.0 mm. This equipment can
identify the length, width, perimeter, area and elongation of the particles. A macro
photograph displaying the particles of TP-Lisbon sand is shown in Figure 4.2. Based
on the macro photographs, the shape of the particles was estimated using a MAT-
LAB algorithm implemented by Zheng and Hryciw (2015). The procedure involved
a careful observation of individual grains robust using numerical methods based on
computational geometry to estimate the traditional values from two-dimensional
images using the binary form of particles, as shown in Figure 4.2b.

Figure 4.2: Particles of TP-Lisbon sand: a) Photograph of the particles taken with
an optical microscope; b) Binary image of some selected particles

The computational algorithm used in this study assessed about 1000 random parti-
cles. The particle shape was defined by mean values of the convexity (Cx), circular-
ity (Ci), sphericity (S), roundness (R) and regularity (ρ). Figure 4.3 presents the
definition of these morphological parameters. Cx is the ratio between the area of
the particle (A) with the area of the particle when any convexity inside its perimeter
are filled (A+B), providing a measure of the compactness of the particle (Altuhafi
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et al., 2016). Ci is a function of a projected area and perimeter of the particle, Ap

and Pp respectively. Both Ap and Pp are computed by estimating the radius (req) of
a circle with an equivalent area of the analysed particle (Lashkari et al., 2020). S
quantifies how close a particle’s largest projected area is to a perfect circle (Zheng
and Hryciw, 2015). Therefore, computation of S covers the ratio of the radius of the
maximum inscribed circle (rmax−in) to the radius of the minimums circumscribed
circle (rmin−cir). R describes the sharpness of particles corners (N) by estimating
the ratio of the average radius of curvature of such corners (ri) to rmax−in Zheng
et al. (2017). ρ is the average value between S and R (Cho et al., 2006).

Figure 4.3: Graphical definitions of particle shape parameters: a) convexity, b)
circularity; c) sphericity; d) roundness

Figure 4.4 illustrates the procedure for assessing the particle shape. Table 4.2 sum-
marises the results of the particle shape analysis. Results showed that the particles
of TP-Lisbon sand are predominately subangular according to Shape-Angularity
Group Indicator (SAGI = 11.76) proposed by Altuhafi et al. (2016). This classifi-
cation indicated that the particles composing TP-Lisbon sand have a morphology
similar to well-characterised silica natural sands, namely Ticino and Toyoura sands,
as reported by Altuhafi et al. (2016).

4.3 Compressibility

The compressibility of TP-Lisbon sand was investigated by a series of one-dimensional
oedometer compression tests by apparatuses capable of testing specimens of 50 mm
and 70 mm diameter. The one-dimensional consolidation tests were conducted us-
ing front-loading oedometer frames. These tests included the testing of soil samples
under dry and full saturation conditions, prepared thought the dry pluviation and
moist tamping methods. All the specimens were remoulded for an initial void ratio
value close to the emax (indicated in Table 4.1). Moreover, the tests were conducted
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Figure 4.4: Example of the analysis of particle shape –particle 1 of Figure 4.2: a)
Diameter sphericity, b) width to length ratio sphericity; c) identification of particle
corners; d) circle corner fitting of the particle

Table 4.2: Shape parameters of TP-Lisbon sand

Particle shape parameter Mathematical definition Value

Convexity Cx = A

A+B
0.95

Circularity Ci =
2
√
πAp

Pp

0.88

Roundness R =
∑N

i=1(ri/N)
rins

0.41

Sphericity S = rmax−in

rmin−cir

0.56

Regularity ρ = S +R

2 0.49

under dry and full saturation conditions, corresponding to one dry test with a speci-
men prepared using dry pluviation method and three saturated tests with specimens
prepared using both methods. Of these three saturated tests, two were conducted
using soil specimens 50 mm diameter and one was performed using a specimen 70
mm diameter. The samples reached a high degree of saturation by inundating the
oedometer cell with deaired water and waiting for 12 hours. The maximum applied
vertical effective stress (σ′

v) in one-dimensional oedometer compression tests was
reached at 6400 kPa in the specimens of 50 mm diameter. Figure 4.5 presents the
compressibility curves obtained from one-dimensional compression tests.

Compressibility curves revealed a very similar shape between for the specimens
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Figure 4.5: One-dimensional compression behaviour of TP-Lisbon sand

prepared by dry pluviation and moist tamping. In addition, these curves indicated
that the oedometer compressibility behaviour of TP-Lisbon sand is similar under
dry and saturated conditions for close initial void ratios, even when using different
methods of preparation. A comparison between the curves of the specimens of
50 mm and 70 mm diameter showed that there is not an important effect of the
specimen size on the oedometer compressibility behaviour of TP-Lisbon sand. On
the other hand, from Figure 4.5, it can be observed that the curves of the samples
prepared using the dry pluviation method and tested under saturated conditions
presented a ‘collapse’ after the first load stage.

A grain size distribution analysis was carried out after finishing the test of specimen
70 mm diameter to assess the particle crushing and its influence on the compress-
ibility behaviour of TP-Lisbon sand. GSD was not assessed for the specimens of 50
mm due to the minimum amount of material established in ASTM D6913 standard
ASTM International (2007). The test results revealed that the GSD does not change
after testing, showing that there is not crushing of particles of TP-Lisbon sand when
applying σ′

v lower than 1600 kPa. Notwithstanding, from Figure 4.5, it can be ob-
served that for σ′

v between 1600 kPa and 6400 kPa the slope of curves increases,
that is, an indication of crushing onset of particles in such range of stresses. There-
fore, results obtained in the σ′

v range between 6 kPa to 1600 kPa was considered
to interpret the compressibility curves. Table 4.3 summarises the compressibility
parameters obtained from the one-dimensional consolidation curves for the different
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initial void ratios and preparation methods.

Table 4.3: Compressibility parameters

Test e0 Cc Cr Ce Cr/Cc
MTsat 1.01 0.1466 0.0176 0.0172 0.1208
Pvdry 0.99 0.1422 0.0153 0.0149 0.1045
Pvsat 0.94 0.1325 0.0174 0.0173 0.1311

Values of Table 4.3 indicates that there are no significant differences between the
results of the four oedometer tests. Results of Cc values reported in Table 4.3 agrees
with the compression parameters observed by Mesri and Vardhanabhuti (2009),
which vary from 0.03 to 0.63 for σ′

v between 1000 and 10000 kPa in very loose
conditions. This range is suitable for angular to subangular quartz sands; such as
Mol sand, which is a sandy soil with similar intrinsic properties of TP-Lisbon sand
(Cu = 1.75 and D50 = 0.20 mm).

Moreover, the compressibility of TP-Lisbon sand was explored through isotropic
triaxial tests. Such tests will be further discussed in the following sections of this
chapter. For silica sands, intrinsic consolidation line (ICL) is non-unique and mul-
tiple ICLs exist depending on the initial void ratio, e0, (Jefferies and Been, 2000).
However, in many cases, these ICLs converge to a single line known as limiting com-
pression line (LCL), which becomes apparent at a high-stress level and before the
onset of grain crushing (Pestana and Whittle, 1995). Figure 4.6 shows a series of
end consolidation points obtained in the triaxial tests. Besides, Figure 4.6 presents
three characteristic isotropic consolidation paths obtained for e0 of about 0.96, 0.91
and 0.86, which end at 200, 500 and 800 kPa, respectively. These isotropic con-
solidation paths well-represent the ICL of the referred e0, as confirmed by the end
consolidation points obtained for similar initial states.
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Figure 4.6: Isotropic consolidation of TP-Lisbon sand

From isotropic consolidation paths, a possible limiting compression line (LCL) was
inferred for TP-Lisbon sand. LCL was estimated by considering LCL the endpoint
of three isotropic consolidation paths. In Figure 4.6, it can be observed that the
LCL line is almost parallel to a 1D-NCL deduced from the one-dimensional com-
pressibility. The parallelism between such lines is consistent regarding the behaviour
observed in granular materials (Li et al., 2018; Qadimi and Coop, 2007). 1D-NCL
was obtained from the compression curve of the tests Pvdry within the range 400
kPa and 1600 kPa. This range was selected because at theses stresses TP-Lisbon
sand does not experience crushing of particles.

The definition of ICLs for e0 values close to emax (that is, e0 > 0.96) was not possible
due to the volume reduction of the specimens during de-aired water flushing after
CO2 flushing, as also observed in the assessment of the one-dimensional oedometer
compression tests (see Figure 4.5). Similar behaviour was described by Jefferies
and Been (2000) since these authors reported a significant volume reduction during
the saturation of very loose sandy samples. Therefore, soil collapse during water
flushing did not allow obtaining soil specimens with Dr higher than 0.14 at the end
of the consolidation phase. Although the convergence of some ICLs to a single line,
additional triaxial tests involving high-stress levels are required to confirm the LCL
inferred in this study.
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4.4 Stress-strain behaviour and critical state
A total of 19 monotonic triaxial compression tests were conducted on loose and
medium dense specimens (Dr < 63%). The experimental plan included 14 tests
under drained conditions and 5 tests under undrained conditions. These tests were
carried out by combing the equipment configurations and the two methods for spec-
imen preparation —described in section 3.4.1. Table 4.4 summarises the details and
final results of triaxial tests. Figure 4.7 presents the results of the triaxial tests on
TP-Lisbon sand. From Figure 4.7, it can be observed that the stress-strain curves
have a similar shape for the drained and undrained tests. Most of the tests were
sheared to axial strains up to 25% to reach the critical state, except for TxU15-300
test that concluded close to 20% axial strain because the triaxial apparatus reached
its maximum displacement.

On the other hand, for the undrained tests, the phase transformation occurs within
the range 1-2% axial strain. This transformation generates an increase in deviatoric
stress and a reduction in the pore pressure, increasing the shear strength of soil. In
addition, once the initial peak deviatoric stress occurs, in about 25-27% axial strain,
the stabilisation of the deviatoric stress and pore pressure keep constant, indicating
that the soil reached its the critical state. Figure 4.7 shows that the stress-strain and
shear-induced pore pressure curves of the undrained test are parallel; even for Tx-
300, which does not reach the critical state. Analogous evolution of shear-induced
pore pressure was observed by Giretti and Fioravante (2017) in alluvial liquefiable
deposits.
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The results of all the drained and undrained triaxial tests considered to have reached
the critical state were used to define the critical state parameters of TP-Lisbon sand.
Critical state was confirmed by assessing the stress-dilatancy evolution in all tests,
as is shown below in the next section. Figure 4.8 presents the stress path on the
q : p′ invariant space derived from triaxial tests results. From Figure 4.8, it can
be observed that the end points all define a unique critical state line (CSL) in the
q : p′ space, which is clearly represented by a straight line passing through the
origin. The CSL projection q : p′ space defines the strength parameter M equal to
1.37. Therefore, the angle of shearing resistance at large strains or in the critical
state (ϕcs) of TP-Lisbon Sand is 34◦. Similar findings were reported by Gajo and
Wood (1999) for Hostun sand, a sandy soil with intrinsic properties very close to
TP-Lisbon sand (e.g. Cu = 1.80, emax = 1.00 and emin = 0.65).

On the other hand, Figure 4.8.b presents the undrained stress behaviour of TP-
Lisbon sand under monotonic load. This behaviour is interpreted by the phase
transformation point and the undrained instability point. Murthy et al. (2007) define
the phase transformation point as the point at which the sand response changes from
contractive to dilative, and the undrained instability point as the point at which q
reaches a local and temporary maximum value. For TP-Lisbon sand, it was observed
that the phase transformation point is close to the CSL, indicating soil dilatation
once the soil reached a stable frictional state. Besides, although no liquefaction was
triggered in undrained tests, it was possible to identify the instability points for each
test. Such instability points allowed defining an instability line (ηL), with a slope of
about 0.80.

Figure 4.9 shows the best-fit CSL for TP-Lisbon sand in e : log p′ space. Solid
diamond symbols represent the starting of drained shearing, while solid squares
symbols represent the same for undrained tests. Open circles indicate the end of the
triaxial tests at critical state condition, which were used to define the CSL. From
Figure 4.9, it can be observed that CSL is curved at low stresses, being relatively flat
for p′ < 30 kPa, but subsequent it converges to a unique linear gradient. This effect
is typical in granular soils due to soil packing effect represented by emax value and
flow instability at low-stress levels and high void ratio of this type of geomaterials
(Verdugo and Ishihara, 1996; Murthy et al., 2007; Carrera et al., 2011; Li et al., 2018).
Although the experimental evidence showed that the CSL of TP-Lisbon sand is
curvilinear, in this study, only the straight-linear part of the CSL will be considered
to describe the behaviour of this particular sandy soil. Such an assumption was



4.4 Stress-strain behaviour and critical state 101

0 10 20 30 40
0

300

600

900

1200

Axial strain, εa: %

D
ev
ia
to
ri
c
st
re
ss
,
q:

k
P
a

0 10 20 30 40
0

300

600

900

1200

Axial strain, εa: %

D
ev
ia
to
ri
c
st
re
ss
,
q:

k
P
a

TxD1-10
TxD3-20TxD4-25 TxD5-35

TxD6-50
TxD7-50

TxD8-70

TxD9-100

TxD10-150
TxD11-150

TxD12-150

TxD13-200

TxD14-500

TxU15-100
TxU16-150

TxU17-300

TxU18-400

TxU19-500

a) b)

0 5 10 15 20 25 30

−4

−2

0

2

4

Axial strain, εa: %

V
o
lu

m
et

ri
c

st
ra

in
,
ε v

:
%

0 5 10 15 20 25 30
−400

−200

0

200

400

Axial strain, εa: %

P
or

e-
p

re
ss

u
re

ch
an

ge
,

∆
u

:
k
P
a

TxD1-10

TxD2-15

TxD2-20

TxD5-35

TxD6-50

TxD7-50

TxD8-70

TxD9-100

TxD10-150

TxD11-150

TxD12-150

TxD13-200
TxD14-500

TxU15-100

TxU16-150

TxU17-300

TxU18-400

TxU19-500

c) d)

Figure 4.7: Triaxial test results on TP-Lisbon sand: a) stress-strain behaviour in
drained tests; b) stress-strain behaviour in undrained tests; c) change of volumetric
strain in drained tests; d) pore-pressure change in undrained tests

implemented because the stress and relative density states of the curve part of CSL
of TP-Lisbon sand are unlikely in practical engineering applications.

The the general form of Equation 4.1 was adopted to define the CSL in the straight-
linear part.

ecs = Γ − λ ln p′ (4.1)

where ecs is the critical state void ratio, Γ is the void ratio defined at p′ = 1 kPa
and λ is the slope of the CSL in the e : log p′ space. Tests results allowed defining
a unique CSL with a higher correlation coefficient (R2 > 0.97) for TP-Lisbon sand
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Figure 4.8: Stress path and CSL on q : p′ invariant space: a) drained stress be-
haviour; b) undrained stress behaviour

with Γ = 1.155 and λ = 0.052. The linear approach of the equation 4.1 provides the
best-fit to describe the behaviour of TP-Lisbon sand for p′ from 40 kPa to 1000 kPa
and e from 0.7821 to 0.9616. These ranges well represent the possible stress-state
conditions that this sandy soil may experience in the field.

In Figure 4.9, the drained state paths have a hooked shape since the void ratio
change during shearing. The orientation of the hooked shape varies according to
the position of the initial void ratio with respect to the CSL (i.e. above or below).
Test-paths with similar shapes were observed for drained tests with both contractile
and dilative behaviour. On the other hand, Figure 4.9 showed that the undrained
state paths are horizontal lines, displaying minimum values of p′ different to their
corresponding p′

0. This effect is due to the positive change of pore pressure caused
by their initial contractile behaviour.

A comparison of the CSL for TP-Lisbon sand with other quartz sands is shown in
Figure 4.10. The parameters of the best-fit CSL for TP-Lisbon sand are comparable
to several of other natural sands reported by Cho et al. (2006) and Altuhafi et al.
(2016). Compared to sands with similar intrinsic properties (e.g. D50, Cu, emax

and emin), TP-Lisbon CSL sand has similar λ value and higher Γ value, indicating
that the CSL is parallel and lies in a different position to the reference sands. In
sands with roundness values lower than 0.45, such as Ticino sand, Blasting sand
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and TP-Lisbon sand, Γ values higher than emax values were observed. According
to Cho et al. (2006); Yang and Luo (2015); Altuhafi et al. (2016); Sarkar et al.
(2020), a decreasing in particle roundness and regularity lead to an increase in the Γ
parameter, meaning the CSL is located above when the sand is composed of angular
particles. Therefore, the relatively high position of the TP-Lisbon CSL is attributed
to the subangular shape of its particles, as also found by Ramos et al. (2019).

4.5 Effects of particle shape and packing on critical state
parameters

Overall, the position of the CSL of granular soils is independent of initial soil fabric
(Been et al., 1991; Ishihara, 1993; Carrera et al., 2011; Li et al., 2018). However, CSL
and behaviour of sands depend on some intrinsic properties, which are represented
by the particle dimension, particle shape and the granular packing. Previous studies
showed that particle shape and soil packing characteristics affect the critical state
and small-strain stiffness parameters of sands and non-plastic soils (Cubrinovski and
Ishihara, 2002; Santamarina and Cho, 2004; Park and Santamarina, 2017; Torres-
Cruz and Santamarina, 2020). Cho et al. (2006); Yang and Luo (2015); Altuhafi



104 Characterisation of the geomechanical properties of TP-Lisbon sand

0.01 0.1 1 10
0

10

20

30

40

50

60

70

80

90

100

Diameter of particle, D: mm

P
er

ce
n
ta

g
e

p
as

si
n

g
b
y

w
ei

gh
t:

%

TP-Lisbon Massey tunnel Lornex Ticino Freaser River

Toyoura Fujian Firrozkuh No. 161 Hostun Ottawa

1 10 100 1000
0.4

0.6

0.8

1.0

1.2

Mean effective stress, p′: kPa
V

o
id

ra
ti

o,
e

a) b)

Figure 4.10: Comparison of TP-Lisbon against other sands with similar intrinsic
properties: a) GSD; b) CSL

et al. (2016); Sarkar et al. (2020); Lashkari et al. (2020) proposed correlations be-
tween critical state parameters with the particle shape of sands. The main findings
of these studies were similar –particle shape can significantly alter the critical state
parameters of granular soils– although included the measurement of morphologi-
cal properties by different methods (e.g. visual approach and advanced imaging
analysis).

The effects of particle shape on critical state parameters were recently validated
by numerical simulations comprising discrete element methods, DEM, (e.g. Jiang
et al. 2018; Nguyen et al. 2020. Consequently, the morphological properties provide
micromechanical approximations toward explaining complex phenomena of granular
materials interpreted by the CSSM framework, such as soil liquefaction (Yang and
Wei, 2012; Wei and Yang, 2014) and dilatancy (Winter et al., 2017; Xiao et al., 2019).
The particle shape also has a strong influence on the packing of granular materials
(Cubrinovski and Ishihara, 2002; Santamarina and Cho, 2004; Sarkar et al., 2020);
for example, non-spherical and uniform-sized sands tend to have larger values of
emax and emin than rounded, spherical, and well-graded sands (Zheng and Hryciw,
2016; Zheng et al., 2017) . Soil packing, represented by the extreme void ratios in
sandy soils, captures the underlying role on the volumetric compression potential
and allows identifying the potential position of CSL (Torres-Cruz and Santamarina,
2020). In addition, it is well-known that the soil packing together with the particle
shape has a strong influence on the stress-dependency of small-strain stiffness of
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sands because of the contact-type and arrangement of soil particles (Cho et al.,
2006; Altuhafi et al., 2016; Liu and Yang, 2018). Therefore, there is an interest on
the part of geotechnical research in assessing the influence of the morphology of soil
particles on the geomechanical properties of granular geomaterials.

Figure 4.11 presents the relationships between packing with critical state parameters,
indicating a positive linear increment of all critical state parameters when increasing
the values of packing parameters. Results indicated that the relationships with
best agreement are ϕcs and Γ with the three packing parameters. Besides, Figure
4.11 shows that the spread in emax is lower than that in emax and void ratio range
emax − emin.

Figure 4.12 presents the relationships between particle shape properties with critical
state parameters. From Figure 4.12, it was observed that the sands composed of
angular particles have higher values of critical state parameters (i.e. ϕcs, Γ and λ)
than the sand with spherical particles. R and ρ presented the best fitting with ϕcs

and Γ. Note that there is no clear clustering of λ as a function of particle shape
properties, as also observed by Cho et al. (2006); Torres-Cruz and Santamarina
(2020). Therefore, the packing and shape of particles have a strong influence only
in the ϕcs and Γ parameters of sandy soils.

For the specific case of TP-Lisbon sand, emax, R and ρ are the best parameters for
describing the relatively high position of the CSL since particle shape and packing
affect the intercept of the CSL in the e : log p′ space, but not the slope of the CSL.
This effect induces and controls the predominant dilative behaviour of this sandy
soil in the low-pressure range. In addition, it was observed that the particles shape
of TP-Lisbon sand controls the shearing resistance at large strains and its critical
state.

4.6 Stress–dilatancy assessment

Stress-dilatancy refers to the volumetric changes in sands as a result of mobilised
shear strains and applied stresses. Stress–dilatancy is a concept regarding plastic
strain rates since shear stress does not generate elastic volume change. The soil
dilatation is estimated by computing the ratio between the volumetric strain incre-
ment and deviatoric strain increment (d = δεv/εs), providing relevant elements to
assess the behaviour of granular materials. For undrained conditions, the soil dilata-
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Figure 4.11: Relationships between packing with critical state parameters: a) ϕcs

vs. emax; b) ϕcs vs. emin; c) ϕcs vs. emax − emin; d) Γ vs. emax; e) Γ vs. emin; f) Γ
vs. emax − emin; g) λ vs. emax; h) λ vs. emin; i) λ vs. emax − emin

tion is estimated by the rate of change of the deviatoric strain increment (δ∆u/εa),
where εa = εs since there is no volume change in undrained testing. Soil dilatation
only considers the plastic volumetric strains because the elastic volumetric strains
are very small and then negligible (Been and Jefferies, 2004). Figure 4.13 presents
the development of the stress ratio (η = q/p′) with the axial strain, the evolution
of stress-dilatancy (for drained tests) and the normalised pore pressure in terms of
volumetric strains (for undrained tests).

From Figure 4.13.a, it can be observed a convergence of the stress ratio to a single
η value of about 1.37 at large axial stains, for both drained and undrained tests,
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Figure 4.12: Relationships between particle shape properties with critical state pa-
rameters: a) ϕcs vs. R; b) ϕcs vs. S; c) ϕcs vs. ρ; d) Γ vs. R; e) Γ vs. S; f) Γ vs. ρ;
g) λ vs. R; h) λ vs. S; i) λ vs. ρ

corresponding to the M value already identified in Figure 4.8. Such a convergence
occurs when εv/εs and δ∆u/εa are zero, confirming that all tests reached the critical
state condition for both drained and undrained conditions, except TxU17-300. On
the other hand, negative dilation rates are evidenced in Figure 4.13.b with peak
strengths higher than the final value achieved at the end of the tests, indicating
the effects of stress-dilatancy on specimens with states below the critical state line.
Figure 4.13.c plots the stress-ratio results of undrained tests, showing that when the
pore pressure rate is zero (δ∆u/εa) the soil moves upwards until the maximum shear
strength value and then moves downwards to the critical state condition.
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Figure 4.13: Stress ratio relationships: a) stress ratio behaviour; b) dilation rate for
drained tests; c) stress ratio plotted against the normalised pore pressure change for
undrained tests

The stress-dilatancy curves of TP-Lisbon sand revealed a clear reversal once the soil
reaches the peak stress ratio (ηmax), following afterwards to the critical state (see
Figure 4.13.b). This behaviour was observed in the negative values of volumetric
strains rate, indicating the maximum dilation rate (dmin) of all tests. Experimental
data shows that TP-Lisbon sand is highly dilatant, mainly at lower values of con-
finement stress, which is typical of angular and subangular sands (Nguyen et al.,
2020). This behaviour was also observed by Been and Jefferies (2004) for loose
quartz sands.

The soil stress-dilatancy behaviour of sands can be represented by plotting the ηmax

of the drained tests as a function of dmin (Nova, 1982). This relation incorporates a
volumetric coupling parameter (N), as follows.
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ηmax = M − (1 −N)dmin (4.2)

Equation 4.2 provides an inverse linear relationship between both variables, that is,
higher values of ηmax for lower values of dmin. For TP-Lisbon sand, it was found
that N = 0.17 provides the best fitting to describe the evolution of ηmax in terms of
dmin. Figure 4.14 shows the relationship between ηmax and dmin of TP-Lisbon sand
in the same triaxial test compared against the model of equation 4.2. Moreover,
Figure 4.14 indicates that the intercept at zero dilatancy is 1.37, which corresponds
to the same value of M inferred in Figure 4.8.
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Figure 4.14: Peak stress ratio and maximum stress-dilatancy of TP-Lisbon sand

Another way to interpret the stress-dilatancy behaviour of granular materials using
the CSSM framework is the combining of dmin with the state parameter (ψ) —defined
as the difference or distance between the current void ratio and the void ratio on the
CSL at the same stress-state (Been and Jefferies, 1985). This novel interpretation
allows estimating the rate of dilation through the dilatancy rate scaling parameter
(χ), which is the line slope of obtained from the dmin values and their corresponding
ψ at which dmin occurs. Jefferies and Been (2015) claimed that χ is a material
property that captures the maximum dilatation of the soil and ranges typically
from 2 to 5. However, for uniform and clean sands, this parameter ranges from 3.5
to 4.0 according to the particle shapes. Figure 4.15 shows the derivation of χ = 3.79,
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indicating a good agreement to the typical values for quartz sands usually assumed
as 3.5 (Giretti et al., 2018).
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Figure 4.15: Maximum stress-dilatancy and state parameter relationship for TP-
Lisbon sand

4.7 Dynamic behaviour of TP-Lisbon sand

4.7.1 Shear modulus and damping curves

The soil behaviour during seismic events and wave propagation is correlated to the
dynamic properties of soils often expressed in terms of shear modulus and damp-
ing ratio. These dynamic properties are estimated commonly in the laboratory by
bender-element and resonant-column tests. Bender-element test works at very small-
strain level, i.e. γ ≤ 10−5 (Ishihara, 1996), while resonant-column test allows mea-
suring the dynamic properties in the small to medium strain levels (10−5 < γ < 10−3)
(Camacho-Tauta, 2011). For this reason, both tests are complementary since it is
well known that the stress-strain behaviour of soil is highly non-linear, and soil stiff-
ness may decay with strain increment. However, the limit values of both tests range
below the strains for triggering soil liquefaction.

The shear modulus (G) is a stiffness parameter, which is related to the mass density
of the soil (ρ) and the shear wave velocity (VS). VS is a soil property, which can be
measured both in the field and in the laboratory, offering the advantage of providing
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comparable results from the two types of testing (Ferreira, 2009). Equation 4.3
presents the most common procedures to compute analytically G. On the other
hand, the damping ratio (ξ) is defined as the is defined as the ratio of the energy
loss per cycle (∆W ) to the elastic stored energy (W ) (see Equation 4.4). The energy
concepts were previously introduced in Figure 2.9.

G = ρ× V s2 (4.3)

ξ = ∆W
2 × π ×W

(4.4)

In an initial phase, the dynamic response of TP-Lisbon sand was investigated by
resonant-column (RC) tests, using the equipment described in Section 3.3.4. RC
tests were conducted for dry and saturated conditions under different mean effective
confinement pressure; that is, p′

0 equal to 30, 50, 100, 150 and 200 kPa. Besides, these
tests were conducted in remoulded specimens of 50 mm diameter with Dr ≈ 0.30,
which corresponds to the in situ relative density. The dynamic excitation was applied
by generating a sine-sweep, which ranged ±25 Hz of the resonant frequency. This
procedure was repeated ten times for input voltages between 1 mV and 1000 mV to
reduce the uncertainties of measurements.

RC measurements allowed obtaining the resonant frequency (ωR). Such a value
was related to VS and then G, as well as with ξ (Khan et al., 2011). Experimental
data were interpreted by applying Equation 3.3, the seed values for the computation
of Equation 3.2 were obtained for each amplitude. Figure 4.16 shows the typical
results of the transfer function computation. In such a Figure, the system response
variation is presented as a function of the different frequencies of the sine-sweep
signal during RC testing. In all tests, ωR was defined where the transfer function of
the absolute value of the Rotation-Torque ratio, | HθT |, exhibits a sharp peak that
indicates the resonant point (see Figure 4.16.a) and the phase angle, ϕθT , is equal
to −π/2 rad (see Figure 4.16.b). Besides, from Figure 4.16, it can be observed a
good fitting between experimental data and theoretical model, demonstrating the
applicability of the function transfer.



112 Characterisation of the geomechanical properties of TP-Lisbon sand

60 70 80 90 100 110 120

0

0.05

0.10

0.15

Frequency, ω (Hz)

T
ra
n
sf
er

fu
n
ct
io
n
,
|H

θ
T
|(
ra
d
/
N
·m

)

60 70 80 90 100 110 120

−π

−3π/4

−π/2

−π/4

0

Frequency, ω (Hz)

T
ra
n
sf
er

fu
n
ct
io
n
,
φ
θ
T
(r
ad

)

Experimental

Theoretical

a) b)

Figure 4.16: Typical results of transfer function computation (test in dry specimen
at 100 kPa and 2 mV): a) magnitude; b) phase

Figure 4.17 presents the curves of shear modulus and damping ratio obtained for
from RC tests in the range of small to medium strains (10−6 < γ < 10−3) for samples
remoulded for Dr = 30% and tested under dry and saturated conditions. For both
dry and saturated, G values increased when γ increased and remained constant
in the strain range of γ < 10−5. Furthermore, in Figure 4.17, it was recognised
greater values of G for higher p′

0, as was expected. However, slightly higher values
were observed for G of saturated soil. These differences can be attributed to small
variations in the relative density of tested samples. On the other hand, in Figure
4.17, it can be recognised that ξ values increase as γ increases. The higher ξ values
were achieved for p′

0 = 30 kPa. As in the shear modulus curves, significant differences
between ξ results were not identified in dry and saturated conditions.

Since G changes according to the strain level induced to the soil, it can be normalised
in terms of the maximum shear modulus (G0) to represent the reduction of the soil
stiffness at different γ. G0 describes the elastic response of soil at small-strain levels.
Normalised shear modulus curve or stiffness degradation curve allows identifying
the soil stiffness under cyclic loading at very small, small, medium and large strains
ranges. Such ranges establish the dynamic response of the soil, as well as the model
that best represents the cyclic soil behaviour for each strain level (Ishihara, 1996).
RC tests provided the normalised decay of soil stiffness G/G0 or shear modulus
degradation curves and damping ratio evolution. Figure 4.18 presents the stiffness
degradation curves for the different stress-state conditions for dry and saturated
conditions of TP-Lisbon sand.



4.7 Dynamic behaviour of TP-Lisbon sand 113

10−6 10−5 10−4 10−3

0

25

50

75

100

125

150

a)

S
h
ea
r
m
o
d
u
lu
s,
G

(M
P
a)

30 kPa 50 kPa 100 kPa 150 kPa 200 kPa

10−6 10−5 10−4 10−3

0

2

4

6

8

10

b)

D
a
m
p
in
g
ra
ti
o,
ξ:

%

10−6 10−5 10−4 10−3

0

25

50

75

100

125

150

Shear strain, γ

S
h
ea
r
m
o
d
u
lu
s,
G

(M
P
a)

10−6 10−5 10−4 10−3

0

2

4

6

8

10

Shear strain, γ

D
am

p
in
g
ra
ti
o,
ξ:

%

c) d)

Figure 4.17: Evolution of small-strain stiffness: a) shear modulus in dry conditions;
b) damping in dry conditions; c) shear modulus in saturated conditions; d) damping
in saturated conditions
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Figure 4.18: Stiffness degradation curves: a) dry conditions; b) saturated conditions

From experimental results, it was identified that the stiffness degradation in dry
and saturated conditions is similar for TP-Lisbon sand. The main factor affecting
the stiffness degradation is the confinement stress. Therefore, the soil behaviour
presented in Figure 4.18 clearly represents the effect of the stress-state on the particle
contact and then its influence on the stiffness increase in granular soils stated by
Cascante and Santamarina (1996).

In addition, the shear modulus reduction curves allowed estimating the limit of
elastic behaviour or cyclic threshold strain (γt) in all RC tests, which is the limit
between small and medium strains is defined as the shear strain. γt allows identify-
ing the strain in which the microstructure is irreversibly altered by cyclic loading,
indicating the transition from the linear elastic to the nonlinear elastic behaviour
(Vucetic, 1994). Such values can be obtained by applying the interpolation method
to find γ corresponding to G/G0 = 0.7 (Santos, 1999). The results revealed that the
elastic behaviour for TP-Lisbon sand ranges about γ < 10−5 and γt is located in the
medium strain level. Besides, more pronounced plastic deformations were identified
at lower confining pressures. Figure 4.19 shows the γt evolution with p′.

Given the different forms of soil behaviour at the small-strain range, Santos and
Gomes Correia (2001) defined normalised relationships that allow assessing the shear
modulus degradation of soils at very-small to medium strain levels (10−6 < γ <

10−4). They demonstrated, based on experimental values, that the data occupied a
narrow zone delimited by the curves given by Equations 4.5 and 4.6.
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Lower bound


G

G0
= 1 for γ∗ ≤ 10−2

G

G0
= 0.5

[
1 − tanh

(
0.48 γ

∗

1.9

)]
for γ∗ > 10−2

(4.5)

Upper bound


G

G0
= 1 for γ∗ ≤ 10−1

G

G0
= 0.5

[
1 − tanh

(
0.46γ

∗ − 0.1
3.4

)]
for γ∗ > 10−1

(4.6)

where γ∗ is the normalised strain, defined as γ/γt.

Gomes Correia et al. (2001) defined Equation 4.7 to adjust the data within the nar-
row zone of the lower and upper unified bounds using the least-squares method. This
model includes the reduction curves for experimental data of plastic and cohesionless
soils.

G

G0
= 1

1 + 0.385γ∗ (4.7)

RC results of TP-Lisbon sand were fitted into the lower and upper bounds of
the normalised model for shear modulus reduction curves proposed by Santos and
Gomes Correia (2001). Besides, the results were compared against the database
presented by Oztoprak and Bolton (2013). Figure 4.20 shows the results of such
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a fitting. From Figure 4.20, it can be observed that all experimental values are
within the curves proposed by Santos and Gomes Correia (2001) and fall into the
narrow zone of the database of Oztoprak and Bolton (2013). Therefore, the nor-
malised curves model allows describing the dynamic behaviour of TP-Lisbon sand for
different confinement conditions. In this study, the regression method of nonlinear
(weighted) least-squares was applied to estimate the model describing the normalised
design curve of TP-Lisbon sand (see Figure 4.20.b). The regression model revealed
a value of R2 = 0.99 and a coefficient equal to 0.421, which is slightly different to
the coefficient found by Gomes Correia et al. (2001).
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Figure 4.20: Normalised design curves and its comparison against the bounds pro-
posed by Santos and Gomes Correia (2001) and Oztoprak and Bolton (2013): a)
experimental data of TP; b) curve fitting of TP

The damping ratio curves were compared against the boundaries proposed by Rollins
et al. (1998). Such boundaries were selected considering its good agreement stated
by Senetakis et al. (2013) for quartz soils. As Figure 4.21 indicates, quartz is the
main mineral that composes the sands of this study. The curves proposed by Rollins
et al. (1998) do not describe satisfactorily the response of TP-Lisbon sand in the
range of very small to small strains. In such strain levels, all ξ values were outside
of the literature curves. This is partially attributed to the higher linearity that the
sands exhibit in the range of γ < 10−5 and the differences between the grain size
distribution of the materials used to obtain such model, which are more coarse than
the sands evaluated in this study. However, for p′ equal to 30 and 50 kPa ξ values
were located in the narrow zone for shear-strain levels above 10−5. In addition, a
good fit was observed between the damping curves for p′ = 100 kPa and the lower
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bound. Experimental results showed an overestimation of ξ for p′ conditions higher
than 100 kPa.
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Figure 4.21: Damping ratio of TP-Lisbon sand: a) dry conditions; b) saturated
conditions

As in the shear modulus reduction curves, significant differences between ξ results
were not recognised for dry and saturated conditions. ξ increases as the strain level
increases, thus it can be assessed in parallel of shear modulus degradation curve. ξ
can be expressed as a function of G/G0. Hardin and Drnevich (1972) stated that
the combination of stiffness degradation and damping results provides a normalised
model capable of removing the density and confinement effects, which significantly
affects the dynamic properties in sandy soils. By compilation of data, Ishibashi and
Zhang (1993) proposed a normalised model to estimate ξ, in percentage, using G/G0

values obtained from the stiffness degradation curves (see Equation 4.8).

ξ = 19.51
(
G

G0

)2
− 51.51

(
G

G0

)
+ 33.3 (4.8)

To provide a model that describes the ξ evolution of each sand, experimental data
were contrasted against the normalised model of Equation 4.8. Figure 4.22 shows a
comparison between experimental data against the normalised model, and presents
the data fitting of the results obtained in this study with the narrow zone compiled
by Ishibashi and Zhang (1993) using ξ values from other different sands.

From Figure 4.22, it can be observed that the experimental data of TP-Lisbon sand
do not match to the normalised model. The variability of these results is attributed
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Figure 4.22: Normalised model of damping ratio in function of stiffness degradation.

to the different procedures used to estimate ξ for each strain level. However, the
data of the studied material is within the zone of the values reported in the liter-
ature. Furthermore, significant differences between the results of both sands were
not identified. Equation 4.9 describes the evolution of ξ as a function of G/G0 for
TP and NB sands, respectively. This Equation was obtained under R2 value higher
than 0.97.

ξ = −1.91
(
G

G0

)2
− 10.19

(
G

G0

)
+ 12.61 (4.9)

Normalised curve, to estimate the relationship between ξ andG/G0, allowed estimat-
ing the dynamic properties, eliminating the density and confinement effects. Negli-
gible differences were observed between the results obtained for dry and saturated
conditions. Nevertheless, further studies are needed to characterise the response in
shear-strain levels above 10−3.
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4.7.2 Stress and state dependency of wave propagation

Stress-dependency of small-strain stiffness of TP-Lisbon sand was investigated by
means of bender element (BE) tests. These tests were conducted for dry and satu-
rated conditions under different confining stresses. Besides, specimens were prepared
using the dry pluviation method for relative densities of 30% and 50%, corresponding
to the state of TP-Lisbon sand on the field. The wave propagation time (tt) between
BE tip-to-tip distance (Ltt) at each p′

0 was assessed using the first arrival method,
for both shear and compression waves. To minimise the uncertainty and subjectivity
associated with the interpretation of test results (e.g. cross-talk or near-field effect),
four input signals with frequencies between 1-8 kHz and 25-125 kHz were applied to
assess VS and VP , respectively (Viana da Fonseca et al., 2009). Figure 4.23 presents
some typical results of BE measurements for both P-wave and S-wave at different
test conditions.

BE tests have been analysed to derive the best fit of wave velocities (VS and VP )
stress-dependency using Equations 4.10 and 4.11.

V s = α (p′)β (4.10)

V p = θ (p′)β (4.11)

where α and θ are the values of VS and VP at 1 kPa, respectively, and β is the
exponent of the stress-state dependency law of wave propagation velocities.

The VP values obtained for saturated conditions ranged from 1495 m/s to 1513 m/s,
corresponding to typical results for fluid-saturated granular media (Biot, 1956a).
Therefore, the stress-dependency model of VP for saturated conditions was not es-
timated. The VS results obtained from BE tests were contrasted against VS values
obtained from the resonant-column tests. Figure 4.24 shows the stress-dependent
seismic wave velocities of VS and VP for TP-Lisbon sand. Table 4.5 presents the
values of the stress-dependency fitting parameters.

Results of stress-dependency seismic wave velocities for TP-Lisbon sand showed very
close β values for all tests, revealing a parallel evolution of the wave velocities as
a function of the stress-state. It should be noted that VS and VP values obtained
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Figure 4.23: Typical time-domain signals of BE: a) P-wave propagation in a dry
sample; b) S-wave propagation in a saturated sample.
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Table 4.5: Fitting parameters of stress-dependency of seismic wave velocities

Test name Seismic wave type α or θ: m/s β: dimensionless
BE-s VS 68.75 0.2484
BE-d VS 65.68 0.2505
BE-d VP 148.40 0.2433
RC-s VS 74.31 0.2588
RC-d VS 73.74 0.2576

from the measurements in dry conditions have the same evolution but with higher
values in VP . Furthermore, from the BE-d results, the Poisson ratio was computed
for each mean stress, finding a mean value of 0.31 with a coefficient of variation
equal to 5% for loose conditions. Moreover, similitude between results for the same
testing method were observed, which shows that BE and RC measurements allow
estimating the small-strain stiffness of sands (Camacho-Tauta et al., 2015).

It is well- known that VS is affected by void ratio and confining stress. Hence, the
small-strain stiffness of soils should be represented by a normalised model. Equa-
tion 4.12 introduces a generalised stress-state model for describing the small-strain
stiffness of TP-Lisbon sand. This model is based on the stress-dependency of shear
wave velocity, but expressed in terms of maximum shear modulus (G0). The maxi-
mum shear modulus (G0), considered elastic when describing the response of soils at
small-strain levels, is strongly dependent on the void ratio (e) and the mean effective
stress (p′). Therefore, a void ratio function, F (e), allows eliminating the effect of soil
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state when estimating the soil stiffness at small-strain levels. F (e) can be classified
into hyperbolic and exponential functions.

Lo Presti et al. (1997) demonstrated that exponential functions are compliant with
Hertz’s theory, which deals on the particles contact. This theory establishes that
the plastic deformations in granular materials are related to the changes in the
arrangement of particles. Equation 4.12 shows the general form of the exponential
void ratio function.

G0 = V s2D = F(e) × C ×
(
p′

Pa

)n

(4.12)

where D is mass density, p′ is mean effective stress, Pa is the atmospheric pressure
(used as reference stress), F(e) is a void ratio function, C is a material coefficient
that captures the influence of the particle shape and bonding or cementation of
the particles and n is a power exponent that reflects the sensitivity of the stiffness
modulus to the confining pressure.

Figure 4.25 presents a comparison between the normalised shear modulus computed
from BE and RC data. The computation of Equation 4.12 required the previous
estimation of D. This estimation considered the degree of saturation of the soil
specimens, that is, D for dry and saturated conditions, respectively. The experi-
mental evidence in Figure 4.25 defined F(e) = e−1.79, C = 65.11 MPa and n = 0.48
for TP-Lisbon sand. The stress-state models were obtained under a R2 > 0.98.
Note that x values are close between them and quite different to the most common
value x = 1.29 reported by Lo Presti et al. (1997). However, Senetakis et al. (2013)
obtained from RC tests different x values for three sandy soils, which suggested that
x is characteristic for each soil type. The exponents n of both sands are close to 0.5,
which is the ‘typical’ value reported by Hardin and Richart (1963); Vardanega and
Bolton (2013); Goudarzy et al. (2018) to describe the effect of confining pressure on
small-strain stiffness.

A contrast between results from dry and saturated specimens revealed that there
are no substantial differences in the normalised small-strain stiffness of TP-Lisbon
sand for these conditions. On the other hand, a good agreement between BE and
RC results with the normalised model was found. The use of the stress-state model
is conceptually more consistent for describing the small-strain stiffness of granular
materials due to the double normalisation, which eliminates the effects of void ratio
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Figure 4.25: Normalised shear modulus for TP-Lisbon sand

and confinement stress. Besides, the application of such a model allows comparing
the small-strain stiffness of TP-Lisbon sand against other sandy soils at different
relative densities and stress-states.

Figure 4.26 shows a comparison between parameters describing the normalised small-
strain stiffness and particle shape of TP-Lisbon sand (referred in Figure 4.25 and
Table 4.2). This comparison includes values reported by Liu and Yang (2018). A
good correlation between parameter C and exponent n with sphericity, circularity
and convexity was observed. These correlations revealed that an increment of shape
parameter causes a decreasing of parameter C, while an increment of shape param-
eter causes a decreasing of exponent n. Hence, experimental results validate the
effects of particle shape on the behaviour of TP-Lisbon sand.
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Figure 4.26: Relationships between particle shape properties with normalised small-
strain stiffness parameters: a) Parameter C; b) Exponent n

4.8 Key findings

This chapter provided a characterisation of the key geomechanical properties of TP-
Lisbon sand. The well-controlled and accurate test procedures (e.g. lubricated end
platens, top cap-loading ram connection and end-of-test soil freezing) were imple-
mented. Moreover, this chapter presented a detailed characterisation of the dynamic
properties of TP-Lisbon sand. The analysis focused on the soil state effects on the
small-strain stiffness, damping and wave propagation on such a sandy soil by reso-
nant column and bender element tests on triaxail testing conditions. Experimental
results led to the following findings:
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• TP-Lisbon sand presented the highest critical state locus position (higher value
of Γ) in comparison with the data of the other similar sands. However, Γ is a
slither higher, inducing a predominant dilative behaviour of TP-Lisbon sand
during monotonic/static loading.

• There is a strong correlation between the normalised shear modulus of TP-
Lisbon sand with its particle shape parameters, namely emax, R and ρ, con-
firming the influence of particle shape on the behaviour of TP-Lisbon sand.
This may explain the high CSL position of TP-Lisbon sand.

• TP-Lisbon achieves its peak deviatoric stress and maximum shear strength in
about 10-15% axial strain, while its volumetric strain stabilises after 25% axial
strain. It was observed that, for undrained conditions, the phase transforma-
tion of TP-Lisbon sand occurred at 1-2% axial strain and the deviatoric stress
stabilisation at about 20-25% axial strain.

• The power laws that estimate the evolution of G0 as a function of the stress
state were obtained for both sands in saturated conditions from BE tests in
triaxial conditions, which included load-unload-reload stages, thus eliminating
the soil state effect. The exponent values, n, obtained in this study agree
well with those reported in the literature for sandy soils with cone-to-plane
contacts (about 1/2). The void ratio functions, F (e), which follow Hertzian
contact particle law, showed a specific value for x parameter for each sand.
Such values differ from the typical values reported in the literature.

• The experimental data of TP-Lisbon sand were found to be suitable in com-
parison with the normalised curves proposed by Santos and Gomes Correia
(2001). In addition, the experimental results fall into the narrow zone of the
database presented by Oztoprak and Bolton (2013). Normalised results were
fitted using a modified hyperbolic relationship. This simple approximation
could be applied to different stress-state conditions in similar soils.

• The RC results showed that the damping ratio increases with strain level in the
range γ > 10−5 in both sands. Furthermore, results showed that ξ decreases as
p′ increases. The bounds proposed by Rollins et al. (1998) do not describe well
the damping ratio evolution for confining stresses above 100 kPa. Moreover,
ξ results exhibited slightly lower values in comparison to such bounds in the
small-strain level (γ < 10−5).
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• Normalised curves to estimate the relationship between ξ and G/G0 were ob-
tained for each sand. The model allows estimating the dynamic properties,
eliminating the density and confinement effects. Nevertheless, further studies
are needed for shear-strain levels above 10−3.

The the intrinsic properties, CSL parameters and small-strain stiffness sand iden-
tified in this chapter will be used further to describe the liquefaction resistance of
of TP-Lisbon soil and the efficiency of induced partial saturation to mitigate the
effects of this granular soil.



Chapter 5

Liquefaction resistance of TP-Lisbon
sand – fully saturated conditions

The main content of this chapter has been published in Viana da Fonseca, A., Molina-
Gómez, F. and Ferreira, C. (2023) Liquefaction resistance of TP-Lisbon sand: a critical
state interpretation using in situ and laboratory testing. Bulletin of Earthquake Engi-
neering, 21(2), pp. 767-790. doi:10.1007/s10518-022-01577-8.

5.1 Outline

This chapter addresses the assessment of earthquake-induced liquefaction (known
herein as liquefaction resistance) of TP-Lisbon sand. The characterisation was car-
ried out by combining in situ with laboratory tests. The results of in situ tests
allowed obtaining the factor of safety profiles against liquefaction, liquefaction po-
tential index and liquefaction severity number. On the other hand, an experimental
programme conducted in the laboratory allowed defining of the cyclic resistance
ratio for different relative densities and mean effective stresses of TP-Lisbon sand.
Moreover, the effects of inversion and rotation of principal stresses on liquefaction
resistance were examined by advanced testing procedures (i.e. cyclic triaxial and
cyclic direct simple shear tests). The results of this study were analysed within the
critical state soil mechanics framework by comparing the state parameter reported
by in situ and laboratory testing, particularly when using remoulded soil specimens.
The data presented in this study provide a database for numerical analyses and
cyclic or seismic geotechnical design, following a framework appropriate to natural
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sands susceptible to liquefaction phenomena.

5.2 Liquefaction susceptibility from in situ testing

Based on the in situ characterisation, which comprised a series of CPTu sound-
ings (see Figures 3.3 and 3.4), an assessment of liquefaction susceptibility based on
CPTu results was carried out using the simplified procedure proposed by Boulanger
and Idriss (2014), considering the factor of safety against liquefaction (FSliq). The
method was originally introduced by Seed and Idriss (1971) and nowadays is recom-
mended in Eurocode 8 (CEN, 2010):

FSliq = CRR
CSR (5.1)

The CRR refers to the cyclic resistance ratio and CSR corresponds to the cyclic
stress ratio. Therefore, CRR represents the resistance of soil to liquefy derived from
CPTu data. On the other hand, CSR denotes the design seismic action at a specific
location in depth Seed and Idriss (1971). The procedure to estimate CRR from
CPTu data is:

CRR = exp
[
qc1Ncs

113 +
(
qc1Ncs

1000

)2
−
(
qc1Ncs

140

)3
+
(
qc1Ncs

137

)4
− 2.8

]
(5.2)

where qc1Ncs is the normalised equivalent clean sand values, as suggested by Boulanger
and Idriss (2014). According to these authors, a clean sand is considered to have
a fines content (FC) below 5%. The FC of TP-Lisbon sand is 2.21% (see Table
4.1).

Moreover, the procedure proposed by Seed and Idriss (1971) to estimate the in situ
CSR is:

CSR = τcyc

σ′
v0

= 0.65 · amax

g
· σv0

σ′
v0

· rd (5.3)

where τcyc is the amplitude of cyclic shear stress, σ′
v0 is the initial vertical effective

stress, σv0 is the vertical stress, and rd is stress reduction coefficient that considers
the depth of soil deposit (Z) and the earthquake magnitude (Mw), as follows:
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rd = exp[α(Z)+β(Z)Mw] (5.4)

where:
α(Z) = −1.012 − 1.126 sin

(
Z

11.73 + 5.133
)

β(Z) = 0.106 + 0.118 sin
(

Z

11.28 + 5.142
)

Figure 5.1 shows the FSliq profiles of SI12, SI18 and SI19 for the Type 1 seismic
action. From Figure 5.1, it can be observed a thick liquefiable layer in all profiles,
highlighting the in SI18 and SI19 sites at 13 to 23 m depth. Besides, interlayers
of soil with lower liquefaction susceptibility or non-liquefaction is observed in all
profiles at 14 to 15 m and 25 m depth. The results of FSliq are coincident with
the layers of sandy soils inferred from the SBT analysis (see Figure 3.5). Besides,
the results at SI18 matched with ψ profile (Figure 3.6), in which sandy soils with
contractile behaviour —materials more susceptible to liquefaction— were identified
in the critical zones in this site, that is, FSliq < 1.

Moreover, alternative approaches to liquefaction assessment have been performed,
namely the Liquefaction Potential Index (LPI) and Liquefaction Severity Num-
ber (LSN). These approaches are quantitative indexes, which allow estimating the
liquefaction-induced damages. Both approaches were proposed by Iwasaki et al.
(1978) and Tonkin & Taylor (2013), respectively. LPI allows estimating the lique-
faction susceptibility of the soil deposit by combining the results of FSliq until 20
m depth. In addition, LSN represents the expected damage effects of shallow liq-
uefaction on direct foundations, based on post-liquefaction volumetric deformations
that are associated with reconsolidation settlements (Iwasaki et al., 1978). Figure
5.2 presents the results of the LPI and LSN, considering the seismic action type
1.

Iwasaki et al. (1978) defined intervals for LPI classification, classifying liquefaction
potential as low when LPI is lower than 5, high when LPI is between 5 and 15 and
very high if LPI is higher than 15. As shown in Figure 5.2, LPI values fall on the
high liquefaction severity, except for SI12, where the LPI is low. Complementary,
Tonkin & Taylor (2013) defined LSN ranges for liquefaction effects, classifying the
expression of liquefaction as little to none for values lower than 10, minor for values
from 10 to 20, moderate for values from 20 to 30, moderate to severe for values
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Figure 5.1: Liquefaction susceptibility based on in situ tests: a) CPTu12; b)
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from 30 to 40, major for values from 40-50 and severe damage for values higher
than 50. LSN results showed in Figure 5.2 fall within the little to non-expression of
liquefaction class, below 10, in the three SI.

The results in Figure 5.2 showed high probability of damage potential from lique-
faction onset in SI18 and SI19 locations, which are attributed to the presence of
soil layers composed of fine loose sandy between 15 m and 23 m depth. However,
the post-liquefaction volumetric deformations will not induce significant effects on
the shallow foundations surrounding the Terreiro do Paço site, as indicated in LSN
interpretation. The relatively low values of LSN in this site are related to the pres-
ence of compacted materials near the ground surface (i.e. the embankment and
pavement structure between 0 m and 8 m depth), and the masonry remains of the
buildings collapsed after the 1755 earthquake —confirmed during the collecting of
integral samples— that do not exhibit significant deformations during liquefaction
onset due to their high stiffness. Therefore, this thick crust prevents the generation
of large settlements in these sites, as verified by applying the equivalent soil profiles
for liquefaction assessment proposed by Millen et al. (2021).

5.3 Liquefaction resistance assessment by advanced lab-
oratory testing

The characterisation of the liquefaction resistance of TP-Lisbon sand was carried out
by an experimental programme involving advanced testing in the laboratory, namely,
cyclic triaxial (CTx) and cyclic direct simple shear (CDSS). These tests addressed
the evaluation of cyclic behaviour subjected to rotation and inversion of principal
stresses for different state conditions. For this characterisation, all samples were
remoulded using the air pluviation method and were fully saturated. All samples
were saturated by the circulation of dioxide of carbon and flushing of de-aired water,
as recommended by Viana da Fonseca et al. (2021). CTx and CDSS tests focused
on the liquefaction resistance of TP-Lisbon sand under different test conditions, i.e.
initial relative density (or initial void ratio), stress state and cyclic stress ratios. The
relative density (Dr) of all sets of tests was grouped by considering a range of ±3%
due to the variability that can be induced during the phases before cyclic shearing.
On the other hand, the experimental program involving two types of testing (i.e.
CTx and CDSS) deals with the assessment of undrained cyclic behaviour by inversion
of principal stresses and by the rotation of principal stresses.
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For triaxial testing, the back pressure was gradually increased up to 300 kPa. This
increment was applied by ensuring a difference between cell and back pressures of
about 10 kPa. The full saturation condition was validated by measuring B-values
and P-wave velocities (VP ), which in all tests were higher than 0.97 and 1482 m/s,
respectively (Astuto et al., 2023). For CDSS testing, the degree of saturation (Sr)
was estimated by monitoring the sample deformations during all test phases and
measuring the water content (ω) at the end of each test (Cappellaro et al., 2021;
Fanni et al., 2022). In all tests, Sr higher than 99% were reported.

The CTx tests were conducted in 30 soil specimens remoulded for relative densities of
30%, 40% and 50%. The range of relative density (Dr) and mean effective stress (p′

0)
are within the in situ range estimated from CPTu results (see Figure 3.4 in Section
3.2). Besides, these samples were isotropically consolidated for p′

0 equal to 50 kPa
and 100 kPa –representative of the in situ p′

0 range. After consolidation, the samples
were subjected to different combinations of cyclic deviatoric stress (q) or cyclic
stress ratio (CSRTx = q/(2p′

0)) to define the liquefaction resistance of TP-Lisbon
sand. Such loading was applied to inverse the principal stresses through compression
and extension symmetric cycles. Figure 5.3 illustrates the typical results obtained
during CTx testing. This Figure includes plots of stress-strain response, stress path,
relationship between the number of cycles (N) and axial strain (εa) changes, and
evolution of pore pressure built-up (ru = ∆u/p′

0) during cyclic loading.

From Figure 5.3, it can be observed low deformations (εa < 0.1%) and a progressive
increment of ru during the first cycles of loading. However, after achieving a ru

of about 0.65 (see cycle 9 in Figure 5.3), the soil showed a rapid increment of pore
pressure build-up, which led to massive deformations and the total reduction of mean
effective stress, causing the onset of liquefaction. Many tests exhibited ru > 1.0 since
the axial piston of the CTx apparatus achieved its maximum limit after liquefaction
onset. This effect generated compliance issues at the end of the cyclic loading, which
induced variations in the measurement of soil behaviour. However, these issues did
not influence the definition/identification of liquefaction resistance of TP-Lisbon
sand by CTx testing.

The CDSS tests were conducted using 24 soil specimens with Dr between 40% and
60%. These samples were consolidated by increasing the vertical load until achieving
a vertical effective stress (σ′

v0) equal to 80 kPa and 150 kPa, corresponding to the in-
situ representative stresses of sandy soil layers in the Terreiro do Paço profile. During
the consolidation, the radial strains were restricted by a series of stack copper rings,
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Figure 5.3: Typical results of cyclic triaxial testing (p′
0 = 50 kPa and Dr = 30%)

inducing an anisotropic condition on the soil specimen. Such condition is equivalent
to the p′

0 implemented for the CTx tests by considering the at-rest earth pressure
coefficient (K0 = σ′

h/σ
′
v). K0 was estimated by applying the correlation proposed

by Jaky (1944):

K0 = 1 − sinϕ′ (5.5)

where ϕ′ is the effective friction angle of the soil, which is a simplified approximation
of the value under geostatic conditions. For TP-Lisbon sand ϕ′ = 34◦ was adopted
(see Figure 4.8. This value is equivalent to constant volume condition and indepen-
dent of Dr, representing diverse relative densities and confinement stresses as used
in this research.

The cyclic loading in the CDSS tests was conducted under the constant volume
condition, by keeping the specimen height constant using an active control, for
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different combinations of cyclic stress ratio (CSRSS = τ/σ′
v0). The constant volume

condition is equivalent to the undrained test condition since a decrease or increase of
σ′

v0 in a constant-volume CDSS test is essentially equal to the increase or decrease of
excess pore water pressure in an undrained CDSS test (Dyvik et al., 1987). Hence,
ru ≈ 1 is equivalent to σ′

v0 ≈ 0, which indicated liquefaction oset due to the loss of
soil stiffness and stress-state.

Figure 5.4 illustrates the typical results obtained from CDSS testing, including the
plots of stress-strain response, stress path, relationship between the number of cycles
(N) and shear strain (γ) changes, and decreasing of vertical effective stress (σ′

v0)
during cyclic loading. From this Figure, it can be that during the first loading
cycles, the development of γ was not significant, while the σ′

v0 reduced progressively
until achieve a value of about zero, where the liquefaction was attained. After
liquefaction onset (cycle 10), further reversal loading led to a partial recovery of
strength and stiffness of the soil, which also manifested an increasing and decreasing
of σ′

v0. Besides, during this phase, the area of hysteresis loops increases considerably
due to the accumulation of strains along with the cyclic loading.

The results of CTx and CDSS tests allowed defining the curves of liquefaction re-
sistance of TP-Lisbon sand (see Figure 5.5). The cyclic resistance curves are drawn
based on the cyclic stress ratio (CSR) and the number of cycles of liquefaction onset.
The general equation to define the liquefaction resistance curve (LRC) for each test
condition adopted in this research is:

CSR = a(NL)−b (5.6)

where a and b are fitting parameters and NL represents the number of cycles of
liquefaction onset.

Figure 5.5 shows the LRC derived from the results obtained during CTx and CDSS
tests for TP-Lisbon sand, highliting the testing conditions and the best fitting of
LRC from experimental data. Test results indicated that the liquefaction resis-
tance increased as the relative density increased, and it decreased as decreased the
stress-state in both element test types. Furthermore, Figure 5.5 shows that all LRC
reported herein have similar slopes (i.e. values of b exponent between 0.095 and
0.114), indicating that the curves of TP-Lisbon sand are parallel independently of
the testing condition. This Figure revealed that the CTx results showed a higher liq-
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Figure 5.4: Typical results of cyclic direct simple shear testing (σ′
v0 = 50 kPa and

Dr = 50%)

uefaction resistance than the CDSS results, although all CTx tests exhibited higher
deformations than the CDSS tests.

The CTx and CDSS results on TP-Lisbon sand were compared against a database
comprising liquefiable sands with similar intrinsic properties (see Figure 5.6). The
database used compiled experimental results reported by Ishihara (1993); Kokusho
et al. (2012); Jefferies and Been (2015); Mele et al. (2019); Porcino et al. (2021). Data
were selected considering similar testing conditions, i.e. relative density and mean
effective confinement stress. From Figure 5.6, it can be observed that liquefaction
resistance of TP-Lisbon sand is lower than the compared sands under similar relative
density and stress-state conditions, validating the results presented herein.
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Diverse studies have compared recently CTx and CDSS tests (Giretti and Fioravante,
2017; Khashila et al., 2021; Nong et al., 2021). The results from these testing con-
ditions can be associated by applying correction coefficient (Cr), which transforms
the liquefaction resistance obtained from the isotropic triaxial tests into liquefaction
resistance for simple shear conditions:

CSRSS = Cr · CSRCTx (5.7)

Finn et al. (1971); Castro and Poulos (1977); Ishihara et al. (1985) indicated that
Cr depends on the K0 of soil. In this study, the models proposed by such authors
were applied to compare the CTx and CDSS results for equivalent tests conditions,
that is, Dr = 50% and p′

0 = 50 kPa —equivalent to σ′
v0 = 80 kPa . However, all Cr

models did not fit with the data the LCR for these conditions.

Cr = 2 + 3K0

4 (5.8)

This correlation was obtained by adjusting the experimental results by the least-
square method, obtaining a correlation coefficient R2 = 0.92. By using K0 =
1 − sin(34◦), a Cr equal to 0.83 was obtained for TP-Lisbon sand. The Cr co-
efficient allowed transformed the CTx results into CDSS results properly. Figure 5.7
demonstrated that the results obtained from both test types are associated since
they fall into a single LRC —denominated as LRCCr— after applying the trans-
formation model indicated in equation 5.7. Equation 5.9 defines the best fitting of
corrected liquefaction resistance of TP-Lisbon sand for Dr = 50% and p′

0 = 50 kPa
converted for CTx loading. The parameter a and the b exponent of Equation 5.9 are
within into the range values referred in Figure 5.5, validating the proposed model
and describing well the liquefaction resistance of TP-Lisbon sand.

CSRCr = 0.171 (NL)−0.101 (5.9)
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5.4 Interpretation of liquefaction resistance within the
CSSM framework

The liquefaction resistance interpretation can involve an application of the critical
state soil mechanics (CSSM) framework through the estimation of the state param-
eter (ψ):

ψ = e0 − ecs (5.10)

where e0 is void ratio at the beginning of cyclic loading and ecs is the void ratio of
the critical state at the current mean stress or p′

0. Hence, ψ represents the vertical
distance between the initial state of the soil and its critical-final state.

State parameter has the advantage, in liquefaction assessment, of capturing the effect
of the relative density and stress-state (Been and Jefferies, 1985). ψ was estimated
by considering the critical state parameters derived from the results of monotonic
triaxial tests (see Figure 4.9 in Chapter 4). The interpretation of liquefaction re-
sistance within the CSSM was performed only using the results obtained from CTx
testing was analysed since the number of combinations between Dr and p′

0 of such
tests. All the specimens —tested for Dr between 30% and 50%, and p′

0 equal to
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50 kPa and 100 kPa— had negative values of ψ, which lead to dilative behaviour
during shearing.

The liquefaction resistance can also be described as the cyclic resistance ratio (CRR).
CRR corresponds to the cyclic stress ratio (CSR) of liquefaction onset in a specific
number of cycles (e.g. 10, 15 or 20 cycles). This parameter is associated with ψ

for capturing the stress and state conditions, but it does not combine the initial
fabric effects (Jefferies and Been, 2015). Therefore, the application of the CSSM
framework to describe the liquefaction resistance of TP-Lisbon sand was carried out
by estimating the ψ of the four testing conditions implemented for CTx tests and
computing the CRR for 15 cycles (CRR15) using the equations defining the LRR
reported in Figure 5.5.a. The 15 cycles were adopted since this number has been
defined as critical condition for earthquake-induced liquefaction by Seed and Idriss
(1971). Moreover, for this analysis, the stress-state of LRC derived from CDSS is
presented in terms of p′

0. Table 5.1 summarises the parameters used to estimate the
relationship between ψ and CRR15 of TP-Lisbon sand.

Table 5.1: Values for estimating the relationship between ψ and CRR15

Test type p′
0 (kPa) e0 ecs ψ CRR15

CTx 50 0.899 0.952 -0.053 0.128
50 0.863 0.952 -0.089 0.137
50 0.826 0.952 -0.126 0.158
100 0.899 0.916 -0.017 0.101

CDSS 50 0.788 0.951 -0.163 0.14
50 0.826 0.951 -0.125 0.133
90 0.805 0.919 -0.114 0.124
90 0.863 0.919 -0.056 0.107

All ψ values reported in Table 5.1 are negative, indicating dilative behaviour. Jef-
feries and Been (2015) stated that soils with ψ > −0.055 are considered susceptible
to trigger liquefaction, whereas soils with ψ < −0.055 may exhibit cyclic mobility
phenomenon. However, the liquefaction susceptibility may change according to the
energy and duration of the seismic event.

Figure 5.8 presents the relationship between ψ and CRR15 for TP-Lisbon sand. This
approach is representative for the same initial fabric (induced by the soil remoulding
using the air pluviation method) since this factor influences the number of cycles
for liquefaction onset. Moreover, this figure compares the results of CTx tests of
this research against other results for quartz sands compiled by Jefferies and Been
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Figure 5.8: Relation between ψ and CRR15 (database from: Jefferies and Been 2015)

(2015). The results showed a higher liquefaction resistance (i.e. CRR15) as ψ became
more negative, as also observed by Giretti and Fioravante (2017) for liquefiable
soil deposits in Italy. This tendency was expected due to the increment of cyclic
resistance of dilative soils. On the other hand, a unique relationship was not observed
for all soils showed in Figure 5.8 since the CRR also depends on the critical friction
ratio (M) (Rahman et al., 2021; Porcino et al., 2021).

The data spread of Figure 5.8 is mainly linked to the uniqueness of the ψ and CRR15

relationship for each tested sand; thus, it can be largely attributed to differences in
the initial fabric produced by the reconstitution method of each sand, which depends
on its grain size distribution, particle shape and morphology. Besides, the strain
level to liquefaction onset differs from that associated with critical state; typically,
the liquefaction onset occurs in moderate to large strain levels (Green et al., 2022).
The relationship based on ψ is not universal to describe the liquefaction resistance
due to the strain level during liquefaction, which is why the derived relationships
based on ψ are applicable solely, to any specific soil, but also with similar initial
fabric. These results suggest that soil specimens with the same void ratio and
effective confinement but with different initial fabrics may have different ψ and
CRR15 relationships. A clear evidence of this behaviour has also been observed in the
liquefaction resistance of high-quality undisturbed samples and the corresponding
reconstituted specimens, where the differences are predominantly attributed to the



142 Liquefaction resistance of TP-Lisbon sand – fully saturated conditions

distinct initial fabric (Kiyota et al., 2019; Ramos, 2021). Therefore, a suitable
fitting can be drawn for each sand under similar fabrics. Equation 5.11 describes
the relationship between ψ and CRR15 for TP-Lisbon sand, as follows:

CRR15 = 1.11

1 + ψ

0.41

(5.11)

By using the relationship between ψ and CRR15, it is possible to compare the
liquefaction resistance assessed by both in situ and laboratory testing, as validated
by Giretti and Fioravante (2017), combining the ψ derived from CPT in a calibrated
chamber in the centrifuge apparatus against element testing. The ψ values addressed
for the characterisation of liquefaction resistance of TP-Lisbon sand in the laboratory
are comparable with the ψ profile presented in Figure 3.6c (Chapter 3). This law
trend line confirmed the high susceptibility of TP-Lisbon sand reported in Figures
5.1 and 5.5.

5.5 Key findings
This chapter comprehensively characterises the liquefaction resistance of a histori-
cally liquefiable soil from the Lisbon centre, denominated as TP-Lisbon sand. The
liquefaction resistance was assessed through in situ and laboratory approaches based
on CPTu, cyclic triaxial and cyclic simple shear test results. These were analysed
by an interpretation within the critical state soil mechanics framework, namely
applying the state parameter concept. From the results obtained during the exper-
imental program, the following findings can be drawn for the development of this
research:

• A critical layer composed of loose sands was identified by CPTu soundings.
Such a layer is highly susceptible to liquefaction onset, although historical
reports indicate that this soil has already exhibited liquefaction. Analyses
of the factor of safety against liquefaction and liquefaction potential index
demonstrated the current liquefaction susceptibility.

• The interpretation of the obtained values of liquefaction severity number, with
values lying between 3.39 and 5.55, showed that the surrounding buildings and
existing infrastructure of Terreiro do Paço site will not present significant dam-
age or foundation settlements in case a seismic event with the local action or
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similar that may occur in the Greater Lisbon Area. The possible low damages
are related to the presence of shallow compacted materials and heterogeneous
masonry remains (from the collapsed structures after the 1755 earthquake),
which do not exhibit significant deformations during liquefaction onset due to
their high stiffness.

• Liquefaction resistance curves indicated that the liquefaction resistance in-
creases as the relative density increases. In contrast, the cyclic resistance ratio
increases as the stress state decreases. Therefore, the liquefaction resistance
ratio of TP-Lisbon sand depends on its state, which the state parameter con-
cept can represent.

• The results between CTx and CDSS tests can be compared by applying a
transformation based on the coefficient Cr. A new formulation to estimate Cr
for TP-Lisbon sand was proposed in this study. Based on the at-rest earth
pressure coefficient, the new proposal allowed CTx results to be transformed
into CDSS results and vice-versa. Applying such a model in CTx and CDSS in
equivalent test conditions demonstrated that such a transformation provided
a reliable comparison between original and transformed data.

• A model based on the critical state soil mechanics revealed that the liquefaction
resistance of TP-Lisbon sand increases as the state parameter is more negative,
validating the effect of relative density and stress state on the cyclic behaviour
of this soil. Such a model is consistent and reveals a lower trend line when
compared to liquefiable sands with similar physical properties reported in the
literature, allowing a comparison between in situ and laboratory test results.
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Chapter 6

Improvement of liquefaction resistance
by induced partial saturation

The main content of this chapter has been published in Molina-Gómez F., Viana da Fon-
seca A., Ferreira C., and Caicedo B. (2023) ’Improvement of cyclic liquefaction resistance
induced by partial saturation: An interpretation using wave-based approaches’, Soil Dy-
namics and Earthquake Engineering, 167, p. 107819. doi:10.1016/j.soildyn.2023.107819
and Molina-Gómez F, Viana da Fonseca A, Ferreira C, Caicedo B.(2023) Experimental
Wave-Based Assessment of Liquefaction Resistance for Different Degrees of Saturation.
Geotechnical Testing Journal 46:968–85. https://doi.org/10.1520/GTJ20230299.

Moreover, another paper have been submitted for publication in Géotechnique: Molina-
Gómez, F. Ferreira C., Viana da Fonseca A., and Cascante, G. (2023) ’Use of seismic
wave velocities for improved evaluation of high degrees of saturation in sands using
bender elements’

6.1 Outline

This chapter presents the results of an experimental program carried out in the
laboratory to assess the liquefaction resistance of TP-Lisbon sand in partially satu-
rated conditions. The induced partial saturation was controlled by P-wave velocity
measurements, which were contrasted against theoretical predictions performed in
the light of Biot’s theory. The procedure for estimating the degree of saturation
using wave analysis is also described and validated herein. The results confirmed
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that inducing partial saturation increased the liquefaction resistance. However, the
findings revealed that, under the same relative density and confinement stress, the
S-wave-based approach did not accurately predict the liquefaction resistance because
of negligible variations in the stress state and soil stiffness at the examined degrees
of saturation. In turn, the P-wave-based approach effectively predicted the increase
in liquefaction resistance of TP-Lisbon sand for different degrees of saturation due
to its strong dependency on P-wave propagation in fluid-saturated granular me-
dia. This effect results from the most relevant factor conditioning the pore pressure
build-up in partially saturated sands, e.g., the compressibility of the occluded air
bubbles, which can be detected by the P-wave and not by the S-wave.

6.2 Assessment of degree of saturation by a novel wave-
based approach

The P-wave propagation is affected by the compressibility of porous fluid in the
granular media. This effect offers alternatives to estimate the degree of saturation
of sands by measuring the P-wave velocity. In the laboratory, such an estimation
is commonly carried out by Skempton’s B-value (Skempton, 1954). However, B-
value is not suitable in the field due to the limitations to ensuring the undrained
conditions during its measurement. An advanced method that combines the accurate
measurement of the degree of saturation and the P-wave velocity (VP ) during element
testing is proposed herein, providing a wave-based framework that can be applied
for monitoring the degree of saturation (Sr).

6.2.1 Experimental procedure for monitoring the degree of satura-
tion

In this research, a novel method for soil saturation is proposed. This procedure
mainly involves the monitoring of the degree of saturation by measuring the evolu-
tion of P-wave velocity (VP ) during testing. However, complementary measurements
of the pore pressure coefficient B or B-value (Skempton, 1954) were carried out.
Physically, P-wave propagates faster through the fluid than the particles contacts
(Astuto et al., 2023). Therefore, the presence of occluded air bubbles affects the
VP in porous fluid saturated media, as illustrated in Figure 6.1. Besides, an accu-
racy control of total and water volume changes was carried out by means of local
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Figure 6.1: Schematic representation of P-wave propagation in porous fluid satu-
rated media (Astuto et al., 2023)

instrumentation (Hall-Effect transducers) installed directly in the soil specimen (see
Figure 3.15) and an automatic volume change gauge.

A series of soil specimens of TP-Lisbon sand with 70 mm diameter and 140 mm
height were remoulded for relative densities (Dr) between 30% and 75% using the
air pluviation method (Yamashita et al., 2009). Before remoulding, the soil was
oven-dried to ensure Sr = 0% at the test beginning. All tests were carried out in a
triaxial cell equipped with piezoelectric transducers. These piezoelectric transducers
allow measuring the seismic wave velocities (i.e. VP and VS) through the Bender
Element (BE) test procedure proposed by Ferreira et al. (2021). The triaxial cell was
also instrumented with four Hall-Effect transducers –two to measure axial strains
and two to measure radial strains. The Hall-Effect transducers were selected since
its low weight (≈ 11 g), which is an advantage for the testing of loose sands. This
configuration allows accurately monitoring the volumetric strains of soil specimen
and void ratio changes during saturation process.

For soil saturation, the carbon dioxide method was implemented. This method was
selected since such an inert gas is denser, less compressible and more soluble in
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water than air. Therefore, the application of carbon dioxide ensures a complete
replacement of the air in the soil voids. The carbon dioxide was introduced after
the sample preparation under a low pressure (≈ 3 kPa) from the bottom drainage
line to the top drainage line. This configuration forced the air to circulate upwards
in the soil specimen until being expelled through an open tube in contact with
atmospheric pressure. This tube is open and submerged underwater for controlling
the bubbling velocity (e.g. one bubble per second). The flushing of the carbon
dioxide was carried out until achieving a minimum of one litre of the gas, which was
measured by displacing water in a bottle.

After the carbon dioxide flushing, deaired water is introduced by the bottom drainage
line, allowing the water movement through the soil specimen under a constant hy-
draulic gradient and pushing out the carbon dioxide through the top drainage line.
The water flushing covers the same connections of the carbon dioxide flushing. The
water flow is the result of differential pressures at the drainage inlets, which should
be reasonable to avoid the overconsolidation of the soil specimen (Viana da Fonseca
et al., 2021). During this process, the cell pressure must be higher than the pressure
applied internally at the bottom of the sample to ensure a positive effective confining
pressure (e.g., cell pressure ≈ 20 kPa, bottom backpressure ≈ 10 kPa and the top
at atmospheric pressure). To guarantee that the majority of the gas is flushed out,
the volume of percolated water should be equivalent to twice the estimated volume
of the voids (Soares, 2015).

The water of the soil specimen during the saturation phase was estimated by apply-
ing the mass equilibrium. Therefore, the measurement of water volume that flushed
through the soil specimen was conducted using an automatic volume change gauge.
The water that did not remain in the specimen was estimated by a graduated cylin-
der connected to the tube connected to the top drainage line, or by weighting the
collected water. The water also saturated the triaxial system (i.e. pore pressure
transducers, connections and tubes). Hence, the triaxial system volume was previ-
ously measured to obtain a reliable estimation of the water volume in the soil. The
difference between the total flow minus the triaxial system volume and the remaining
water is the water volume in the soil specimen until the end of this phase.

Occluded air bubbles may remain attached to the soil grains after carbon dioxide and
water flushing. Therefore, to achieve higher degrees of saturation, the backpressure
(BP) was gradually increased under a confinement pressure of about 10 kPa. VP was
measured during such increment every 50 kPa, e.g. BP equal to 0, 50, 100, 150, 200,
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250 and 300 kPa, and concurrently to VP measurements, B-value was estimated by
increasing the cell pressure (CP) by 30 kPa in undrained conditions. B-value was
used since this method is conventionally used to estimate Sr during triaxial testing.
Sr of the soil was systematically assessed by monitoring the void ratio changes and
water volume changes by the Hall-Effects transducers and the automatic volume
change gauge during all phases.

To obtain a reliable VP estimation, the axial and radial strains were monitored
during all saturation phases, that is, carbon dioxide flushing (1st phase), water
flushing (2nd phase) and backpressure increment (3rd phase) using the Hall-Effects
readings. These measurements were also used for estimating porosity (n) from void
ratio (e) derivations during testing by n = e/(1+e). Figure 6.2 shows the typical void
ratio changes (∆e) inferred from Hall-Effects readings. This Figure revealed a slight
positive increment in ∆e during the carbon dioxide flushing, which converged near
0 at the end of this phase. The maximum value in ∆e was detected in the water
flushing phase, corresponding to -0.0057. Such a value equalled a Dr change of
0.25%. During backpressure increment, ∆e reached a value of about -0.0059, which
was negligible. Therefore, significant axial and radial strains were not observed
along the saturation process, which may affect the initial state of the soil specimen
and the VP measurements.

0 50 100 150 200 250 300
-0.007

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0.000

0.001

Backpressure: kPa

V
ol
u
m
et
ri
c
st
ra
in
,
ε v
:
%

Carbon dioxide flushing

Water flushing

Pressure ramp increment

0 1st 2nd 3rd
-0.007

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0.000

0.001

Saturation phases

V
ol
u
m
et
ri
c
st
ra
in
,
ε v
:
%

a) b)

Figure 6.2: Void ratio changes inferred by Hall-Effects readings during saturation
process: a) typical measurements (soil specimen with Dr = 30%); b) variation of
void ratio change during saturation phases, i.e. 0 (specimen assembling), 1st (carbon
dioxide), 2nd water flusing and 3rd pressures increment

The soil was considered fully saturated for B-value and VP higher than 0.98 and
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near to 1500 m/s, respectively. All soil specimens reported the full saturation con-
dition at the end of testing. Hence, the evolution of the degree of saturation was
estimated based on the final water content (ωf ). To estimate ωf , the specimens were
carefully removed from the cell, avoiding possible loss of soil particles and water, as
suggested by Verdugo and Ishihara (1996). The end-of-test soil freezing technique
was not used in this study to avoid damage to the piezoelectric instruments. The
procedure proposed by Verdugo and Ishihara (1996) allows for a reliable and consis-
tent measurement of the void ratio after testing (ef ) based on ωf and by applying
the relation Sr · ef = Gs · ωf , where Sr is considered as 100% (Murthy et al., 2007;
Viana da Fonseca et al., 2021).

6.2.2 Interpretation of wave signals

The BE tests to assess the relationship between Sr and VP were carried out by
applying input sine-wave pulses with four frequencies (F ) between 25 and 100 kHz.
The use of various frequencies allowed minimising the uncertainty and subjectivity
associated with the interpretation of test results (Viana da Fonseca et al., 2009). The
input frequencies varied during the saturation process to obtain the best response
(or amplitude) for each Sr. On the other hand, measurements of S-wave velocity
(VS) were conducted by applying F of 2, 4, 6 and 8 kHz. All signals were interpreted
by the first arrival time method, which was common to all input frequencies for both
P- and S-waves (Figure 6.3).

Ferreira et al. (2021) demonstrated by laser measurements that input frequencies
higher than 20 kHz produced vertical and horizontal polarised displacements, gener-
ating P-wave in the fluid-saturated granular media during BE tests. The simultane-
ous movements are due to the surrounding confinement and element inertia, which
induce both perpendicular and parallel distortions that are propagated through the
soil specimen. Hence, the generation of P-wave in granular media can be carried
out without using other configurations or piezoelectric transducers, such as extender
elements or compressional plates. Notwithstanding, in fully saturated conditions or
near to full saturation, P-wave was observed for frequencies lower than 20 kHz, such
as 8 kHz. The P-wave generated during BE testing exhibited lower amplitudes than
S-wave (Viana da Fonseca et al., 2009).

Figure 6.3 presents the typical results of BE test using four input frequencies in-
terpreted in both time and frequency domains. From Figures 6.3a and 6.3c, it can
be observed a convergence of the arrival time in all F , for both P- and S-waves,
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Figure 6.3: Interpretation of typical signals: a) P-wave analysis in the time-domain;
a) P-wave analysis in the frequency-domain; c) S-wave analysis in the time-domain;
d) S-wave analysis in the frequency-domain

validating the selection of the wave propagation travel time (tt). Hence, based on
these results, the wave velocity of each specimen was determined by computing the
ratio between the BE tip-to-tip distance (Ltt) and the tt (Viggiani and Atkinson,
1995). The frequency-domain analysis showed that peak frequency is in between 38
kHz and 41 kHz. Besides, the frequency-domain analysis revealed that the system
response is not dependent on the excitation generated during BE testing since the
frequency spectra presented similar tendencies in Figures 6.3b and 6.3d. This ten-
dency indicated that wave propagation is transmitted through the fluid-saturated
granular media.

In this study, Biot’s wave was not detected due to the energy dissipation caused by
the air damping present in partially saturated soils. This effect is consistent with
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the rapid attenuation of such a wave-type observed by Nakagawa et al. (1997) in
granular soils since the energy of Biot’s wave is lower than the energy of both P-
and S-waves. On the other hand, the analysis of VP is not affected by Biot’s wave
since the first arrival time of P-wave is faster than the appearance of Biot’s wave,
independently of the degree of saturation (Astuto et al., 2023).

Before starting the experimental program, calibration tests were carried out to mea-
sure the VP of water. For this purpose, the triaxial cell was filled with deaired and
distilled water, which is the same water used for the tests of the present study. Af-
terwards, 300 kPa pressure was gradually applied to replicate a similar backpressure
environment of soil specimens at fully saturated conditions. The average tempera-
ture of the water during testing was 23◦ C. On the other hand, the top-cap was fixed
at 137 mm height to simulate the travel length propagation of a soil specimen during
the saturation process. Figure 6.4 shows a constant P-wave arrival time (≈ 92.5µs),
corresponding to a VP = 1475 m/s. This result is compatible with the theoretical
value reported by Santamarina et al. (2001) of 1482 m/s. The minor difference be-
tween experimental result and theoretical value was attributed to some remained
pollutants in the water after the distilling process. Moreover, near-field effects and
S-wave presence were not observed during the assessment of P-wave propagation
tests on the water (see Figure 6.4).
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Figure 6.4: P-wave propagation in water

Figure 6.5 presents the typical P-wave signals for different degrees of saturation,



6.2 Assessment of degree of saturation by a novel wave-based approach 153

using an input frequency (F ) of 40 kHz, which corresponds to a value near to the
peak frequency of the system (identified in Figure 6.3b). Moreover, from Figure 6.5,
it can be observed that the wave propagation time decreased with the Sr increased.
These results confirmed the effects of Sr on VP ; that is, the P-wave is faster in
fully saturated conditions than in partially saturated conditions, which is consistent
with the findings reported by Emerson and Foray (2006); Kumar and Madhusudhan
(2012); Kim et al. (2021). In the Sr range of 97% and 100%, P-wave propagation
time reduced by about 15 µs on each Sr increment of 1%. Therefore, the experi-
mental results of this study demonstrated the high sensitivity and accuracy of VP

in detecting the evolution and small changes of Sr in partially saturated soils.

0 50 100 150 200 250 300 350

Sr = 100%

Sr = 99%

Sr = 98%

Sr = 97%

Sr = 95%

Sr = 94%

Sr = 89%

Sr = 72%

Time, t: µs

N
or
m
al
is
ed

v
ol
ta
g
e
am

p
li
tu
d
e

Input signal Output signal Arrival time

Figure 6.5: P-wave propagation for different degrees of saturation —BE tests carried
out for Dr = 30% and using 40 kHz input frequency
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6.2.3 Analysis of elastic waves evolution in fluid saturated granular
media

In the laboratory, the full saturation condition of the soil is conventionally validated
by measuring the B-value (Yang, 2002; Leong and Cheng, 2016). Hence, in this
study, the relationship between concurrent measures of VP and B-value was evalu-
ated to correlate these parameters during the saturation process. All measurements
of VP presents such a relationship for different Dr in TP-Lisbon sand. From Figure
6.6, it can be observed a parallel evolution of VP as a function of B-value for all
Dr, indicating an effect of Dr on such relationship, where the higher values of VP

measurements for denser specimens.
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Figure 6.6: Relationship between B-value and VP

Figure 6.6 compares experimental data against the theoretical model proposed by
Yang (2002) based on the poroelastic media theory. This comparison shows that
experimental results did not match the theoretical predictions for B-value between
0 and 0.75. Such a divergence was also observed for B-value between 0.60 and 0.90
by Tamura et al. (2002); Gu et al. (2021); Astuto et al. (2023). Notwithstanding, VP

in all tests increased and converged to a constant value near 1530 m/s. This value
was identified in B-values from 0.97 to 1.00, confirming the full saturation condition
of the soil in all Dr.

The differences between experimental results and theoretical predictions observed
in Figure 6.6 were attributed to volumetric strains (εv) induced during the B-value
tests. According to Skempton (1954), a reliable assessment of the B-value considers
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Figure 6.7: Volumetric strains reported during B-value measurements

that the soil specimen should not report volumetric strains during its measurement.
Hence, εv may occur due to the presence of occluded air bubbles in the water, which
reduce the bulk modulus of the pore fluid (Kf ), affecting the pore pressure build-up
during B-value testing for different Dr. Figure 6.7 presents the εv measured by the
Hall-Effect readings during the B-value testing, showing that the soil experienced
volumetric changes for B-value results lower than 0.90, validating that the volumet-
ric strains affected the pore pressure build-up during B-value testing in partially
saturated conditions.

Figure 6.8 shows the evolution of VP as a function of the degree of saturation. The
results in this figure reveal an effect of Dr on P-wave propagation during satura-
tion since the VP curves shifted up as Dr increased. On the other hand, Figure
6.8 compares experimental data against theoretical predictions performed based on
Biot’s theory (Biot, 1956a,b). For this purpose, VS measurements carried out in
dry conditions, after soil remoulding, were used for estimating the initial soil stiff-
ness. Poisson’s ratio (ν) was computed by combining the results of VP and VS

reported during the saturation process. Besides, Kg = 3.5 × 109 kPa were adopted,
as suggested by Santamarina et al. (2005); Kumar and Madhusudhan (2012).Such
computations involved the bulk modulus of liquid (water) and gas (carbon dioxide),
corresponding to the soil state before the backpressure increment. The bulk modulus
of carbon dioxide was KCO2 = 0.16 × 106 kPa (Adam and Otheim, 2013).

The comparison between experimental data and theoretical predictions showed that
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Figure 6.8: P-wave propagation for different degrees of saturation.

results agree well with the theoretical model of the tested Dr. On the other hand,
it can be observed differences between VP results from Sr = 0% until Sr = 75%
obtained for different values of Dr, indicating that VP is higher for Dr = 50%
in a such Sr range. For Sr > 75%, partially and fully saturated conditions, VP

suddenly increased until converging in values of about 1500 m/s for Sr > 99.99%
—higher values than VP in the water (1482 m/s). Such changes were attributed to
the effects of occluded air bubbles on the propagation of P-Wave, which reduced the
volumetric compressibility of the fluid in the granular medium (Leong and Cheng,
2016; Gu et al., 2021). Tamura et al. (2002) observed that bigger occluded air
bubbles caused lower Sr. However, these authors recommend increasing the back-
pressure to eliminate the occluded air bubbles and, thus, ensure the full saturation
condition. Therefore, these findings demonstrated the sensitivity of VP on predicting
Sr in partially saturated sands.

6.3 Liquefaction resistance assessment in partially sat-
urated conditions

Studies carried out by numerous authors (Yang et al., 2004; Mele et al., 2019; Baner-
jee et al., 2022; Mele et al., 2022) in sandy soils showed that the cyclic resistance ratio
(CRR) increases by decreasing the degree of saturation (Sr). Saturated sands sub-
jected to cyclic loading in undrained conditions do not present volumetric changes.
The cyclic loading is transmitted to the fluid, causing a pore pressure build-up
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and the loss of grain-to-grain contacts. In contrast, in partially saturated sands,
the volume changes due to the compressibility of gas/air, reducing the pore pres-
sure build-up during loading and thus increasing the liquefaction resistance of the
soil. Hence, the mechanism associated with the increase in the cyclic liquefaction
resistance in partially saturated sands is related to fluid compressibility since the
bulk modulus of the fluid decreases significantly in the presence of occluded air
bubbles.

Therefore, the techniques for inducing partial saturation of soils are considered one
of the most innovative, adequate and promising for enhancing liquefaction resis-
tance. A reduction in Sr from 100 to 98% can increase the liquefaction resistance
by 30% (Mele et al., 2019). Notwithstanding, this performance may depend on the
intrinsic physical properties and the relative density of each soil. The induced par-
tial saturation techniques (IPS) rely on the generation of gas/air in the soil pores
by different methods, such as water electrolysis (Yegian et al., 2007; Zhang et al.,
2020), air injection (Okamura et al., 2011; Zeybek and Madabhushi, 2017), chemical
desaturation (Eseller-Bayat et al., 2013; Zeybek, 2022), and microbial desaturation
(Rebata-Landa and Santamarina, 2012; He et al., 2013).

An experimental program comprising an extensive number of CTx and BE tests
(more than 30) was carried out to assess the improvement of cyclic liquefaction re-
sistance induced by partial saturation. All tests were conducted under p′

0 = 50 kPa
and relative densities of 30% and 50%, both in with a tolerance of ±3%. In such set
of CTx tests, the Sr was changed to assess the effect of the induced partial satu-
ration on the liquefaction resistance of TP-Lisbon sand. The CTx tests carried out
in partially saturated conditions analysed in this section conditions are contrasted
against the CTx tests carried out in fully saturated conditions presented in Chap-
ter 5 for each Dr. The induction of partial saturation was carried out using the
procedure described in Section 6.2.1.

The Sr values were selected based on the soil-water characteristic curve (SWCC) in
Figure 6.9. The SWCC was estimated by combining results from a Pressure Plate
Apparatus (PPA) and Suction Plates Method (SPM), as suggested in the standard
D6836 (ASTM International, 206). PPA tests comprised the preparation of four
soil specimens into four rigid stainless-steel rings using the same remolding method
implemented for CTx testing. The soil specimens were placed in the pressuring
chamber over a high air-entry ceramic disk. Subsequently, the soil specimens were
tested using constant pressures (e.g. 1, 2, 5, 10, 20, 30, 50, 100, 200, 400, 600
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Figure 6.9: Soil-water characteristic curve of TP-Lisbon sand: a) Dr = 30%; b)
Dr = 50%

and 700 kPa) for seven days to achieve the equilibrium between soil water and air
pressure.

For the case of the SPM tests, two funnels containing a high air-entry ceramic disk
were used. The funnels were positioned at different heights to ensure a fixed water
height (e.g. 10, 15, 17, 18, 20, 25, 30, 40, 50, and 100 cm). These different testing
heights induced different suctions, which effectively complement the PPA results
(Caicedo, 2019). All samples were prepared for a relative density of 30 ± 2% and
50±2% by computing the soil weight for the volume of the rigid stainless-steel rings
and funnels for PPA and SPM, respectively. This procedure was applied for each
pressure increment according to standard D6836 (ASTM International, 206). After
testing, the samples were weighed and oven-dried to measure the water content at
the end of each suction stage.

Experimental data were contrasted against the theoretical model proposed by Fred-
lund and Xing (1994) to the describe soil-water characteristic curve (SWCC). Equa-
tion 6.1 describes the model of SWCC:

θw = θsln
exp +

(
Ψ
a

)b
c (6.1)

where θw = (Sr · ω · Gs)/(Sr + ω · Gs) is the volumetric water content, θs is the



6.3 Liquefaction resistance assessment in partially saturated conditions 159

saturated water content; exp is the Euler’s number (≈ 2.71828); Ψ is the applied
suction; and a, b and c are fitting parameters. Table 6.1 presents the values of the
parameters defining the SWCC curve of TP-Lisbon sand for Dr equal to 30% and
50%. Based on the analysis of SWCC, it was found that the air-entry value for
TP-Lisbon sand is about 1.5 kPa, which corresponds to θw ± 41% (equivalent to
Sr± 80%. Therefore, from these results, it can be concluded that the Psi effects on
the cyclic behaviour can be considered negligible for Sr > 80%. In such a Sr range,
located above the air-entry value, granular soils comprise only two phases (i.e., solid
and liquid), ensuring a soil state with a continuous liquid phase, where the gas is
present in the liquid as occluded air bubbles.

Table 6.1: Parameters defining the soil water characteristic curve of TP-Lisbon for
different relative densities

Parameter Dr = 30% Dr = 50%
θs (%) 47.31 45.27
a 1.97 2.11
b 5.08 5.79
c 1.24 1.21

The occluded air bubbles do not generate suction in the soil but decrease the volu-
metric compressibility of the pore fluid, as observed by Okamura and Soga (2006);
Zeybek (2022). Therefore, the increase in liquefaction resistance of TP-Lisbon sand
for Sr higher than 80% can be attributed to the reduction of fluid compressibility
(Kf ) rather than Ψ. The Sr of all tests were monitored through VP measurements
during the back-pressure increment, as described in Section 6.2.1.

The VP measurements were contrasted against a theoretical model based on the wave
propagation equations proposed by Biot (1956a,b). According to Biot’s theory, in
fluid-saturated granular media, the P-wave propagation evolves with the variation
of Sr due to the changes in the volumetric compressibility of pore fluid. Therefore,
P-wave tends to be faster as Sr increases, reporting VP values above 1500 m/s for
fully saturated conditions. Negligible effects of stress-state on P-wave propagation
were identified due to the slight changes in VP between the end of the backpressure
increment and consolidation phases. Figure 6.10 presents the results of BE test for
different Sr.

Figure 6.11 shows the results of the seismic wave velocities (VP and VS) as a function
of Sr before cyclic loading. All Sr values were confirmed using the end-of-test
procedure described in Section 3.4.2. The wave velocity values were measured under
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Figure 6.10: Typical signals of wave propagation (p′ = 50 kPa and Dr ≈ 30%):
a) P-wave for Sr = 100%; b) S-wave for Sr = 100%; c) P-wave for Sr = 96%; d)
S-wave for Sr = 96%; e) P-wave for Sr = 91%; f) S-wave for Sr = 91%
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Figure 6.11: Relationship between degree of saturation and wave velocities: a) tests
with Dr ± 30%; b) tests with Dr ± 50%

p′ = 50 kPa. From Figure 6.11, it can be observed that VS tends to be constant at
167 ± 7 m/s irrespective of the Sr. This effect can be attributed to the fact that,
for Sr above 80%, the stress-state is constant, thus the stiffness of TP-Lisbon sand
is unaltered. Moreover, experimental results of the Sr and VP relationship fitted
well with the theoretical predictions obtained by applying Biot’s theory, providing
a solid framework for estimate Sr during testing. The data trend agrees well with
the results presented by Eseller-Bayat et al. (2013). Based on the results of the
approach presented in Figure 6.11, Sr between 82% and 100% were grouped to
cover the partially and fully saturated ranges of TP-Lisbon sand for each Dr. These
values were selected considering a mean value ± 3% for each Sr group.

Figure 6.12 contrasts the cyclic behaviour reported for three CTx tests with dif-
ferent Sr. Results of Figure 6.12 were obtained from CTx conducted for similar
conditions of cyclic loading, that is, CSRCTx = q

2p′
0

between 0.152 and 0.158, indi-
cating important differences in cyclic behaviour can be observed for Sr of 100%, 96%
and 91%. In addition, Figure 6.12 reveals that the test conducted for Sr = 91%
exhibited lower axial strains (εa) than the other compared tests, whereas the re-
sults in fully saturated conditions showed the highest deformation after liquefaction
onset. This behaviour suggested that the induction of partial saturation reduced
the liquefaction-induced deformations, as also observed by Zeybek and Madabhushi
(2017). However, large deformations represented by εa > 5%) were observed in all
CTx tests after liquefaction onset despite the Sr of the test.
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Figure 6.12: Cyclic behaviour for different degrees of saturation —typical CTx re-
sults for Dr ± 30%: a) Sr = 100%; b) a) Sr = 96%; c) Sr = 91%

Figure 6.12 also shows that the pore pressure coefficient (ru = ∆u/p′
0) reached

values higher than 0.99, even for the partially saturated specimens. Hence, in this
study, the liquefaction onset for fully and partially saturated CTx tests was identified
using the ru criterion. The results in Figure 6.12 clearly reveal that the liquefaction
resistance increased with the decrease of Sr. The improvement of cyclic liquefaction
resistance induced by partial saturation was attributed to occluded air bubbles in
the pore-fluid, which reduced the pore pressure build-up, as observed by Yegian et al.
(2007). A comparison between CTx tests with very similar CSRCTx indicated that a
reduction in Sr by 4% tripled the number of cycles for liquefaction onset. Likewise,
a decrease of Sr by 9% significantly increased the liquefaction resistance from 2
cycles to 58 cycles. Although the increment in the number of cycles to liquefaction
onset (NL) was evident, it was not possible to define a clear relationship between
NL and Sr for very similar CSR. This effect will be quantified bellow.
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Figure 6.13 shows the liquefaction resistance curves obtained for different degrees
of saturation (Sr). The degrees of saturation evaluated in this study included the
full saturation condition (i.e., Sr = 100%) and Sr of 97%, 95%, 91%, 86%, 82%.
Experimental data allowed defining the liquefaction resistance curves (LRC) of each
Sr. The LRC exhibited a linear trend in the CSR : logNL space, which followed a
power law. Table 6.2 summarises the average results of CTx and BE tests per Sr,
including LRC, wave velocities (VP and VS) and Poisson’s ratio (ν) representative
for all Sr. From Figure 6.13 and and also from the derived exponents of the power
laws in Table 6.2, it can be observed that the liquefaction resistance curves for dif-
ferent degrees of saturation are nearly parallel. As expected, the lowest position
corresponds to the results for Sr = 100%, as also observed in studies carried out
in fine poorly-graded sands (Banerjee et al., 2022; Mele et al., 2022). These re-
sults validated the improvement of cyclic liquefaction resistance induced by partial
saturation.
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Figure 6.13: Liquefaction resistance curves for different Sr: a) test results under
Dr ± 30%; b) test results under Dr ± 50%

Based on the observed parallel tendencies within the cyclic liquefaction resistance
curves of TP-Lisbon sand for the testing conditions addressed in this study, a series
of correlations between the intercept coefficient (a) and degree of saturation Sr

were estimated to describe the evolution of liquefaction resistance with the change
in Sr. Figure 6.14 presents the results of such an analysis. This figure reveals a
good fitting between the a) and Sr for the two relative densities (Dr) investigated
in the CTx testing. In Figure 6.14, it can be observed that the results with higher
Dr are positioned at elevated points, confirming that the liquefaction resistance
increases with the increment in Dr, as also observed by Giretti et al. (2018). Table
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Table 6.2: Summary of average CTx and BE test results

Dr Sr Liquefaction resistance curve VP VS V p

V s
ν(%) (%) (m/s) (m/s)

±30

100 CSRCTx = 0.174(NL)−0.114 1521 165 9.22 0.4949
97 CSRCTx = 0.179(NL)−0.101 1187 162 7.33 0.4908
95 CSRCTx = 0.189(NL)−0.101 803 172 4.67 0.4765
91 CSRCTx = 0.229(NL)−0.113 562 167 3.37 0.4518
86 CSRCTx = 0.266(NL)−0.089 470 164 2.87 0.4319
82 CSRCTx = 0.322(NL)−0.085 382 169 2.26 0.3783

±50

100 CSRCTx = 0.202(NL)−0.108 1532 182 8.42 0.4952
95 CSRCTx = 0.234(NL)−0.101 723 184 4.12 0.4653
93 CSRCTx = 0.259(NL)−0.096 641 183 3.51 0.4546
90 CSRCTx = 0.325(NL)−0.108 541 187 2.87 0.4318

6.3 presents the models with the best fitting describing the relationships between
the intercept coefficient and degree of saturation.
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Figure 6.14: Relationships between intercept coefficient and degree of saturation

Table 6.3: Best fitting between intercept coefficient and degree of saturations

Sand Dr (%) Best fitting

TP-Lisbon 30 a = (3.7 × 105)Sr−3.172

50 a = (6.0 × 108)Sr−4.735

The results in Figure 6.14 and Table 6.3 confirm the relation between the evolution
of cyclic strength curves with Sr. However, the results representation of Figure
6.14 does not quantitatively characterise the liquefaction resistance improvement
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provided by IPS. In order to address this limitation, the CTx and BE test results
will be subjected to further interpretation in the next section, utilising an approach
that allows a better characterisation of the liquefaction resistance increment of TP-
Lisbon sand.

6.4 Analysis of liquefaction resistance improvement by
wave-based approaches

The liquefaction resistance can be correlated with elastic wave velocities (Andrus
and Stokoe, 2000; Tsukamoto et al., 2002; Zhou and Chen, 2007; Hossain et al., 2013;
Kayen et al., 2013; Porcino and Tomasello, 2019; Kiyota et al., 2019). Therefore,
the application of wave-based approaches provides alternative methods to assess the
improvement of cyclic liquefaction induced by partial saturation. For this purpose,
two methods were implemented in this study. The first method correlates the cyclic
stress ratio with VS measurements (CEN, 2010). CSR covered the CTx results
referred in Figure 6.13 for each Sr. The second method correlates the liquefaction
resistance ratio (LRR) with VP measurements. The LRR was estimated by:

LRR = CSRpart

CSRsat
(6.2)

where CSRpart is the cyclic stress ratio in partially saturated conditions, and CSRsat

is the cyclic stress ratio in fully saturated conditions. These values were estimated
by replacing NL in the liquefaction resistance curve the ratio between the CSR for
each Sr over the CSR for fully saturated conditions (i.e. Sr = 100%).

The analysis of liquefaction resistance involving the correlation between CRR20 and
VS was carried out by applying a VS normalisation in terms of the overburden stress,
as follows:

VS1 = VS

(
Pa
p′

0

)0.25

(6.3)

where VS1 represents the overburden stress-corrected S-wave velocity; and Pa is the
atmospheric pressure, typically 100 kPa.

The experimental results were contrasted against models reported in the literature,
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namely Andrus and Stokoe (2000); Zhou and Chen (2007); Kayen et al. (2013). All
estimations were performed for sands with FC lower than 5% and considering an
earthquake magnitude of Mw = 7.5, which corresponds to the local seismic action
type 1 of Lisbon (CEN, 2010). Figure 6.15 presents the results of the correlation
between CSRCTx and VS1 of TP-Lisbon sand. This figure includes the experimental
results for the studied Sr and the boundaries of liquefaction and non-liquefaction
for clean sands reported in the literature (Andrus and Stokoe, 2000; Zhou and Chen,
2007; Kayen et al., 2013).

The results of Figure 6.15 indicate that CSRCTx increased with the decrease in
Sr for similar VS1 (near the threshold value of 200 m/s). Besides, from Figure
6.15, it can be observed that the CSRCTx fitted with all liquefaction boundaries
for Sr ≤ 90%. On the contrary, the comparison between the boundaries and the
experimental results for Sr > 91% are not suitable to assess the improvement of
liquefaction resistance induced by partial saturation of TP-Lisbon sand. Therefore,
the correlation between CSRCTx and VS1 did not describe well the improvement of
cyclic liquefaction resistance induced by partial saturation since VS is not affected by
the changes in Sr, especially for partially saturated conditions, above the air-entry
value.

Studies developed by Yoshimi et al. (1989); Ishihara et al. (2001); Tsukamoto et al.
(2002); Yang et al. (2004) have recognised that the use of VP allows for a more suit-
able quantification of liquefaction resistance increase by inducing partial saturation
than VS. Such recommendation was attributed to the fact that VS is more sensitive
to suction, which changes the stress state of soils, than to the compressibility of pore-
fluid –a fundamental component for the generation of the pore pressure build-up in
sandy soils. Hence, an approach based on the liquefaction resistance ratio (LRR)
was applied to describe the liquefaction resistance for different Sr as a function of
VP . The LRR was estimated by computing the ratio between the CSRCTx applied
during CTx testing in partially saturated conditions and the CSRCTx derived for fully
saturated conditions using the CSRCTx derived from experimental results reported
in Table 2.3), where NL corresponds to the number of cycles to liquefaction mea-
sured in the partially saturated CTx tests. Hence, the normalised cyclic strength for
partially saturated tests tends to yield values higher than one. Figure 6.16 presents
the variation of LRR as a function of VP . The results of Figure 6.16 show an in-
crement in LRR with the decreasing of VP (an indicator of Sr), demonstrating the
suitability of this approach in predicting and quantifying the performance of IPS in
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Figure 6.15: CSRCTx : V s1 relationship for different Sr: a) test results under Dr ±
30%; b) test results under Dr ± 50%
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the liquefaction resistance improvement.

The results of P-wave-based approach allow a better quantification of the improve-
ment of liquefaction resistance by inducing partial saturation than VS since P-wave
propagation depends on the compressibility of pore-fluid in sands. Hence, an ap-
proach to assess the liquefaction resistance as a function of VP was applied to analyse
the improvement induced by varying the degree of saturation. Figure 6.17 presents
the relationship between LRR20 and VP for TP-Lisbon sand and other Japanese liq-
uefiable sands (namely Koshigaya, Niigata and Toyoura sands), and compares the
experimental data against a non-linear regression model proposed by Hossain et al.
(2013):

LRR20 = 0.95 + exp[2−1.95 ln (VP /100−1.3)] (6.4)

The non-linear model of Equation 6.4 was obtained with a correlation coefficient of
0.85 for a confidence interval of 95%. Notwithstanding, this model was limited for VP

until 1400 m/s since the authors indicated that more complex regression equations
are required to describe LRR20, considering LRR20 = 1 for V p > 1400 m/s. Since
the model proposed by Hossain et al. (2013) was obtained by a non-linear regression
correlation, it was adapted for the experimental data of TP-Lisbon sand, reporting
a correlation coefficient of 0.97. Equation 6.5 describes the LRR20 : V p relationship
proposed herein. Nevertheless, Equation 6.5 was limited for VP < 1480 m/s due to
VP results higher of such a value corresponds to fully saturated conditions, where
the P-wave is propagated through the water, as demonstrated in Figure 6.17, where
for VP values higher than 1480 m/s, LRR20 is 1.

LRR20 = 0.97 + exp[1.9−2.1 ln (VP /100−1.3)] (6.5)

The results of Figure 6.17 exhibit a good agreement between experimental data and
non-linear models, showing minor differences between the model proposed in this
study and the model proposed by Hossain et al. (2013). Therefore, these comparisons
have demonstrated that the P-wave-based approach provided a reliable estimation
of the liquefaction resistance improvement induced by partial saturation of TP-
Lisbon sand. However, studies carried out by numerous authors Kiyota et al. (2019);
Porcino and Tomasello (2019); Viana da Fonseca et al. (2015) have demonstrated
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Figure 6.16: Liquefaction resistance ratio as a function of VP for different Sr in
TP-Lisbon sand: a) test results under Dr ± 30%; b) test results under Dr ± 50%
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Figure 6.17: Normalised cyclic strength ratio as a function of VP

that liquefaction resistance is highly affected by Dr. In this case and under the
same confinement, the liquefaction resistance of dense sands is higher than loose
sands, as demonstrated in Figure 5.8. The effect of Dr on soil behaviour can be
described by the VS of the soil (Yamashita et al., 2009). Hence, a model based on
the algebraic manipulation of Biot’s theory for describing the relationship between
LRR20 and V p/V s is proposed in Equation 6.6.

LRR20 = exp

 α ·R(
VP

VS

)2
+ 4

3

 (6.6)

where α is the ratio between VP and VS in dry conditions; and R is a parameter
dependent on the Poisson’s ratio, ν, in dry conditions using (Yang et al., 2004):

R = 2(1 + ν)
3(1 − 2ν) (6.7)

In this study, the ν value in dry conditions was computed using a relation between
wave velocities (see Equation 2.29), where the values of VP and VS were estimated
utilising their stress-dependency law referred in Table 4.5. Figure 6.18 shows the
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results of the LRR20 : VP/VS relationship for TP-Lisbon sand and the liquefiable
Japanese sands to validate the model proposed in Equation 6.2. The R parameter
and ν values for TP-Lisbon sand were obtained from the BE test results reported in
Figure 4.24. For the case of the liquefible Japanese sands, these values were obtained
by analysing the results reported by Ishihara et al. (2001); Tsukamoto et al. (2002);
Nakazawa et al. (2004). Besides, this figure compares all experimental data against
the regression curve by Hossain et al. (2013).

Figure 6.18 reveals that this approach is suitable for analysing and quantifying
the improvement of cyclic liquefaction resistance induced by partial saturation in
different sands. The model expressed in Equation 6.6 provided a reliable liquefaction
resistance assessment of partially saturated sands, which was validated by the good
agreement between experimental data and the results of the model computation.
This agreement can be attributed to the incorporation of the effects of degree of
saturation and small-strain stiffness on liquefaction resistance by integrating both
VP and VS. The application of this wave-based approach indicated that it is suitable
for different Dr, as demonstrated by examining the data of Toyoura sand.
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Figure 6.18: LRR20 : VP relationship for different liquefiable soils: a) TP-Lisbon
sand –Dr = 30%; b) TP-Lisbon sand –Dr = 50%; c) Koshigaya sand; d) Niigata
sand; e) Toyoura sand –Dr = 40%; f) Toyoura sand –Dr = 70%
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6.5 Key findings

This chapter presented the results of a series of cyclic triaxial tests of TP-Lisbon
sand in partially saturated conditions. The degree of saturation was monitored by
P-wave measurements and interpreted in the light of wave propagation theory in
fluid-saturated media (Biot, 1956a,b). The experimental results indicate that the
liquefaction resistance of TP-Lisbon sand increases as the degree of saturation de-
creases. The wave-based approaches estimated the liquefaction resistance improve-
ment. From the obtained results, the following findings can be drawn:

• The measurement of VP allows for a more accurate estimation of the Sr during
element testing, mainly in partially saturated conditions of the soil (i.e. Sr >
75%) than B-value measurements. These differences are attributed to the
effects of the volumetric compressibility of the fluid on the propagation of P-
wave in granular media and pore pressure build-up. These factors are highly
affected by occluded air bubbles, as validated by theoretical predictions derived
from applying the wave propagation theory of fluid-saturated media (Biot,
1956a,b).

• Cyclic triaxial tests showed that the liquefaction resistance of TP-Lisbon in-
creases with the decrease in Sr. The liquefaction resistance curves outlined
for the examined Sr exhibited parallel trends, where the lowest position was
observed for Sr = 100%. Despite the different Sr, all tests reported pore pres-
sure coefficients higher than 0.99. These coefficients demonstrated that the
liquefaction onset in partially saturated sands is triggered by pore pressure
build-up rather than accumulated strains. However, differences in axial strain
were observed for the examined Sr, showing that the highest strains obtained
for the tests in fully saturated conditions.

• The analysis of shear wave velocities before cyclic loading revealed that this
parameter is unsuitable for the liquefaction resistance assessment when vary-
ing the degree of saturation. Despite the increment in CSR to trigger lique-
faction in partially saturated sands, the experimental data corresponding to
the critical condition for earthquake-induced liquefaction (NL < 20) did not
match the theoretical boundary proposed by Andrus and Stokoe (2000) for Sr
above 88%. These effects have been attributed to the presence of occluded air
bubbles in the pore-fluid, which the VS cannot realistically detect. However,
for a degree of saturation of 100% and different relative densities, the S-wave
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approach showed a good agreement with experimental data. Such an agree-
ment was attributed to the capacity of S-wave velocity to detect the changes
in porosity and initial soil stiffness, which complement the characterisation of
liquefaction resistance by estimating the soil state.

• In turn, the liquefaction resistance ratio as a function of P-wave velocity pro-
vided a reliable approach to describe the increase of liquefaction resistance by
varying the degree of saturation. Hence, this approach is considered appropri-
ate for comparing the liquefaction resistance at different degrees of saturation.
The experimental results fit well with a non-linear regression model. This
model indicates that, for VP lower than 1400 m/s, corresponding to degrees
of saturation below 98%, the liquefaction resistance of TP-Lisbon sand can
be effectively increased. In turn, for VP lower than 600 m/s, the liquefaction
resistance ratio of TP-Lisbon sand increased sharply, achieving values that
doubled the liquefaction resistance in fully saturated conditions.



Chapter 7

Site response of TP-Lisbon sand for
different Sr by centrifuge testing

A version with the main content of this chapter has been submitted for publication to
Journal of Geotechnical and Geoenvironmental Engineering : Molina-Gómez, F.; Caicedo,
B; Monroy, J.; Carrrilho Gomes, R.; Viana da Fonseca A. Site response assessment of
shallow sandy soil deposits with different degrees of saturation by centrifuge tests.

7.1 Outline

This chapter presents the results of an experimental program focused on analysing
the site response of shallow sandy soil deposits with different degrees of saturation
using a novel testing approach. The partial saturation was induced by desaturating
the soil using the suction plates method. The approach integrates a micro shaking
table and geotechnical centrifuge apparatuses to induce a series of in-flight cyclic
loading with a wide frequency range using a micro shaking table. The soil samples
were tested in a laminar box, which deforms laterally at very low friction, accurately
replicating the seismic motion during testing. The approach introduced herein al-
lows estimating the amplification factor spectra for Peak Ground Acceleration and
volumetric strains of the soil for various depths with different degrees of saturation
— including the dry, partially and fully saturated conditions. In turn, the results
revealed important effects of the degree of saturation on the frequency amplification
spectrum relevant to the performance and design of geotechnical structures.

175
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7.2 Features of site response in partially saturated sands
Earthquakes generate seismic waves in the bedrock, propagating through the soil
deposit until the ground surface. The composition and distribution of the soil deposit
(i.e. layering) influence the free-field seismic response since the distortion generated
in the bedrock can be altered in terms of intensity, frequency content and duration as
it travels through the overlaying soil (Rayhani and El Naggar, 2008). This transition
is commonly evaluated using ‘site response analysis’, which is fundamental in the
soil-structure systems assessment. Therefore, local site conditions (i.e. soil stiffness,
damping, relative density, unit weight and plasticity) have important effects on the
site response (Borcherdt, 1994; Afacan et al., 2014; Quintero et al., 2023).

The degree of saturation (Sr) affects the site response since it affects the wave
propagation, whether the soil is fully saturated, partially saturated, unsaturated or
dry (Leong and Cheng, 2016; Gu et al., 2021). These effects can be attributed to
variations in the stress state caused by inter-particle suction and changes in soil com-
pressibility for different Sr, affecting the stiffness and damping of the soil (Kumar
and Madhusudhan, 2012; Hoyos et al., 2015). As a result, seismic wave propagation
mechanisms may vary along partially saturated soil layers, leading to a different
site response (Yang and Sato, 2001; Ghayoomi et al., 2011). Although the differ-
ences in soil behaviour under various degrees of saturation regarding cyclic response
have been identified through element testing, only a few studies have addressed the
differences in site response for different degrees of saturation (Sr).

Partial saturation in sandy soils with low range suction level (e.g. Ψ < 10 kPa)
resulted in higher amplifications, while in silty soils with high suction range (e.g.
Ψ > 70 kPa), the partial saturation led to a lower amplification and lateral deforma-
tions in comparison with those of dry soil layers (Mirshekari and Ghayoomi, 2017).
Besides, Sr affects the natural frequency and Peak Ground Acceleration (PGA) in
soil layers composed of granular materials subjected to earthquake loading (Yang,
2006). Sr also influence the settlements on the ground surface, as observed by
Ghayoomi et al. (2013); Zeybek and Madabhushi (2020). These authors conducted
a series of centrifuge testing in F75 Ottawa sand and Huston HN31 sand, respec-
tively, to assess the earthquake-induced settlement under diverse Sr. These authors
identified that the larger surface settlement occurred in the middle range of studied
Sr.
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Therefore, there is an influence of Sr on the site response of sandy soil deposits.
However, these effects have yet to be studied in detail due to a lack of in situ
data and limited experimental capabilities to evaluate site response under these
specific conditions. This chapter describes the development of a new experimental
approach to characterise the site response of a sandy soil deposit representative of
the Terreiro do Paço site under different Sr conditions. The approach is based on
a novel procedure using shaking table tests in the geotechnical centrifuge, allowing
a comprehensive analysis of Sr effects on site response by applying a cyclic loading
in-flight with a wide frequency range.

7.3 Experimental procedures

7.3.1 Centrifuge testing

The centrifuge testing aims to model of geotechnical problems in a reduced-scale
model 1/N by generating an acceleration field that is N times Earth’s gravity
(Caicedo and Thorel, 2014). When the centrifuge model is subjected to an iner-
tial acceleration field of N times Earth’s gravity, the vertical stress at depth, hm,
will be identical to that in the corresponding prototype at depth, hp (see Equation
7.1).

hp = N · hm (7.1)

The change in Earth’s gravity produces an increment of the soil stress state, which
affects the behaviour of the model. Therefore, the centrifuge test results of such a
model are compared with the prototype response by applying the scaling factors.
The gravity is increased by the same geometric factor N relative to the normal
Earth’s gravity field, which is 1g (Taylor, 1995; Madabhushi, 2014). The mini
geotechnical centrifuge of Universidad de los Andes can increase the inertial ra-
dial acceleration field up to 400 g; that is, it allows for conducting tests 400 times
stronger than the gravity of Earth. Table 7.1 presents the Scaling factors for cen-
trifuge modelling.
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Table 7.1: Scaling factors for centrifuge modelling (Taylor, 1995; Madabhushi, 2014)

Type of event Parameter Scaling law (model/prototype) Units

All events

Stress 1 N/m2

Strain 1 -
Length 1/N m

Time (diffuse) 1/N s

Dynamic events

Frequency N 1/s
Velocity 1 m/s

Acceleration N 1/s2

Time 1/N2 s
Displacement 1/N m

In this research, numerous centrifuge tests were performed to assess the site response
under different Sr under effective centrifuge accelerations of 30g, 60g and 80g to
induce stress states representative of the soil profile at the Terreiro do Paço site. The
centrifuge testing was carried out with the same setup and instrumentation described
in section 3.3.5. Therefore, cyclic loading was applied by generating continuous
sinusoidal signals with frequencies between 20 Hz and 600 Hz. The amplitude of the
signal was produced by a fixed voltage of 0.5 V generated by the function generator,
which was amplified by the ‘Cedrat’ device. This amplitude induced the initial
displacements at the shaking table base. However, these displacements varied with
the signal frequency and effective centrifuge acceleration. The acceleration ü and
displacements (u) induced in the system can be expressed by the simple harmonic
motion model, using Equations 7.2 and 7.3, respectively.

u = u(0) sin f t (7.2)

ü = ∂2u

∂t2
= −f 2u(0) sin f t (7.3)

where u(0) is the initial displacement (controlled by the input voltage), f represents
the input frequency applied by the Piezoelectric actuator, and t is the time.

The effects of the degree of saturation (Sr) on Site response analysis were assessed
using remoulded soil samples of TP-Lisbon sand. The samples were prepared using
the air pluviation method, which allowed for the remoulding of samples with a height
of approximately 72 mm, corresponding to the height of the accelerometer located
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at the top of the micro shaking table. A dry soil mass of 420 g per sample was used
to achieve a dry density (ρdry) of 1.4 g/cm3, equivalent to a relative density (Dr)
of 30%. The soil remoulding was carried out directly in the centrifuge apparatus to
avoid further vibrations during the transport of the equipment, which could compact
(or densify) the soil sample. Such a handling procedure allows for the preservation
of Dr and confirms the versatility of soil testing using the micro shaking table and
mini centrifuge at UniAndes.

On the other hand, seismic wave velocities were measured in a series of parallel
in-flight tests using a container equipped with piezoelectric transducers to conduct
Bender Elements (BE) tests. This container has the exact internal dimensions as the
laminar box to obtain a reliable characterisation of soil response during centrifuge
testing by both containers. The setup for BE testing covers a pair of piezoelectric
transducers with 6.4 mm length and 13.2 mm width, a function generator (Protek
B8000FD), an output amplifier (Cedrat LC75C) and an oscilloscope (Tektronix TBS
1102). The signals were acquired directly from the oscilloscope using a pen drive
after each wave measurement. Figure 7.1 presents the setup for dynamic centrifuge
and in-flight BE testing at UniAndes.

a)          b)

c)

Figure 7.1: Centrifuge testing in-flight setup: a) Micro shaking table; b) Container
with piezoelectric transducers; c) Oscilloscope, Function generator and Amplifier
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7.3.2 Saturation and induction of partial saturation

The saturation process involved flushing 300 cm3 of deaired and demineralised water
from the bottom to the soil surface. To maintain a low hydraulic gradient, the water
level was positioned 5 cm above the container top (see Figure 7.2). The excess
water was carefully collected using a syringe to prevent damage to the piezoelectric
actuator and accelerometers during this process. Moreover, the partial saturation
of the soil was induced by applying a fixed suction using the suction plate method.
The suction level was controlled by adjusting the height of the suction plate below
the soil model, as illustrated in Figure 7.3.

Figure 7.2: Illustration of saturation process in the geotechnical centrifuge
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Figure 7.3: Illustration of the induced partial saturation process in the geotechnical
centrifuge by soil desaturation

The induction of partial saturation was carried out by applying suctions (Ψ) equal
to 2 and 3 kPa. The Ψ were obtained by positioning the suction plate at 20 cm and
30 cm height. The combination of soil remoulding, sample saturation, and induced
partial saturation, the site response allowed for the assessment of Sr of 100%, 87%,
71% and 0%. The Sr values were confirmed by measuring the sample volume and
water content at the beginning and end of each test, resulting in a difference of
approximately 2% for all tests, where the lower value corresponded to the Sr at
end-of-test.
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The applied suction was confirmed by comparing the Sr of testing against the soil
water characteristic curve (SWCC) derived using the model proposed by Fredlund
and Xing (1994) for TP-Lisbon sand under Dr = 30%. Figure 7.4 presents the
Sr obtained by inducing partial saturation and their comparison with the SWCC
derived using the model of Fredlund and Xing (1994). This figure indicates the
variability in the volumetric water content (ωw), showing a low variation for the Sr
values studied in this research.
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Figure 7.4: Results of the degree of saturation after induced partial saturation
compared against the soil water characteristic curve

The Sr results were confirmed by P-wave velocity (VP ) measurements through BE
tests. In these tests, P-wave was generated by applying input sine-wave pulses with
four input frequencies ranging from 50 to 150 kHz, as described in Section 6.2.1.
These measurements were contrasted against the wave propagation theory of fluid-
saturated media (Biot, 1956a,b). Figure 7.5 presents the results of the relationship
between VP and Sr obtained during centrifuge testing. The results in Figure 7.5
confirm the efficiency of the experimental method to induce partial saturation in
the soil samples.

7.4 Evaluation of stress-strain behaviour
The stress-train behaviour of the soil during centrifuge-shaking-table (C-ST) testing
was evaluated by estimating the horizontal displacements (δH = u) and shear stresses
(τ) induced by the cyclic loading. The motion of the laminar box was considered as
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the motion of a single degree of freedom (SDOF) system due to the linear constraints
of this device. Therefore, the displacements from the acceleration records were
calculated using the Duhamel integral:

u (t) = 1
mfd

∫ t

0
Q(τ)e−ξf(t−τ) sin fd(t− τ)dτ (7.4)

Duhamel integral is complex to solve analytically, but it can be solved by the con-
volution integral using numerical methods (Kramer, 1996). Based on this method,
u was estimated by finding the second integral of the acceleration (ü). Equation 7.5
shows the numerical method for finding the first integral of ü (i.e. the velocity, u̇)
and Equation 7.6 shows the method for estimating the second integral of ü in a time
interval ∆t:

∆u̇ = ü(τ)∆t+ ∆ü(τ)∆t
2 (7.5)

∆u = u̇(τ)∆t+ ∆ü(τ)∆t2
2 + ∆ü(τ)∆t2

6 (7.6)

Molina-Gómez et al. (2019) validated that the numerical convolution of the Duhamel
integral provides a reliable estimate of u by comparing the numerical results with
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displacements measured with a high-precision Eddy-Current transducer. From the
u results at different depths Z (i.e. the base and top of the laminar box), the shear
strains (γ) of the soil under cyclic loading were estimated as follows:

γ = ∂u

∂Z
(7.7)

From Equation 7.7, the average shear strain at depth Z (γZ) can be calculated
using:

γZ(t) = ui − ui+1

∆Zi + Zi+1
(7.8)

Assuming 1D wave propagation conditions in a medium with constant density (ρ),
the shear stress τ caused by the horizontal cyclic load (S) in a time t can be described
by:

∂τ

∂Z
= ρ

∂2S

∂t2
(7.9)

Zeghal and Elgamal (1994) proposed a simplified method to estimate τ by integrat-
ing the equation of an idealised 1-shear beam as:

τ(z, t) =
∫ Z

0
ρ ü dz (7.10)

Equation 7.10 can be solved by numerical integration using:

τi(t) =
i−1∑
k=0

ρ
ük + ük+1

2 ∆Zk (7.11)

The procedure presented here for estimating the stress-strain behaviour by in-flight
testing has also been applied by other authors in the analysis and characterisation of
diverse soils (Rayhani and El Naggar, 2008; Turan et al., 2009; Afacan et al., 2014;
Zeybek and Madabhushi, 2017). Moreover, this procedure allows for comparing
experimental data and seismic loading, and offers valuable insights into predicting
soil response during earthquakes through centrifuge testing. The results obtained in
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the laboratory have practical implications for mitigating damages caused by seismic
events, which contribute to hazard mitigation strategies and the design of resilient
infrastructures.

The movement of the system corresponds to the configuration of a single degree
of freedom (SDOF) due to the configuration restrictions of the shaking table and
laminar box. As a result, the displacements during testing can be assumed to follow
a linear horizontal pattern. At the same time, the cyclic loading imparted by the
piezoelectric actuator on the soil can be considered as pure shear. Figure 7.6 gives
an example of the vibration modes of the laminar box with the soil sample at three
different frequencies: one before resonance, one at resonance, and one after reso-
nance. These vibration modes were estimated using accelerometer measurements
and equations 7.5 to 7.8. From Figures 7.6.a and 7.6.b, it can be observed that the
displacement increases nearly linearly from the base to the top of the container, in-
dicating the first vibration mode. After reaching resonance, the displacement at the
middle and top of the laminar box move in opposite directions, indicating the system
transition to the second vibration mode, as demonstrated in Figures 7.6.c.

Figure 7.7 shows the typical stress-strain behaviour during C-ST testing for different
loading frequencies using hysteresis loops. These frequencies are model frequencies,
not prototype frequencies; thus, the frequencies are not scaled. The analysis of the
stress-strain behaviour indicates that the soil tested using the micro shaking table
device in the geotechnical centrifuge is in the medium strain level, i.e. γ is in the
range of 10−5 to 10−4. This strain level is representative of wave propagation in
earthquakes (Vucetic, 1994; Ishihara, 1996). The stress-strain behaviour observed
in the tests covers the elastoplastic soil response. The shape of the hysteresis loops
can confirm such a response, which is not linearly elastic.

Both γ and τ exhibit a progressive increase as the frequency (f) increases in the
range from 20 Hz to 300 Hz. This observation highlights the influence of frequency
on stress-strain behaviour. However, for frequencies higher than 300 Hz, both γ

and τ decrease compared to the values observed at frequencies below 300 Hz. This
decrease can be attributed to the deamplification of the pseudo-acceleration at these
frequencies, as indicated by an amplification factor (AF) lower than 1 for f > 300
Hz. On the other hand, the hysteresis loops showed that the τ applied during the
test was below 5 kPa, which corresponds to a low cyclic stress ratio (CSR) that does
not lead to the onset of liquefaction under fully and partially saturated conditions
at centrifuge accelerations of 30g, 60g and 80g.
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Figure 7.6: Vibration modes of the laminar box — results of a dry sample tested at
30 g: a) 50 Hz (before resonance); b) 100 Hz (resonance); c) 200 Hz (after resonance)
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Figure 7.8 presents the results of the liquefaction susceptibility analysis using the
state parameter (ψ) approach proposed in Section 5.4. The cyclic loading conditions
of C-ST testing were assumed to be equivalent to the conditions of the direct simple
shear tests. Therefore, the approach was performed by estimating the stress state
of fully saturated tests (critical condition for the liquefaction onset) and the CSR
induced by τ = 5 kPa (maximum stress at f > 500 Hz). The results in Figure 7.8
confirm that the tests carried out under 30g, 60g and 80g do not cause the onset of
liquefaction in the Sr studied herein. Values of pore pressure build-up (ru) lower
than 0.12 were registered during testing, revealing no liquefaction onset during the
dynamic centrifuge testing, which may affect the site response results.
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Figure 7.8: Relation of CSR failure and state parameter for different effective cen-
trifuge accelerations under fully saturated conditions

The soil stiffness degrades as increases the cyclic loading (controlled by the input fre-
quency and base acceleration) in the centrifuge-shaking-table (C-ST) tests. Hence,
an analysis of the evolution of the stiffness degradation curves was carried out. This
analysis covers an estimation of the normalised shear modulus (i.e. G/G0) curves by
computing the scant shear modulus of the stress-strain loops reported in the C-ST
tests (Brennan et al., 2005). To validate the C-ST results, the normalised shear
modulus curves were contrasted against the Resonant-Column (RC) referred in Fig-
ure 4.18. Both curves were also contrasted against the hyperbolic fitting proposed
by Ishibashi and Zhang (1993) for sands, which is commonly used in engineering
practice. This approach also helps to calibrate and perform numerical analyses of
geotechnical structures subjected to seismic action, as demonstrated in previous
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studies (Conti and Viggiani, 2012; Afacan et al., 2014). Figure 7.9 presents an ex-
ample of the shear degradation curves by addressing the C-ST results conducted
under an effective acceleration of 30g and the RC results under a level of 30 kPa,
both for dry conditions. The experimental data in Figure 7.9 were contrasted with
the hyperbolic fitting.
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Figure 7.9: Stiffness degradation curves; comparison between C-ST tests against
other testing methods and hyperbolic fitting by Ishibashi and Zhang (1993) for dry
conditions and 30 kPa confinement

The results in Figure 7.9 show a good agreement between experimental data and
hyperbolic fitting. The best adjustment is observed for the RC results and C-
ST in the small strain range (i.e. γ < 10−4). These results are comparable with
the behaviour observed by Brennan et al. (2005); Conti and Viggiani (2012). The
C-ST results for γ < 10−4 exhibit scatter since the system reached the second
vibration mode in this strain range. Consequently, this distortion generated in
the second vibration mode leads to considerable variation in tests conducted after
resonance. The C-ST results, coupled with the comparison against the RC tests and
the hyperbolic fitting, provide a suitable estimation of soil stiffness subjected to the
seismic action (or stress-strain combinations) induced during C-ST testing or when
assessing site response using different frequencies. Nevertheless, it is important to
note that this approach is best suited for predicting soil stiffness before the system
resonance.
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7.5 Site response analysis
The site response analysis by centrifuge testing aims to reproduce the soil behaviour
of a prototype by a scaled model. The effective centrifuge accelerations applied in
this study were 30g, 60g and 80g. This allows for evaluating sandy soil deposits with
different depths by applying the scaling factors in Table 7.1. Table 7.2 summarises
the prototype to model depths similitude used for the site response analysis by
centrifuge testing.

Table 7.2: Depth similitude of sandy soil deposit between prototype and model

Model Effective acceleration Prototype

0.072 m
30g 2.16 m
60g 4.32 m
80g 5.76 m

The site response of this study aims to evaluate the amplification factor (AF) for
different degrees of saturation of shallow sandy soil deposits. AF refers to the ratio
between the peak ground acceleration at the ground surface (PGAGS) and the peak
ground acceleration at the bedrock (PGAB) (Kramer, 1996). The AF assessment
was performed by estimating the maximum amplitude of the fast Fourier transform
(FFT) of the accelerations measured at the top and base of the laminar box. The
acceleration measurements at these locations represent the motions at the ground
surface and bedrock in natural soil deposits. Besides, the FFT analysis allowed
confirm the frequency (f) of both PGAGS and PGAB are the same. Figure 7.10 shows
the procedure for estimating the AF from shaking table testing. The linear frequency
(f), time (t) and acceleration (ü) values were suitably scaled using the scaling law,
with the model/prototype factors referred to in Table 7.1, to accurately represent
the response of shallow sandy soil deposits under cyclic loading conditions.
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Figure 7.10: Example of amplification factor estimating —results of a sample with
87% degree of saturation and tested under 60g

Figure 7.11 presents the results of frequency amplification spectrum for various
Sr and effective centrifuge accelerations. From Figures 7.11.a, c and e, similar
trends can be observed from the amplification factor (AF) results. The AF remains
relatively flat for frequencies (f) below 1 Hz and ranges from 1 to 1.5. Subsequently,
the AF increases sharply until it reaches the resonant frequency (fR), which falls
between 1.5 and 3.0 Hz depending on the Sr and g level. The shape frequency
spectra and fR results are consistent with the values reported by Conti and Viggiani
(2012), specifically for dry and saturated sands. At the resonant frequency, the AF
can reach values up to 3.2. In the higher frequency range of the spectra, a decrease
in AF is observed after fR, with the values of AF falling below 1 towards the end
of the spectra (i.e. f > 3.75 Hz). This behaviour is expected due to the vibrations
modes induced by the cyclic loading with different frequencies, as demonstrated in
Figure 7.6. This indicated that higher intensity earthquake motion leads to higher
strain-dependent damping and lower strain-dependent shear modulus, reducing the
AF after fR (Mirshekari and Ghayoomi, 2017).
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Figure 7.12 shows the site response analysis by comparing the relationships between
maximum AF and fR for different combinations of Sr and centrifuge accelerations.
The results in Figures 7.12.a and 7.12.b reveal that maximum AF decreases as the
Sr decreases in all centrifuge accelerations. This behaviour aligns with the expected
effects resulting from variations in soil density and the propagation of mechanical
waves affected by the water content change, which leads to higher peak ground
amplifications with the Sr reduction. Previous numerical validations performed by
Yang and Sato (2001) support the notion that the Sr reduction leads to higher AF.
Figures 7.12.c and 7.12.d also indicate that fR values are within the range of typical
values of predominant earthquakes frequencies, namely a range between 1 Hz to 5
Hz (Yang, 2006; Molina-Gómez et al., 2019). However, a strong dependency of soil
depth on fR was observed, indicating that soil deposits with lower depths have a
higher fR. In contrast, no significant effects of Sr on fR were identified.

0 2 4 6
0

2

4

6

8

10

a)

A
m
p
li
fi
ca
ti
on

fa
ct
or
,
A
F

Sr = 0% Sr = 71%

Sr = 87% Sr = 100%

0 20 40 60 80 100
0

2

4

6

8

10

b)

2.16 m 4.32 m 5.76 m

0 2 4 6
0

1

2

3

Depth of sandy soil deposit: m

R
es
on

an
t
fr
eq
u
en

cy
,
f R

:
H
z

Sr = 0% Sr = 71%

Sr = 87% Sr = 100%

0 20 40 60 80 100
0

1

2

3

Degree of saturation, Sr: %

2.16 m 4.32 m 5.76 m

c) d)
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7.6 Volumetric strains
The soil surface settlement during and after an earthquake is a significant cause of
damage to the built environment Zeybek and Madabhushi (2020). Hence, predicting
the earthquake-induced volumetric strains (εv) is an important aspect of the site
response assessment. In this study, the (εv) induced by the cyclic loading was
assessed by measuring settlement at the surface using a laser and comparing it with
the initial height of the soil before the test. This estimation is valid due to the
limited lateral deformations allowed by the laminar box during testing (Rayhani
and El Naggar, 2008; Soriano Camelo et al., 2022). Figure 7.13 illustrates the
typical progression of surface settlement during cyclic loading in the geotechnical
centrifuge reported by the laser transducer. In Figure 7.13, the dashed line represents
an idealised settlement trend. Such a trend indicates an initial increase in the
surface settlement at the beginning of the test, followed by a stabilisation of surface
settlement towards the end of the cyclic loading.
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Figure 7.13: Typical measurements of surface settlements —results of a sample with
87% degree of saturation tested under 60 g and 500 Hz loading frequency

Figure 7.14 shows the εv variation for all f under different Sr and effective centrifuge
accelerations. This figure reveals several trends from εv plots, which do not suggest
specific patterns in the variation of εv with respect to f for the studied Sr and
effective centrifuge accelerations. However, the highest volumetric strain results
were identified for the tests in dry and fully saturated conditions. In the case of
the tests under Sr of 70% and 87%, the εv results are lower since sands in partially
saturated conditions exhibit higher volume than the soils in dry and fully saturated
conditions. In all Sr cases, the results revealed dilative and contractile before and
after fR, respectively.
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Figure 7.14: Frequency-dependent volumetric strain variation for various effective
centrifuge accelerations: a) Sr = 0%; b) Sr = 71%; c) Sr = 87%; d) Sr = 100%

The trend patterns in Figure 7.14 agree with the experimental result reported by
Ghayoomi et al. (2013); Mirshekari and Ghayoomi (2017) since these authors also
reported lower deformations for partially saturated conditions since the higher εv

values were observed herein for dry and fully saturated conditions. The volumet-
ric strains are caused by the rapid dissipation of possible pore pressure build-up
during cyclic loading due to the free-field condition of the soil model. Zeybek and
Madabhushi (2020) indicate that the response of partially saturated sands to seismic
shaking differs from dry or saturated soils due to two factors: (i) air-filled voids may
compress and change differently during cyclic loading than water-filled voids dur-
ing cyclic loading; (ii) the mechanisms for generating and dissipating excess pore
water pressure may be different. However, the settlements caused by post-cyclic
reconsolidation under partially and fully saturated conditions can be considered
negligible since the cyclic loading did not cause liquefaction. Therefore, the vol-
umetric strains during the shaking table tests in the geotechnical centrifuge were
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caused by the compression of the particles during cyclic loading, as described by
Sawada et al. (2006). The agreement of experimental data with previous research
reinforces the consistency of the obtained results and contributes to the understand-
ing of the cyclic behaviour of the shallow sandy soil deposits under different degrees
of saturation.

7.7 Key findings

This chapter presented a site response analysis of shallow sandy soil deposits for dif-
ferent degrees of saturation. The analysis comprises an innovative testing approach
that combines shaking table and centrifuge testing methodologies. By means of this
integrated approach, a comprehensive characterisation of the dynamic response of
sandy soil deposits with different degrees of saturation. The analysis focused on the
frequency amplification spectra for different testing conditions. The spectra consid-
ered different effective centrifuge accelerations and degrees of saturation, which cover
the dry, partially and fully saturated conditions. From the experimental results, the
following findings can be drawn:

• A novel procedure to saturate and induce partial saturation in sands was in-
troduced. This procedure allowed for the testing of uniform loose soil samples
with specific degrees of saturation (i.e. 0%, 71%, 87% and 100%) with a rel-
atively small variation of about 3%. The induced partial saturation was con-
ducted using the plate suction method and validated by the wave propagation
theory in fluid-saturated media.

• The combination of the micro shaking table and the mini centrifuge appara-
tuses provided an accurate experimental method to assess the cyclic behaviour
of shallow soil deposits. This integrated approach allows a detailed investiga-
tion of the seismic response of the soil under different loading conditions due to
its relatively fast and numerous testing of physical models with diverse stress
and state conditions.

• The in-flight tests delved into the dynamic behaviour of soils subjected to
cyclic loading. This novel testing approach allows for assessing the evolution
of stiffness degradation. The results obtained in the centrifuge-shaking-table
tests were validated by contrasting Resonant-Column data. The excellent
agreement between our results and the hyperbolic fitting method proposed by
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Ishibashi and Zhang (1993) underscores the robustness of our approach. This
alignment is particularly evident in the small strain range (i.e. γ < 10−4)
since the effects of the second vibration mode of the system highly affect the
stiffness estimation after the resonance.

• Experimental results allow deriving a series of frequency-dependent amplifica-
tion spectra. These spectra demonstrated the effects of the degree of satura-
tion and stress state on the amplification factor. Besides, the spectra indicated
that the maximum amplification factor decreases as the degree of saturation
increases, introducing the potentiality of evaluating the seismic behaviour of
partially saturated soils.

• The measurements of surface settlements revealed distinct patterns in the re-
lationship between εv and f for the investigated Sr and effective centrifuge
accelerations. Due to the differences in these patterns, it was not possible to
establish a clear tendency to describe the evolution of volumetric strains as a
function of the loading frequency. However, the experimental results indicated
that higher volumetric strains occur in dry and fully saturated conditions,
aligning with the experimental findings reported in the literature.
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Chapter 8

Conclusions and further research

8.1 Concluding remarks

The conclusions derived from this research research systematically presented at the
end of each chapter. This section summarises and encapsulates the main con-
tributions of the thesis, showing that the objectives of this research have been
achieved.

• The intrinsic properties, including particle morphology and packing, have a
strong influence on the mechanical and dynamic behaviour of granular soils.
In the case of TP-Lisbon, the particle shape induce a high position of critical
state locus when comparing against other natural sands. In addition, these
properties govern the frictional stable state at constant volume (i.e. effective
friction angle at critical state) and the small strain behaviour (represented
by the normalised shear modulus). These observations establish correlations
between the critical state behaviour and the small-strain parameters with the
particle shape parameter and granular packing characteristics of TP-Lisbon.

• There are relevant effects on the liquefaction resistance of this soil associated
with the type of solicitation; that is, the rotation or inversion of principal
stresses during cyclic loading. Experimental evidence showed a higher lique-
faction resistance for the cyclic triaxial test results (i.e. inversion of principal
stresses) than the cyclic direct simple shear (i.e. rotation of principal stresses).
However, these testing conditions can be compared by analysing the results in
the invariant spaces and using the state parameter concept.

199
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• The measurement of P-wave velocity by bender element tests provides a re-
liable approach for estimating the degree of saturation in fully and partially
saturated sands. The applicability of this procedure was validated by a good
agreement between experimental results and wave propagation predictions
based on the wave propagation theory of fluid-saturated media. The predic-
tions depend on the relative density of the sand, showing the highest position
for the denser sands. This approach demonstrates that the evolution of P-wave
velocity as a function of the degree of saturation is significantly affected by
the compressibility of the pore fluid type and the distribution of gas bubbles
(occluded or in a continuous phase) in the soil skeleton. Therefore, in fully
saturated conditions, the P-wave velocity converges to a value near or above
1500 m/s, corresponding to a value slightly higher than the P-wave velocity
of the water.

• The experimental results indicate that the liquefaction resistance of TP-Lisbon
sand increases as the degree of saturation decreases, accentuating the effective-
ness of induced partial saturation as a method for mitigating the liquefaction
phenomenon. To quantify this liquefaction resistance improvement provided
by induced partial saturation, a novel parameter denominated as ‘liquefaction
resistance ratio’ was applied and correlated with the degree of saturation and
the P-wave velocity. The non-linear model relating normalised cyclic resis-
tance as a function of P-wave velocity provided a reliable prediction of the
effects of the degree of saturation in liquefaction resistance. This model is
a suitable alternative approach for comparing the liquefaction resistance and
cyclic behaviour of sands at different degrees of saturation.

• The analysis of shear wave velocities before cyclic loading revealed that this
parameter is unsuitable for the liquefaction resistance assessment when varying
the degree of saturation in granular soils. These effects have been attributed to
occluded air bubbles in the pore-fluid, which cannot be realistically detected
by the S-wave velocity, especially in sandy soils with degrees of saturation
where the matric suction is negligible. However, for a degree of saturation
of 100% and different relative densities, the S-wave can be applied due to its
capabilities to detect the changes in porosity and initial soil stiffness, which
complement the characterisation of liquefaction resistance by estimating the
soil state.
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• An integrated experimental approach that combines shaking table and cen-
trifuge testing provided a reliable characterisation of the cyclic/dynamic be-
haviour of shallow sandy soil deposits. This approach demonstrated its adapt-
ability for assessing earthquake-induced damage since its versatility in testing
small models. The micro shaking table simulates seismic motions through di-
verse combinations of cyclic loading thanks to the capabilities of an integrated
piezoelectric transducer, while the mini centrifuge reproduces the effects of
gravity and scaled accelerations.

• A series of frequency-dependent amplification spectra revealed the influence
of the degree of saturation on the site response of shallow sandy soil deposits.
The experimental results consistently indicate that the maximum amplification
factor decreases as the degree of saturation increases. Moreover, the results
highlight that higher volumetric strains occur in both dry and fully saturated
conditions, which aligns with the experimental findings reported in the existing
literature.

In summary, this research has explored the performance of induced partial saturation
in improving the liquefaction resistance of sandy soils, demonstrating its efficiency
by experimental evidence. Wave-based approaches can quantify this improvement
and the degree of saturation. Therefore, this research highlights the potential of
combining P-wave and S-wave propagation measurements with cyclic testing. The
results obtained in the laboratory have practical implications for mitigating damages
caused by seismic events, which contribute to hazard mitigation strategies and the
design of resilient infrastructures due to the effects of the degree of saturation on
the cyclic behaviour in fluid-saturated granular media. The findings presented in
this research provide a better understanding of the potential use of induced partial
partial saturation in practical engineering applications.

8.2 Further works

The innovations derived from this thesis have suggested new ideas, which can be
explored in future research.

• The intrinsic properties of sands were correlated with the critical state pa-
rameters. These properties can be correlated with the factors affecting the
instability of non-plastic soils, providing new criteria for developing innovative
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criteria and methodologies to more accurately estimate the susceptibility to
soil liquefaction in diverse geomaterials.

• This research has contributed to the development of a comprehensive exper-
imental database that can be valuable for numerical analyses and the design
of geotechnical structures subjected to monotonic, cyclic or seismic loading.
The results presented in this study can serve as a valuable resource for cali-
brating numerical and constitutive models, thereby enhancing their accuracy
and reliability.

• The effects of inversion and rotation of principal stresses on liquefaction resis-
tance were experimentally explored herein. The assessment of combined axial
and torsional loading can replicate better the liquefaction onset in soils under
seismic action by multiaxial testing devices.

• Cyclic triaxial tests in partially saturated sands validated the effectiveness of
induced partial saturation in mitigating earthquake-induced liquefaction. Due
to the implementation of local instrumentation for monitoring the volumetric
strains in partially saturated sands, the energy-based approaches can be used
to compare the experimental results against field case histories.

• The induced partial saturation improves the shear strength of granular soils.
This method can be studied under monotonic conditions to assess the insta-
bility and critical state locus of granular soils.

• Occluded air bubbles have an important effect on the cyclic behaviour of gran-
ular soils. Hence, the characterisation of stiffness degradation and damping
evolution can be investigated.

• The experimental procedures implemented herein provided reliable and ac-
curate results of the cyclic undrained behaviour of TP-Lisbon sand. These
procedures can be employed to assess the performance of specific techniques
to induce partial saturation, such as denitrification or to assess the liquefaction
resistance of gassy soils.

• P-wave velocity measurements provided a reliable approach to estimate the
degree of saturation in sands, as validated by the wave propagation theory of
fluid-saturated media. This approach can be applied in field trials or study
sites by in situ geophysical testing.
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• The application of other methods and theories based on electrical or thermal
conductivity can also be used to assess the degree of saturation, especially in
ranges for which the P-wave propagation is unsuitable for such a purpose.

• The calibration and implementation of constitutive models comprising the
effect of fluid compressibility for the prediction of pore pressure evolution (e.g.
Biot’s theroy) can be explored to propose strategies for liquefaction mitigation
by varying the degree of saturation.

• The integration of the mini shaking table in the geotechnical centrifuge appara-
tus provided valuable experimental evidence of the seismic response of shallow
sandy soils. This approach can be implemented to assess the effects of seis-
mic wave propagation during liquefaction onset, which is a gap in the current
state-of-art. This assessment will provide relevant insights into the evolution
of site response during the state transition of soils during liquefaction.

• Dynamic centrifuge testing can be applied to characterise the seismic response
of other soil types (e.g. clays and tailings). Besides, the incorporation of vis-
cous fluids during testing will provide relevant insights about the liquefaction
onset in free field conditions.

• The ground surface or volumetric strains can be explored in the dynamic
geotechnical centrifuge apparatus under historical seismic records to provide
methodologies to mitigate earthquake-induced damage.

• This research addressed and interpreted experimental results of site response
using the geotechnical centrifuge. The frequency amplification spectra for
various degrees of saturation and stress level can be compared against coupled
numerical models involving such testing conditions.

‘No llores porque ya se terminó,
sonríe porque sucedió.’

Gabriel García Márquez
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