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Notations 

α Initial static shear stress ratio 

αthre Threshold initial static shear stress ratio 

a, b Empirical constants of the new pore water pressure model 

β Empirical constant of Seed’s model 

β1 Fines influence factor defined by Lashkari 

β(0) Roundness parameter to calculate the fines influence factor 

b Fines influence factor 

bCRR Fines influence factor obtained from cyclic tests 

bCSL Fines influence factor obtained from critical state lines 

CSR Cyclic stress ratio 

CSRs Cyclic stress ratios 

CRR Cyclic resistance ratio 

CRRN Cyclic resistance ratio for N cycles 

CRRN=10 Cyclic resistance ratio for 10 cycles 

CRRN=15 Cyclic resistance ratio for 15 cycles 

CRRN=20 Cyclic resistance ratio for 20 cycles 

CRRfc=0 Cyclic resistance for clean sand 

CRRfc Cyclic resistance for silty sand 

CRRMw Cyclic resistance for a given Mw 

CRRMw=7,5 Cyclic resistance for Mw=7,5 

CU Coefficient of uniformity 

CU,S Coefficient of uniformity of sand 

CU,f Coefficient of uniformity of fines 

D Sieve diameter of the host sand 

D10 Sieve diameter of the host sand correspond to 10% of passing 

D30 Sieve diameter of the host sand correspond to 30% of passing 

D50 Sieve diameter of the host sand correspond to 50% of passing 

D60 Sieve diameter of the host sand correspond to 60% of passing 

d Sieve diameter of the fines 

d10 Sieve diameter of the fines correspond to 10% of passing 

d50 Sieve diameter of the fines correspond to 50% of passing 

d60 Sieve diameter of the fines correspond to 60% of passing 
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DR Relative density 

Δp' Difference in mean effective stress at current and critical state 

Δσ'v Applied vertical effective stress 

Δu Excess pore water pressure 

δεp
v Incremental plastic volumetric strain 

δεp
q Incremental plastic deviatoric strain 

εa Axial strain 

εq Deviatoric strain 

e Global void ratio 

e0 Initial global void ratio 

e* Equivalent granular void ratio 

eCS Critical state void ratio 

eg Skeleton void ratio 

elim Intercept of the critical state lines 

emax Maximum void ratio 

emin Minimum void ratio 

es Void ratio of the sand 

ef Void ratio of the fines 

eUR Void ratio at upper reference line 

eQSS Void ratio at quasy steady state 

E, F Fitting parameter for CRR-Nf relationship 

φ'CS Friction angle at critical state 

F, p, s Fitting parameter of Vucetic and Dobry correlation 

fc Fines content 

Fh Cyclic horizontal load 

fthre Threshold fines content 

g, h Fitting parameter for Kfc 

GS Specific gravity 

Gs Specific gravity of the sand 

Gf Specific gravity of the fines 

γ Shear strain 

γSA Shear strain in single amplitude 

h0 Initial eight of the specimen 

Href Reference value of the height 
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Ip Pressure index 

Ip(0) Initial pressure index 

Ip* Equivalent pressure index 

Ip*(0) Initial equivalent pressure index 

IS State index 

k Empirical constant to calculate b factor 

Kα Correction factor of initial static shear stress 

Kfc Correction factor of fines content 

K0 Coefficient of lateral earth pressure 

λCS Slope of the critical state line 

m Fitting parameter to calculate e* for high percentage of fines 

μ Empirical constant to calculate b factor 

M Critical state line slopes 

Mc Compressional critical state line slopes 

Me Extensional critical state line slopes 

Mw Moment magnitude 

MSF Magnitude scaling factor 

ηIS Instability stress ratio 

ηPT Phase transformation stress ratio 

N Number of cycles 

Nf Number of cycles to liquefaction 

NSPT Number of blows of standard penetration test 

p' Mean affective stress 

p'0 Initial mean effective stress 

p'CR Mean affective stress at upper reference line 

p'CS Critical state mean effective stress 

Pa Atmospheric pressure 

PI Plasticity index 

q Deviatoric stress 

qc1 Normalized cone tip resistance 

qCS Critical state deviator stress 

qIS Normalized instability deviator stress 

qmin Minimum deviator stress 

qpeak Peak deviator stress 
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r Empirical constant to calculate b factor 

RMSD Root mean standard deviation 

Rd Ratio between mean diameter of host sand and fines 

Ru Excess pore water pressure ratio 

Ru,lim Limiting excess pore water pressure ratio 

Ru,res Residual excess pore water pressure ratio 

Sr Degree of saturation 

σ Vertical stress 

σ'v Vertical effective stress 

σ'h Horizontal effective stress 

σ'1 Major principal stress 

σ'3 Minor principal stress 

σ'v0 Initial vertical effective stress 

θ Empirical parameter of Baziar’s model 

τ Shear stress 

τstat Initial static shear stress 

VS Shear wave velocity 

VS1 Normalized shear wave velocity 

Vs Volume of solids 

Vv Voilume of voids 

w Water content 

Wfines Fines solid weight 

Wsand Sand solid weight 

χ Size disparity ratio 

ξ Empirical parameter of critical state line 

ξR Relative state parameter 

Ψ State parameter 

Ψ(0) Initial state parameter 

ΨPT Transformation phase state parameter 

Ψ* Equivalent granular state parameter 

Ψ*(0) Initial equivalent granular state parameter 

Ψg Skeleton state parameter 

Ψm Modified state parameter 
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Ψm(0) Initial modified state parameter 

Ψ*m Equivalent modified state parameter 

Ψ*m(0) Equivalent initial modified state parameter 

Ψm* Equivalent state parameter 

z Empirical paramater to calculate β1 factor 
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Abbreviations 

A Angular 

A-SA Angular to sub-angular 

A-SR Angular to sub-rounded 

BSS Buzzard silty sand 

CPT Cone penetration test 

CPTU Cone penetration test with piezocone 

CM Cyclic mobility 

CS Critical state 

CSL Critical state line 

CSLs Critical state lines 

CSS Cyclic simple shear 

CSSM Critical state soil mechanics 

DEM Discrete element method 

DICEAM Department of Civil, Energy, Environmental and Materials 

Engineering 

DSS Direct simple shear 

EG-CSL Equivalent granular critical state line 

F Flow 

FL Flow liquefaction 

GMP Green-Mitchell-Polito model 

INT Intermediate 

ICL Isotropically consolidation line 

LF Limited flow 

LFL Limited flow liquefaction 

LVDT Linear variable differential transducer 

MI Majura silt 

MII 2/3 Majura silt + 1/3 of commercial kaolin 

MSS Manufactures silica sand+crushed silica silt 

MT Moist tamping 

MTX Monotonic triaxial 

NF Non flow 

NCEER National Center for Earthquake Engineering Research 
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NGI Norwegian Geotechnical Institute 

NR Non reversal 

OSS Ottawa sand 

OSS(20-30) Ottawa sand (20-30) 

OSS(50-70) Ottawa sand (50-70) 

PWP Pore water pressure 

PWPs Pore water pressures 

PSA Plastic strain accumulation 

QSS Quasi steady state 

QSSL Quasi critical state line 

R Reversal 

R-SR Rounded to sub-rounded 

R2 Coefficient of determination 

R-SR Rounded to sub-rounded 

SA-SR Sub-angular to sub-rounded 

SEM Scanning electron microscope 

SL Slurry deposition 

SPT Standard penetration test 

SS Simple shear 

SI Sydney silt 

SII 2/3 of Sydney silt + 1/3 of commercial kaolin 

SANISAND Simple anisotropic sand plasticity model 

TS Ticino clean sand 

TSS Toyoura sand+crushed silica silt 

TSS(5) Toyoura sand with 5% of fines 

TX Triaxial 

USCS Unified critical state compatible 

WP Water pluviation 
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Abstract 

Recent earthquake events revealed that liquefaction of silty sands remains an 

unsolved issue, even after decades of investigations. Difficulties in the prediction of the 

undrained cyclic response of silty sands arise from combined effects of various factors 

affecting the behaviour such as fines content, gradation, particle shape, plasticity of 

fines, initial static shear stress, and so on. This study attempts mainly to quantify the 

effect of an initial static shear stress through undrained cyclic simple shear tests on 

sand mixed with non-plastic fines dug up from Ticino river, Italy. 

The cyclic behaviours and the liquefaction resistance of silty sands were investigated 

in the framework of critical state soil mechanics. A cyclic simple shear tests programme 

was accomplished, covering different fines content fc, initial void ratios e0, initial vertical 

effective stresses σ'v0 and initial static shear stress ratios (factor α). In the present study 

undrained monotonic triaxial tests conducted in a previous study on the same materials 

were also reinterpreted to enable further characterisation and analysis. 

Four typical cyclic failure patterns were identified and discussed. They were found 

dependent on the initial state of the specimens and cyclic loading characteristics. The 

undrained cyclic test results were interpreted using different measures of the initial 

state density. When a constant void ratio e was considered, the addition of fines to the 

Ticino sand caused more contractive behaviour and lower liquefaction resistance up 

to a threshold fines content fthre. When the equivalent granular void ratio e* was used 

instead, similar cyclic resistances ratios for the Ticino sand-silt mixtures were found, 

regardless of fines content and global void ratio. This aim was reached by introducing 

in the relationship defining e*, a parameter b termed the fines influence factor which 

quantifies the fraction of fines particles that participates actively in the force 

transmission chains between grains within the mixture. The value of b was determined 

to be different according to whether it is evaluated by back analysis conducted on the 

undrained cyclic resistance of the mixtures (bCRR) or on their critical state lines in e-

log(p') plane (bCSL). Correlations between the fines influence factor b with material 

properties were proposed to simplify the use of the equivalent granular void ratio 

approach in practical applications. To take into account the combined effect of void 

ratio, initial vertical stress and fines content, different initial state indices, defined in the 

frame of the critical state theory, were used and unique correlations were obtained 

between the undrained monotonic and cyclic behaviours of the investigated mixtures 



 

24 
 

and the aforementioned state indexes. Unique correlations continued to be found even 

in tests in which an initial static shear stress was applied. Among these state indexes 

the state parameter Ψ and the equivalent granular state parameter Ψ* provided the 

more reliable correlations with the undrained response of silty sands. This allowed the 

conclusion that they can be used effectively for describing the main features of the 

undrained monotonic and cyclic behaviour of the non-plastic silty sands regardless of 

fines content (lower than the threshold value), stress level and density. However the 

equivalent granular state parameter Ψ* has the advantage that it can be assessed 

referring to an unique critical state line (EG-CSL) without the need to perform several 

sets of triaxial tests, each one for a given value of fc. A further advantage resides in the 

fact that this unique EG-CSL can be legitimately assumed to coincide with the CSL of 

the clean sand. 

Finally, the pore pressure generated in the cyclic tests was investigated and it was 

found to be significantly influenced by the initial static shear stress. For this reason, a 

cyclic pore pressure generation model was proposed capable to predict the residual 

excess pore pressure rise of non-plastic silty sands under various initial static shear 

stress conditions. 
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Chapter 1 

Introduction 

1.1 Background of the Research 

The research topic is part of the study of the behaviour of numerous materials defined 

as "transition" (or "intermediate") which include silty sands, sandy silts, clayey sands, 

etc. and, more generally, mixtures of coarse-grained and fine-grained materials, which 

therefore cannot fit into the classic behaviour exhibited by sands and gravels, on the 

one hand, and fine soils, on the other. 

The "intermediate" soils are very common in natural and artificial deposits: for this 

reason, the knowledge of their behaviour is of fundamental importance in many 

practical applications. 

The characterization and modeling of "intermediate" soils (such as silty sands) turns 

out to be problematic in engineering practice (Carraro and Sagado 2004; Huang 2016); 

this difficulty is related to some peculiarities that distinguish the behaviour of these 

materials, in particular: 

1) Their behaviour appears to be different depending on the percentages of fines 

content (fc) as well as on its mineralogical nature, which conditions their 

plasticity (plastic or non-plastic fines) (Boulanger and Idriss 2004; Boulanger 

and Idriss 2006); 

2) There are uncertainties about the choice of the most appropriate state variable 

that characterizes the densification state for the analysis of the exhibited 

behaviour (Yang at al. 2015; Huang 2016), for example the use of the state 

variable “relative density” DR, commonly used in the characterization of granular 

soils, can be misleading and therefore should be avoided; 

3) The mechanical response is significantly influenced by the microstructure (Yang 

and Wei 2012; Fuggle et al. 2014); in fact, as well as the presence of the fines, 

the shape of the constituent particles also plays an important role. For example 

Yang and Wei (2012), for fine percentages lower than 15%, have found that the 

addition of non-plastic fines with a rounded shape to a host sand results in a 

reduction of the friction angle in the critical state, while angular shaped fines 

cause an increase; 
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4) Intermediate values of hydraulic conductivity: it turns out that the drainage 

conditions, that hinder the rise of the excess pore water pressures induced by 

static and cyclic loads, are partial (Huang 2016; Karim and Alam 2017). This 

aspect is of fundamental importance in the interpretation of the results of in situ 

tests carried out on these materials. In fact, in the static penetration tests with 

measurement of excess pore water pressures (CPTU tests) performed in silty 

sands, the resistance at the tip will be significantly lower than that of clean sand 

characterized by the same relative density and therefore the existing 

correlations, generally obtained for the clean sands, are no longer valid; 

5) Intermediate materials appear to be very variable and heterogeneous in nature. 

In the presence of low plasticity fines, the collection of high-quality undisturbed 

samples, at sustainable costs, is not easy (Huang 2016). Attempts to take 

undisturbed samples in low-plastic silty sands have been conducted over the 

years but the results, although of great interest, have not yet received an 

adequate number of confirmations. In this regard, the experiences carried out 

by Huang and Huang (2007) with Laval type sampler (La Rochelle et al. 1981) 

and by Tani and Kaneko (2006) using the Gel-Push sampler (Lee et al. 2006) 

can be mentioned. 

The study and understanding of the undrained behaviour of low-plastic silty sands is 

of fundamental importance in order to avoid catastrophic events that have affected 

them in the past. Recent seismic events have shown how significant deformation levels 

and resistance losses can affect these materials (Lee et al. 2012; Tonni et al. 2015; 

Sharma et al. 2019; Cubrinovski et al. 2019) and that the simplified approaches 

currently available in the literature for assessment of the risks associated with them 

can fall into defect, underestimating the liquefaction potential, especially in the case of 

the presence of low-plastic or non-plastic fines. 

Two very interesting cases involving silty sands with a non-plastic nature are reported 

by the Sapporo City Office (2018) and by Tsukamoto et al. (2009): in the two case 

histories, subsidence phenomena due to settlements, caused by the dissipation of the 

excess pore water pressures generated during the seismic event, were observed. A 

factor that played an important role was the presence of an initial static shear stress. 

The cases under consideration are: 

• The 2018 Hokkaido Iburi-East earthquake in the residential area of Sapporo; 

• The Tokachi-oki earthquake of 2003 in the Kitami agricultural area. 
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Some images are reported below (Figure 1 and Figure 2), representing the pre and 

post earthquake situation following the 2018 Hokkaido Iburi-East earthquake and the 

post-earthquake situation of the Tokachi-oki earthquake, from which we can observe 

the importance of being able to predict and therefore prevent such phenomena from 

occurring following a seismic event. 

 

 

Figure 1 – Deformations induced by the phenomenon of liquefaction following the Hokkaido 

Iburi-East earthquake (2018) (Sapporo City Office 2018). 

 

 

 

Figure 2 – Deformations induced by the phenomenon of liquefaction following the 

Tokachi-oki earthquake (2013) (Tsukamoto et al. 2009). 
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The two cases, which had very similar manifestations, involved materials with 

comparable characteristics, average grain diameter (D50) between 0.13 and 0.20 mm, 

coefficient of uniformity (CU) between 25 and 35 and fines content (fc) of a non-plastic 

nature between 33% and 36%. Both deposits were located on slopes with an average 

gradient of about 3%. 

Another very interesting case history that confirms the importance of studying and fully 

understanding the behaviour of sandy-silt soils with low plasticity fines is that which 

took place in Italy following the 2012 seismic sequence (Mw = 6.1) (Sinatra and Foti 

2015; Tonni et al. 2015; Porcino et al. 2019a). In this case, a river embankment where 

several civil and industrial settlements were located was seriously damaged by the 

phenomenon of cyclic liquefaction of the soil (Figure 3). 

 

 

 

Figure 3 – Effects of the liquefaction phenomenon following the 2012 Emilia Romagna 

earthquake (Tonni et al. 2015). 

 

The deposits were constituted by silty sands and sandy silts with low plasticity fines 

varying, in content, between 40% and 70%. The greatest damage occurred along the 

banks of the embankment, which suggests that an important role was also played by 

the presence of an initial static shear stress (Porcino 2019). 

Recently, manifestations of the phenomenon of liquefaction have also been observed 

in deposits consisting of mixtures of gravel, sand and low plasticity silt, emphasizing 

the importance of also taking into account the presence of a coarser fraction in the 
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mixture. The case study in question is that of the port of Wellington (Cubrinowski et al. 

2019) which, following the 2016 Kaikoura earthquake, suffered various damages 

caused by the phenomenon of liquefaction, such as: cracks in the ground, gravel 

volcanoes and permanent deformations of the soil that caused the phenomenon of 

"lateral spreading". Some images of the damage observed are shown in the following 

figure (Figure 4). 

 

 

 

Figure 4 – Manifestations of the phenomenon of liquefaction in the Wellington harbor area 

following the 2016 Kaikoira earthquake (Cubrinovski et al. 2019). 

 

Over the years these materials have also suffered damage related to static liquefaction 

of the ground and therefore loss of resistance associated with loads of static origin. A 

particularly relevant aspect from a practical point of view in these cases is that of the 

design and construction of dams and fillings (Jamiolkowski 2014; Gens 2019). 

Gens (2019) reports two interesting case histories that involved materials such as silty 

sands and silts of a low plastic nature and in particular the collapse of the Aznalcollar 

dam in 1998 (Figure 5) and that of the harbor of Prat Quay in 2007 (Figure 6), in both 

cases the phenomenon of static liquefaction was the cause of the main damage 

observed. 

 

1.2 Objective and Purpose of the Present Research 

The present study mainly investigates the combined effects of fines and initial static 

shear stress on the liquefaction behaviours of silty sands. A systematic laboratory 

testing programme involving cyclic simple shear tests has been accomplished, 
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covering a relatively wide range of initial void ratio, initial static shear stress ratio and 

fines content. 

 

(a) (b) 

Figure 5 – View of the Aznalcollar dam following the collapse (a) and evidence of the 

phenomenon of static liquefaction (b) (Gens 2019). 

 

 

Figure 6 – View of the harbor section of Prat Quay following the collapse (Gens 2019). 

 

Recent literature studies (Murthy et al. 2007; Huang and Chuang 2011; Yang and Sze 

2010a, b; Yang and Luo 2015; Wei and Yang 2019a; Rahman and Sitharam 2020) on 

sandy soils revealed that the critical soil mechanics can be a promising mechanical 

framework to study the cyclic behaviours of silty sands, but limited studies were 

conducted considering the effect of an initial static shear stress (Wei 2017; Wei and 

Yang 2019b). Some interesting and innovative results regarding cyclic behaviours of 

silty sands are presented in this thesis based on cyclic simple shear tests under the 

framework of the critical state soil mechanics. 
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Firstly, the failure patterns of non-plastic silty sands under undrained cyclic loading, 

taking also into account the presence of an initial static shear stress, have been 

presented and categorised basing on the conventional initial state variables (e0 and p') 

of the specimens. Secondly, the liquefaction resistance of silty sands specimens has 

been determined and the effects of fines are analysed both in absence and in presence 

of various initial static shear stresses. New state indexes defined in the framework of 

the critical state soil mechanics theory, namely state parameter Ψ, pressure index Ip 

and modified state parameter Ψm, have been considered to further reduce the 

influencing factors by unifying the effects of void ratio and effective stresses. To this 

purpose the undrained monotonic triaxial tests results obtained in a previous research 

conducted at the University Mediterranea of Reggio Calabria (Diano 2017) have been 

reinterpreted to define the critical state lines of each sand–fine mixture. Starting from 

the knowledge of the critical state lines of each mixture, unified correlations between 

the undrained cyclic resistance of non-plastic silty sands have been proposed for a 

given initial static shear stress using the critical state indexes mentioned above. 

Characteristics features of the undrained monotonic behaviour of silty sands have 

been considered and unified correlations have also been established between them 

and the afore mentioned critical state indexes. 

Later, the concept of equivalent granular void ratio e* (Thevanayagam et al. 2002) has 

been applied with the aim to unify the cyclic undrained responses of non-plastic silty 

sands mixed with various fines content. The reliability of the fines influence factor (b) 

evaluated by two approaches, one based on static tests and the other on cyclic tests, 

has been analysed and correlations have been established between the cyclic 

liquefaction resistance and the equivalent granular void ratio. Going ahead the 

previously defined critical state parameters have been rewritten obtaining similar ones 

but expressed in terms of e*, such as: the equivalent granular state parameter Ψ* 

(Hsiao and Phan 2016; Rahman and Sitharam 2020; Porcino et al. 2019b), the 

equivalent pressure index I*p (Qadimi and Mohammadi 2014) and the equivalent 

modified state parameter Ψ*m (Qadimi and Mohammadi 2014). The main advantage 

of using these parameters instead of the traditional ones resides in the fact that they 

are based on the confirmed evidence of a unique equivalent critical state line (EG-

CSL) for all fines content (from 0 to the threshold fines contents fthre) and this keeps 

one from determining the critical state lines of all mixtures, that would be a very time 

consuming process.  
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As a final point, the development of the excess pore water pressures of the investigated 

non-plastic silty sand mixtures during cyclic loading has been analysed taking also into 

account the effect of an initial static shear stress. An empirical model defined in terms 

of stress has been proposed and empirical relationships have been presented to derive 

the parameters of the model from the main factors influencing the undrained behaviour 

of the mixtures including the initial static shear stresses. The model may be usefully 

adopted in numerical codes for analyses of local non-linear seismic soil response. 

 

1.3 Thesis Organization 

This thesis is organized in nine chapters whose contents are briefly summarized below: 

• Chapter 1 gives an introduction to the backgrounds of the present study, and 

briefly 

illustrates objectives and development of the present research. 

• Chapter 2 presents a critical review of the literature concerning the specific 

topics treated in the thesis. It is focused on 1) key factors affecting undrained 

behaviour of low plasticity silty sands under monotonic and cyclic loads; 2) 

theoretical framework of the mechanical behaviour of low plasticity silty sands 

under monotonic and cyclic loads; 3) design procedures for determining in situ 

cyclic liquefaction resistance in silty sands. 

• Chapter 3 describes the experimental activity performed. The basic properties 

of the tested non-plastic silty sands materials are  presented and an 

approximate estimation of the threshold fines content based on their density 

indexes is made. A detailed description of the testing apparatus and the 

experimental procedures is reported. An exhaustive description of the testing 

programme is provided and example plots illustrating the typical behaviours 

exhibited by the specimens under different test conditions are presented. 

• Chapter 4 illustrates the failure patterns observed in the undrained cyclic tests 

carried out on the investigated specimens under different test conditions. The 

factors affecting the failure patterns are identified and their influence on the 

observed failure modes is discussed. 

• Chapter 5 focuses on the undrained cyclic resistance of the tested specimens. 

Factors affecting the undrained cyclic resistance of silty sands are also 

discussed. Besides, the cyclic liquefaction resistance vs. number of cycles 

relationships exhibited by specimens with different fines contents, initial state 
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conditions and cyclic loading amplitudes are also discussed. An empirical 

magnitude scaling factor is proposed for the materials been tested. Finally, an 

approach to determine the threshold fines content from the values of the cyclic 

resistance is applied and the result obtained is critically discussed. 

• Chapter 6 analyses the undrained monotonic and cyclic behaviour of the tested 

materials in the framework of the critical state soil mechanics. In this chapter 

the undrained monotonic triaxial tests from a previous research (Diano 2017) 

are reinterpreted to define the critical state lines for each mixture. Different state  

variables in the framework of the critical state theory are considered and their  

relationships with the undrained monotonic and cyclic behaviour of the tested 

mixtures are presented and analysed. 

• Chapter 7 is focused on the concept of the equivalent granular void ratio e*  and 

its application to the tested mixtures with the aim to describe in a unified way 

the undrained monotonic and cyclic behaviour exhibited by the sand-fines 

mixtures regardless of their fines content. An in depth analysis is reported on 

the reliability of the methods followed to determine the fines influence factor, 

which is a fundamental parameter of the equivalent granular void ratio 

approach. The capability of the equivalent granular void ratio concept to predict 

in a unified way the undrained monotonic and cyclic behaviour of silty sands 

with different fines content taking also into account the presence of initial static 

shear stresses is examined and commented. Introducing the equivalent 

granular void ratio in lieu of the traditional one in the critical state theory new 

“equivalent” critical state variables are obtained. Correlations are presented 

between these variables and the undrained cyclic behaviour of the tested 

mixtures taking also into account the presence of initial static shear stresses.  

• Chapter 8 presents the findings of the study on the effect of fines on the excess 

pore water pressure generation under undrained cyclic loading. The effect of 

different initial static shear stresses on the excess pore water pressure 

generation is showed and commented. Moreover, the applicability of some 

cyclic pore water pressure generation models proposed for clean and silty 

sands is discussed, and the accuracy of their prediction to silty sands, with the 

intention of developing, if necessary, a new revised model based cyclic simple 

shear tests is proposed. 
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• Chapter 9 reports general conclusions on the results obtained and provides 

recommendations for future works. 
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Chapter 2 

Literary review 

2.1 Key factors affecting undrained behaviour of low plasticity silty 

sands under monotonic and cyclic loads 

2.1.1 Influence of fines content 

The definition of fines as meant in this thesis is the material passing through the sieve 

n° 200 (mesh opening 0.074 mm) and it can include two particle size fractions: silt 

(particles with a grain diameter between 0.06 mm and 0.002 mm) and clay (particles 

with a grain diameter smaller than 0.002 mm). 

The effect of fines on the response of sands to monotonic and cyclic loadings has been 

one of the most challenging topics in geotechnical engineering. The behaviour of sands 

containing non-plastic silt is mainly controlled by three variables: fines content, fc, void 

ratio, e, and stress level, p'. At a constant void ratio and stress level, as the content of 

non-plastic silt increases up to a threshold fines content, the undrained monotonic and 

cyclic strengths of the mixture decrease, but further increase in the non-plastic silt 

content beyond the threshold value would increase the undrained strength (Dash and 

Sitharam 2009; Dash and Sitharam 2011; Koester 1994; Papadopoulou and Tika 2008; 

Phan et al. 2016; Polito and Martin 2003; Porcino et al. 2019b; Thevanayagam and 

Martin 2002; Thevanayagam et al. 2002; Yang et al. 2006a). As to the sands mixed 

with clay, the behaviour and the strength are affected by further factors such as 

mineralogy, plasticity properties and stress history of the fines, in addition to fc, e and 

p' (Georgiannou et al. 1990; Ni et al. 2004a; Polito 1999; Yasuda et al. 1994). 

Figure 7a shows the effective stress paths and stress–strain curves of two non-plastic 

silty sands (TSS, Toyoura silty sand) specimens along with those of the base sand 

(TS, Toyoura sand) at a similar post-consolidation void ratio (e0) obtained by Yang et 

al. (2015). All specimens were sheared starting at the mean effective stress of p'0=500 

kPa. The clean sand specimen exhibited a highly dilative, strain-hardening response, 

whereas mixed soil specimen TSS(5) with 5% fines content displayed a contractive 

response with a significant reduction in strength. When the percentage of fines was 

increased to 15% (material TSS(15)), the reduction in strength became more 

remarkable and the mixed soil specimen underwent complete liquefaction with zero 

residual strength at large strains. 
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Similar observations were also obtained for another non-plastic silt sand mixtures in 

the same study for Leighton Buzzard silty sand (BSS) specimens (Figure 7b). In 

addition, by comparing Figure 7a and Figure 7b, the increase in contractiveness, due 

to the presence of fines, appears to be more significant for BSS mixture than for TSS 

mixture. 

 

 

(a) 

 

(b) 

Figure 7  – Undrained monotonic shear responses of clean sand and mixtures with crushed 

silica fines at a similar global void ratio: (a) TS and TSS and (b) BS and BSS, in terms of 

effective stress path and shear stress-strain behaviour (Yang et al. 2015). 

 

This difference is considered to be associated mainly with the difference in the size 

disparity between the coarse and fine particles (factor χ =3.1 for Toyoura silty sand, 
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TSS, and factor χ =11.8 for Leighton buzzard silty sand, BSS) of the two mixtures. 

Compared with TSS, BSS has a markedly large-size disparity, which may facilitate the 

movement of fines into the void spaces, thus leading to the soil structure being more 

unstable. A similar behaviour, i.e. a reduction in the small-strain stiffness of the 

material, was obtained in resonant column tests by Liu and Yang (2018), and this 

reduction was found to be all the more evident as the ratio χ increases, while an 

opposite behaviour was observed in monotonic undrained triaxial tests by Monkul and 

Yamamuro (2011) for non-plastic sand-fines mixtures specimens reconstituted with the 

slurry deposition method and at an initial mean effective pressure of 30 kPa, which 

suggests that further studies on the effects of non-plastic fines characterized by several 

χ need to be conducted to clarify this effect. Further discussion on this point will be 

given in a later section. It can be therefore affirmed that, as the percentages of non-

plastic fines increased, at the same initial state (e0, p'0), a reduction in the undrained 

peak shear stress resistance as well as in the shear stress resistance at critical state 

was observed in undrained monotonic tests along with a more contractive behaviour 

of the material. Such evidences have been found in several studies in literature (Lade 

and Yamamuro 1997; Murthy et al. 2007; Nguyen et al. 2017; Rees 2010; Porcino et 

al. 2019b). This type of behaviour was observed for percentages of non-plastic fines 

lower than the limiting (“threshold”) fines content, fthre, beyond which the behaviour 

became opposite. There are not many literature studies in which the effect of non-

plastic fines has been studied in materials characterized by a percentage of fines 

above the threshold fines content in undrained monotonic triaxial tests. In Figure 8 

some experimental results for sands with fines contents between 0% and 60% as well 

as the pure silt obtained by Thevanayagam et al. (2002) are shown. It is possible to 

observe an increase in shear stress resistance and a more hardening behaviour with 

increasing the percentage of fines from 60% to 100% (pure silt), for soils characterized 

by the same initial state. 

Numerous studies that have investigated the effects of fines on the undrained 

monotonic behaviour of sand have discussed the soil response using the critical state 

line. In particular, the location of the critical state line of clean sand in the e-log(p') 

plane has been compared with the location of the critical state line of silty sands. 

Theoretically, critical state data points in the e-log(p') plane should follow a single trend 

that is called the critical state line (CSL). Recently, the change of the shape and the 

position of the CSL in the e-log(p') space of sands with increasing fines content has 
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received increasing attention. However, there is still much debate over the trend of 

CSLs with fines content. There is few data on the critical state lines for non-plastic 

sand-silt mixtures covering a wide range of fines content. The research results of 

different authors seem to be contradictory. Interpretations of the shape and position of 

CSLs can be divided into two groups. 

 

Figure 8  – Effects of fines content on the undrained monotonic behaviour of non-plastic silty 

sands (Thevanayagam et al. 2002). The first number in the legend corresponds to the fines 

content. 

 

The first group reported that CSLs are linear and that the slope of CSL changes with 

changing fines content (Been and Jefferies 1985; Bouckovalas et al. 2003), whereas 

the second group showed that CSLs are curved and more or less parallel for different 

fines content (Zlatovic and Ishihara 1995; Thevanayagam et al. 2002; Rahman et al. 

2008; Rahman and Sitharam 2020). It has been also reported that an increase in non-

plastic fines content within the range fc<fthre gradually leads to a downward movement 

of the CSL in the e-log(p') space, while beyond the threshold value with increasing 

fines content it moves upward again (Pitman et al. 1994; Zlatovic and Ishihara 1995; 

Thevanayagam and Mohan 2000; Thevanayagam et al. 2002; Yang et al. 2006b; 

Murthy et al. 2007; Papadopoulou and Tika 2008; Rahman et al. 2008; Bobei et al. 

2009; Carrera et al. 2011; Porcino et al. 2019b). In the following paragraphs, the effect 

of fines content on the location of CSL is discussed in detail. 
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Been and Jefferies (1985) argued that the slope of the CSLs increases with increasing 

fines content in e-log(p') plane, see Figure 9a. The experimental data clearly show 

that there is a tendency of the CSL to rotate clockwise around a pivot corresponding 

roughly to mean effective stresses between 20 and 80 kPa and void ratios between 

0.73 and 0.78. This effect of fc implies that increasing the fines content would decrease 

the tendency to dilate for mean effective stresses greater than that of the pivot and 

increase this tendency for lower mean stresses. Similarly, Bouckovalas et al. (2003), 

interpreting 42 tests from various studies and researchers, observed that the CSL 

rotates clockwise around a pivot point in e-log(p') space with increasing fines content, 

see Figure 9b. 

 

(a) (b) 

Figure 9 – Effect of fines content on CSL location reported by: (a) Been and Jefferies (1985) 

and (b) Bouckovalas et al. (2003). 

 

Poulos et al. (1985) and Cho et al. (2006) indicated that a small change in soil gradation 

and grain angularity resulted in significant changes in the location and the slope of the 

CSLs. They also showed that increasing grain angularity results in steeper CSLs. 

Castro and Poulos (1977) reported results from tests on four sands, where the steepest 

CSL belongs to the sand with the most angular grains. Similar results were reported 

by Olson (2001), who showed that grain angularity may affect the slope of the CSL 

more significantly than the fines content. 

Yamamuro and Lade (1998) performed drained and undrained triaxial tests on Nevada 

sand containing 7% of non-plastic silt. They showed that the CSLs of clean sand and 

sand with fines from drained tests met each other at confining pressures higher than 

200 kPa, but the two lines diverged at low pressures. Murthy et al. (2007) conducted 
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several drained and undrained triaxial tests with different sample preparation methods, 

namely moist tamping (MT), water pluviation (WP) and slurry deposition (SD), on 

Ottawa sand mixed with non-plastic fines varying from 0 to 15%. They stated that the 

position of the CSL moves downwards in e-log(p') space with increasing fines content. 

Rahman and Lo (2014) reported a similar tendency for Sydney sand mixed with 

different percentages of non-plastic fines from 0% to 30%. The results of his study are 

presented in Figure 10. 

Chiu and Fu (2008) performed tests on poorly graded sand mixed with 0% to 30% fines 

with low plasticity (PI = 9%). The samples were prepared with the moist tamping 

method. They reported downward movement of CSLs in the e-log(p') space with 

increasing fines content from 0% to 20%. At higher fines content, the shifting direction 

was reversed.  

 

  

Figure 10 – Critical state lines of Sidney sand with fines content of 0% to 30% (Rahman and 

Lo 2014). 

 

Furthermore, Papadopoulou and Tika (2008) tested quartz sand mixed with non-plastic 

fines from 0 to 100% fines content. Their results, depicted in Figure 11a, show that 

CSLs shift downwards with increasing fines content up to 35% (known as threshold 

fines content, fthre) and thereafter the trend is reversed up to fc = 100%. Thevanayagam 

and Martin (2002) obtained similar results for the location of the CSLs of sand-silt 

mixtures with fines content ranging from 0% to 100%. Their results indicated that the 

CSL moved downwards from pure sand to sand with 40% fines content (fthre) and then, 

moved upwards with increasing amounts of fines content right up to pure silt, see 
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Figure 11b. Naeini and Baziar (2004) observed the same CSL tendency for Ardebil 

sand mixed with non-plastic fines, where the samples were prepared using moist 

tamping with the under-compaction method. In their work, the fthre was around 35%. In 

summary, the importance of fines content in shifting the location of CSLs in e-log(p') 

framework is indicated. This resulted in difficulties in applying the framework of CSSM 

to analyse the mechanical behaviour of sand-fines mixtures. 

 

 

 

Figure 11 – Critical state lines of sand silt-mixtures obtained by: (a) Papadopoulou and Tika 

(2008) and (b) Thevanayagam and Martin (2002). 

 

Another important research topic is the effect of fines on the cyclic liquefaction 

resistance of sand-fines mixtures. The cyclic resistance ratio at a given number of 

cycles (CRRN) is defined as the ratio of the cyclic shear stress to the effective vertical 

normal stress required to cause liquefaction in a specified number of loading cycles 

(N). Early studies on cyclic liquefaction were mainly concentrated on clean sand 

although the occurrence of loose sand with fines is not uncommon. 

Since the 1960’s, it has been understood that the presence of fines in some manner 

affects the resistance to liquefaction, but systematic studies on sand with fines are 

relatively limited. Previous researchers worked on the effect of the presence of non-

plastic fines on the cyclic resistance of the soil at a constant relative density. There are 

many uncertainties in the literature regarding this effect. Some researchers (Chang et 

al. 1982; Vaid 1994; Singh 1995; Finn et al. 1994; Chien et al. 2002) reported that 

cyclic resistance decreased with an increase in non-plastic fines content (Figure 12). 

On the other hand, some studies (Amini and Qi 2000; Kaufman and Change 1982; 

Chang 1987) indicated opposite results (Figure 13).  
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Figure 12 – Influence of non-plastic fines content on the cyclic liquefaction resistance (Singh 

1995). 

 

  

Figure 13 – Influence of non-plastic fines content on the cyclic liquefaction resistance (Amini 

and Qi 2000). 

 

Other researchers (Polito 1999; Polito and Martin 2001; Xenaki and Athanasopoulos 

2003; Ghahremani et al. 2006; Sadek and Saleh 2007; Athanasopoulos and Xenaki 

2008; Papadopoulou and Tika 2008; Porcino and Diano 2017) reported that cyclic 

strength increases with an increase in non-plastic fines content up to a significant 

amount of fc and, beyond this point, the trend reversed with an increase in fc, see 

Figure 14. 
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Figure 14 – Influence of non-plastic fines content on the cyclic liquefaction resistance (Polito 

1999). 

 

For this reason, some research efforts have also been directed to explain the 

contradictory evidences mentioned before. Those studies revealed that these 

apparently contradictory outcomes were due to the inconsistency of the variables 

assumed as comparison basis (Polito and Martin 2001; Sadek and Saleh 2007; Xenaki 

and Athanasopoulos 2003). When the conventional void ratio is used as a common 

comparison basis, many researchers reported a consistent outcome. However, they 

also reported that the conventional void ratio may not be a good parameter for sands 

with fines. 

 

2.1.2 Influence of fines plasticity 

The effect of fines plasticity on the overall undrained response of sand-fines mixtures 

has been the object of many studies (Chang 1990; Ghahremani and Ghalandarzadeh 

2006; Koester 1994; Guo and Prakash, 1999; Thevanayagam and Mohan, 2000; 

Sadek and Saleh 2007; Tsai et al. 2010; Papadopoulou and Tika 2016). Nevertheless 

more research is necessary to have a better understanding on the effect that the nature 

and the content of the plastic fines can exert on the cyclic liquefaction behaviour of the 

sand-fines mixtures (Sadek and Saleh 2007). The influence of fines plasticity on cyclic 

liquefaction resistance and pore water pressure generation was analysed by Koester 

(1994), using the data from Chang (1990) on reconstituted samples of sand-fines 

mixtures. The sand-fines mixtures were prepared from a uniform fine sand and pre-

selected proportions of uniform low plasticity silt (Vicksburg) and plastic clay 
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(Vicksburg, Mississippi “buckshot”). The plasticity of fines was controlled by the 

amount of added plastic clay. It was reported that for the same void ratio, the plasticity 

of fines has less influence on cyclic strength than the content of fines. A systematic 

study has been done by Ghahremani and co-workers (Ghahremani and 

Ghalandarzadeh 2006; Ghahremani et al. 2006). The sand used in the testing program 

was Firouzkooh sand, which is a medium fine sand with sub-angular particles. The 

fines were kaolin and bentonite. The plasticity of fines was varied by adjusting the 

relative amount of these two fines. As reported by Ghahremani and Ghalandarzadeh 

(2006), in sand-fines mixtures with 16% of fines tested at the same void ratio after 

consolidation, the undrained cyclic resistance increased with the increase in plasticity 

of fines (plasticity index varying from PI=20 to PI=40). The same trend was observed 

as far as the undrained monotonic resistance is concerned in sand-fines mixtures with 

30% fines as shown in Figure 15. Differently from the other studies carried out with a 

triaxial (TX) apparatus, Wijewickreme and Sanin (2007) studied the mechanical 

response of four fine-grained soils having different plasticity using laboratory data from 

constant volume cyclic direct simple shear (DSS) tests. Comparison of the observed 

cyclic resistance ratio (CRR) for the different materials revealed that the value of 

CRRN=15 increased with increasing the plasticity index of the soils. This supported 

previous experimental findings based mainly on data from triaxial tests conducted on 

re-constituted samples (Figure 16). 

 

  

Figure 15 – Increase of undrained monotonic resistance with increasing the plasticity of fines 

(Ghahremani et al. 2006). 
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Figure 16 – Undrained cyclic resistance ratio to reach γ=3.75% in 15 cycles (CRRN=15) versus 

plasticity index for tested fine-grained materials (Wijewickreme and Sanin 2007). 

 

Recently, Park and Kim (2013) performed a series of undrained cyclic triaxial tests on 

specimens having a constant (10%) fines content but different plasticity indexes (PI) of 

the fines, to evaluate the effect of the nature of the plastic fines on cyclic liquefaction. 

The results showed that liquefaction resistance tended to decrease as the PI of fines 

increased. In contrast to dense and medium dense samples, the liquefaction 

resistance of loose specimens was marginally influenced by the plasticity of fines 

(Figure 17). 

 

  

Figure 17 – Cyclic resistance ratio versus plasticity index of fines (Park and Kim 2013). 
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Recently Papadopolou and Tika (2016) presented interesting results; in fact on the 

basis of cyclic undrained triaxial tests performed on two silty sands (fc = 5% and fc = 

15%) and in a range of plasticity index (PI) variable between 0% and 30%, the authors 

pointed out that, as the plasticity increases, the undrained cyclic shear strength of the 

materials exhibits a different trend depending on whether the plasticity index is lower 

or higher than a threshold value. In particular in the range below the threshold PI the 

cyclic liquefaction resistance tends to decrease with increasing PI while in the range 

above it the cyclic resistance tends to increase. The threshold PI identified by the 

authors seems to depend on the percentage of fines in the mixture. Some results 

obtained by the aforementioned authors are shown in Figure 18. 

 

Figure 18 – Variation of the undrained cyclic resistance versus plasticity index for two silty 

sands with (a) fc=5% and (b) fc=15%, at the same initial mean effective stress p'0=100 kPa 

(Papadopoulou and Tika 2016). 

 

2.1.3 Influence of particle size disparity and particle shape 

The controversial or even contradictory views and results in the literature indicate that 

the influence of fines on the undrained behaviour of sand-fines mixtures remains an 

area of great difficulty and uncertainty. The problem is complex, because the mixtures 

of sand and fines are granular materials in nature, comprising discrete particles that 

interact with each other during shearing. Most previous work has tended to focus on 

the effect of fines content by testing specimens of sand mixed with a specific type of 

fines of varying quantities. From a more fundamental point of view, the characteristics 

of both fine and coarse particles, such as shape and size, can significantly affect the 

packing patterns and interactions of the particles, and hence their mechanical 
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behaviour. Therefore, it is essential to explore how particle characteristics play a role 

in the overall response of mixed soils. 

Wei et al. (2020), by comparing the correction factor for the presence of fines on cyclic 

resistance (Kfc = CRRfc/CRRfc=0), observed that OSS (20-30) (Ottawa sand (20–30) 

with fines, χ=11.7), exhibited a more intense decrease of Kfc than OSS(50-70) (Ottawa 

sand (50–70) with fines, χ=4.1) with increasing fines content (Figure 19). The major 

difference between the two series of materials may be the particle size disparity 

between the sandy particles (coarse particles) and the silty particles (fine particles). 

Particle size disparity has been found to be one of the major factors that control the 

packing structure and density of a mixture containing grains with two different particle 

sizes. For example, Lade et al. (1998) reported a particle size disparity ratio (D/d, 

where D is the sieve diameter of the host sand and d is the sieve diameter of the fines) 

of 7 for spherical binary mixtures to be a possible threshold value beyond which added 

fines may be more likely to reside in the voids. Ni et al. (2004b) reported that the active 

fraction of fines (factor b) participating to the force transmission in the structure could 

be affected by size disparity ratio (D10/d50). A similar finding was also reported by 

Rahman and Lo (2008) in a more sophisticated way. Luo (2016) reported simulations 

by discrete element method (DEM) which might support the observation that the larger 

is the particle size disparity (D50/d50), the more downward shift of the critical state line 

in e-log(p') plane is observed for the same additional amount of fines.  

 

  

Figure 19 – Effect of fines content fc on the correction factor Kfc for sand-fines mixtures with 

different particle disparity (Wei et al. 2020). 
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When compared at the same void ratio, a higher particle size disparity may also lead 

to a more significant reduction of the undrained cyclic resistance. Polito (1999) 

performed cyclic triaxial tests on two base sands with the addition of the same non-

plastic silt. The test results were replotted by Wei (2017) together with data of OS 

(Ottawa sand) silt mixtures in Figure 20. 

 

  

Figure 20 – Effects of particle size disparity on the reduction factor Kfc (Wei 2017). 

 

It is clear that for a higher size disparity there is more reduction of cyclic resistance. 

However, it should be noted that the investigated materials have different particle 

shapes and this may have potential effects on the cyclic resistance. 

Particle shape has long been recognised to affect packing density, small-strain 

stiffness, strength, compressibility and other mechanical properties (e.g. Miura et al. 

1997; Cho et al. 2006; Cavarretta et al. 2010; Yang and Wei 2012; Yang and Luo 

2015). Wei (2017) performed undrained cyclic triaxial tests on two different fines-sand 

mixtures with “sub-angular to sub-rounded sand” (TSS) and a more “angular sand” 

(MSS). The results in terms of cyclic resistance ratio and Kfc factor are depicted in 

Figure 21. The undrained cyclic resistance decreased with increasing fines content 

when compared at the same void ratio (Figure 21). The cyclic resistance ratios 

(CRRN=10) of MSS series were all higher than in TSS series, even though the 

specimens of the TSS series had a lower void ratio. However, the reduction factor Kfc 

decreased with increasing the fines content with an approximately parallel trend 

(Figure 21). The experimental results evidence that the particle shape of base sand 

may have effects on both the packing density and the cyclic resistance of the sand-silt 
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mixtures; however the shape of sand grains has only a marginal impact on the 

reduction of the cyclic resistance caused by an increasing amount of fines, provided 

that the base sands have the same particle size distribution. 

 

  

Figure 21 – Effects of base sands grain shape on the undrained cyclic resistance of silty sands 

(Wei 2017). 

 

To examine the effect of particle shapes of fines Rahman (2009) compared two sets 

of tests conducted on the same base sand but with fines having different shapes 

namely SI and MI fines, with SI  being a highly angular fine and MI a nearly rounded 

one. Each set consists of three pairs of tests at initial confining pressure of 350 kPa, 

600 kPa and 850 kPa. Thus, the comparison of the effective stress paths in (q-p') plane 

and the stress-strain plots in (q-εq) plane of the sand with SI and MI fines should 

manifest the effect of angularity of fines in a sand-fines mixture. This comparison is 

presented in Figure 22. As it can be seen both materials manifested contractive 

response and flow-type behaviour. However sand with SI fines manifested higher qpeak 

compared to MI fines for all values of the “equivalent granular state parameter” Ψ*(0) 

used to represent the initial state conditions of the mixtures. Furthermore the overall 

effective stress paths for sand with SI fines are located above of those for sand with 

MI fines. The reason of such behaviour is the presence of highly angular particles in 

SI fines (crushed Sydney sand) that enhance inter-locking effects between sand 

grains. On the other hand, sand with MI fines exhibited lower initial qpeak due to their 

rounded smooth shape.  
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(a) (b) 

Figure 22 – Effects of fines shape on (a) effective stress-path and (b) stress strain behaviour 

(Rahman 2009). 

 

The shape of fines was found to affect the monotonic mechanical behaviour of silty 

sands by other authors (Yang and Wei 2012; Wei and Yang 2014). Yang and Wei 

(2012) found that adding rounded shape fines into clean sand can result in a marked 

increase of collapsibility or liquefaction susceptibility compared with adding fines of 

more angular shape into the same base sand. They proposed an interesting grain scale 

conceptual model to explain the diverse patterns of overall response associated with 

particle shape (Figure 23). 

 

   

Figure 23 – Conceptual models explaining particle shape effects in mixed soils: (a) Type I, 

round-to-round; (b) Type II, round-to-angular; (c) Type III, angular-to-round; (d) Type IV, 

angular-to-angular (Yang and Wei 2012). 

 

The conceptual models describing intergranular contacts and movements in a binary 

mixture provide a useful framework for explaining the variation in the overall material 

response. The round-to-round model represents the most unstable structures, where 

rounded fine particles favour rolling, as manifested by the drastic fluctuations in the 
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stress–strain behaviour of the specimens tested by the authors Yang and Wei (2012). 

The angular-to-angular model represents the most stable structures, where angular 

particles favour sliding rather than rolling. 

 

2.1.6 Influence of an initial static shear stress 

In seismic liquefaction analyses the initial static shear stress is the shear stress on the 

horizontal plane of a soil element under static loading conditions before the cyclic 

loading occurs. Typically, it occurs in soils that are near a shallow foundation of a 

structure, in soils below natural or artificial slopes, etc.. Its magnitude can be 

conventionally represented by the initial static shear stress ratio (α), which is defined 

as follows: 

� = �������	
  (1) 

where τstat is the static shear stress on the horizontal plane of a soil element, and σ'v0 

is the effective vertical stress on the soil element. The effects of the initial static shear 

stress on the cyclic resistance of soils can be either beneficial or detrimental, 

depending on the initial state of the soils (e.g. Boulanger 2003; Yang and Sze 2011a, 

b). Seed (1981) proposed the correction factor, Kα, to take into account such effects 

under the same density and confining pressure. The correction factor is defined as 

follows: 

�� = 
����	
����	 (2) 

Seed and Harder (1990) provided a Kα chart accounting for different relative densities 

and initial effective stress levels lower than 300 kPa (Figure 24). Another Kα chart was 

proposed by Boulanger et al. (1991) and slightly modified by Harder and Boulanger 

(1997) (Figure 25). This chart adopted 3% of shear strain as failure criterion instead 

of 7.5% since 3% of shear strain was found to better capture the onset of large excess 

pore water pressure generation. Moreover, it also assigned a higher rank to simple 

shear tests and torsional shear tests than to triaxial tests because the former ones 

better reproduce the stress state in a soil deposit under earthquake loading. However, 

various editions of Kα charts have been proposed with poor convergence, and as a 

result the NCEER committee suggested the importance of further investigations (Youd 

et al. 2001).  
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Figure 24 – Relationship between initial static shear stress ratio α and correction factor Kα 

(Seed and Harder 1990). 

 

 

Figure 25 – Recommended Kα values for effective confining pressures less than 3 tsf = 300 

kPa (Harder and Boulanger 1997). 

 

A set of experimental data from Sivathayalan and Ha (2011) is also plotted in Figure 

26. Clearly, the experimental results reported by Sivathayalan and Ha (2011) (Figure 

26) overestimated the correction factor for sub-rounded sands and underestimated the 

correction factor for angular sands with respect to the two charts proposed by Seed 

and Harder (1990) (Figure 24) and Harder and Boulanger (1997) (Figure 25). These 
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evidences indicate that the role played by static shear stresses on cyclic resistance is 

dependent on the material itself, in addition to density and confining stress levels. The 

results suggest that Kα could be much smaller than 1 in contractive strain-softening 

sands but is often greater than 1 in dilative strain-hardening sands. Differences in the 

level of dilatancy, occurring on account of different soil fabric, control excess pore-

pressure generation, and thus the cyclic resistance. The fabric of the material is 

dependent on the particle gradations and shapes for a given deposition mechanism. 

 

      

Figure 26 – Variation of Kα with α for two different sands in simple shear tests (Sivathayalan 

and Ha 2011). 

 

As angular sands are often much more dilative, it can be argued that increasing static 

shear would decrease the cyclic resistance of sub-rounded to rounded sands; instead 

it will increase the cyclic resistance of angular sands. 

More recently, the framework of critical state soil mechanics has been introduced to 

investigate the effects of initial static shear stress, such as in Boulanger (2003), Yang 

and Sze (2011a, b). Sze (2010) derived a semi-empirical equation for the Kα factor 

from the state dependent threshold α, showing a strong state dependence of the Kα - 

α relationships. Threshold α is the value of α below which the cyclic resistance 

increases with increasing α, whereas beyond which the cyclic resistance decreases 

with further increase of α. This application of critical state soil mechanics seems to 

provide a new perspective to investigate the effects of initial static shear stress. Wei 
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and Yang (2019b) extended the state dependent threshold α to silty sands, implying 

the applicability of the framework proposed by Sze (2010). However, contributions 

regarding low plasticity silty sand are still limited (Wei and Yang 2015; Porcino et al. 

2018; Wei and Yang 2019b; Kokusho 2020). 

The actual experimental evidence related to these materials show that the effect of a 

static shear stress can be positive or negative depending on the initial global void ratio, 

the initial mean effective stress and the percentage of fines. In this regard, the results 

obtained by Wei and Yang (2019b) are reported (Figure 27). This figure shows the 

trends of the cyclic resistance against liquefaction evaluated for a number of cycles 

equal to 10 (CRRN=10) obtained in anisotropically consolidated undrained cyclic triaxial 

tests on specimens characterized by different values of initial global void ratio and 

mean effective stress with different α. From Figure 27a it is possible to observe how, 

for loose materials (e0=0.903), the cyclic resistance against liquefaction tends to 

initially increase with the value of α and then decrease beyond a threshold value of the 

latter (αthre). However, this didn’t happen in case of a denser material (e0=0.847 and 

e0=0.791); this effect is also different depending on the normal effective confining 

pressure (Figure 27b). 

In Figure 28 the authors showed the trend of the threshold ratio αthre with the normal 

effective confining pressure for specimens characterized by different fines content. It 

can be observed how αthre tends to decrease with the normal effective confining 

pressure, while it tends to increase with the decrease in the percentage of fines (Figure 

28). Further studies should be conducted to confirm the results obtained by Wei and 

Yang (2019b) with different percentages of fines taking into account other factors such 

as the shape and mineralogy of the particles, the induced stress-path, etc. 

 

2.1.8 Influence of fines content on excess pore water pressures induced by cyclic 

loading 

Dynamic and impulsive loading cause development of excess pore water pressure 

(Δu), which leads to degradation of strength, additional settlement, and deformation of 

soil. Excessive increase in excess pore pressure can lead to liquefaction (Kramer 

1996). The response of saturated soil and structure under dynamic loading 

predominantly depends on the magnitude of development of excess pore pressure. It 

is very important to determine an accurate value of pore pressure to analyse in a 

reliable way soil behaviour under dynamic loading. 
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Figure 27 – Effects of α on CRRN=10 for various (a) packing density and (b) confining pressure 

(Wei and Yang 2019b). 

 

 

Figure 28 – Threshold α determined for clean and silty sands (Wei and Yang 2019b). 



 

56 
 

In the last decades, various attempts have been made to model the excess pore water 

pressure through various techniques in order to solve the stability problem, some 

foundation problems and, especially, to determine the liquefaction potential of a soil. 

The modelling of pore pressure response in non-linear site response analysis has seen 

extensive development based on the results of field measurements (Matasovic and 

Vucetic 1993) and laboratory tests (Ishihara et al. 1976), including the effects of 

multidirectional shaking (Seed et al. 1978). Pore pressure can be predicted by various 

methods. Cetin and Bilge (2012) have described a total of four types of models to 

estimate excess pore pressure generated during cyclic loading. These methods are 

stress-based methods (e.g. Seed et al. 1975; Booker et al. 1976), strain-based 

methods (e.g. Martin et al. 1975; Dobry et al. 1985), energy-based methods (e.g. Davis 

and Berrill 1982; Green et al. 2000), and plasticity-based methods (e.g. Prevost 1985; 

Elgamal et al. 2003). 

In the stress-based models, reference is made to the residual pore pressures that are 

defined as the pore pressure values picked up at the instants when the applied 

deviatoric stresses become equal to zero. Methods based on total stress concept do 

not consider the progressive degradation of stiffness due to the increase in pore 

pressure. On the basis of stress-controlled cyclic triaxial tests results on Monterey and 

Sacramento River sands, Lee and Albaisa (1974) proposed an empirical relationship 

between the excess pore-water pressure ratio (Ru) defined as: Ru=Δu/σ'v0 and the 

cycles number ratio (N/Nf), which was claimed to be insensitive to soil type, relative 

density (DR), initial effective confining stress (p'), and number of cycles to liquefaction 

(Nf). On the basis of experimental data of De Alba et al. (1975), Seed et al. (1975) 

developed an empirical, closed-form solution that is given in Eq. (3): 

�� = �12 + 1� ∙ sin�� �2 ∙ � �� !� "⁄ − 1%& (3) 

where β is a constant that is assumed to be a function of soil properties and test 

conditions with an average value of 0.7. The proposed expression was subsequently 

simplified by Booker et al. (1976): 

�� = 2� ∙ sin�� � �� !�/("
 (4) 

Each of the above equations makes use of two calibration parameters (i.e. Nf and β) 

that can be determined from stress controlled cyclic triaxial tests, as well as from other 

types of undrained cyclic tests. For a given soil, Nf increases as relative density 
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increases and decreases as the amplitude of the cyclic loading increases, with the 

amplitude of the cyclic loading typically expressed in terms of cyclic stress ratio CSR 

being CSR=τcycl/σ'v0. Due to the presence of Nf, the use of relationships (3) and (4) has 

its drawback in that they can only be applied to liquefiable soils. However, “non-

liquefiable” soils, such as dense sands and soils with plastic fines, can still undergo 

significant pore pressure increases and deformations as a result of cyclic softening 

(Boulanger and Idriss 2006). The second parameter β is an empirical constant. Both 

equations (3) and (4) have been found to produce results that are in good agreement 

with the results from cyclic triaxial tests (Lee and Albaisa 1974) and cyclic simple shear 

tests (De Alba et al. 1975) on clean sands. Lee and Albaisa’s recommended upper and 

lower bounds of residual pore pressure ratio for Monterey No.0 sand are shown in 

Figure 29. Also shown in this figure is the trend curve of the predicted residual excess 

pore pressure ratio generated using Eq. (4) with β=0.7, an average value 

recommended for clean sands by Booker et al. (1976). 

 

 

Figure 29 – Observed bounds of residual excess pore water pressure ratio as a function of 

cycle ratio and approximate average trendline given by Eq. (4) with β=0.7 (adapted from Seed 

et al. 1975). 

 

In practical applications, besides the need to get reliable values of the two 

aforementioned parameters, a disadvantage of the stress based models resides in the 

fact that they require to convert the irregular time histories of real earthquakes into 

regular (constant amplitude) ones characterized by an equivalent number of cycles. 

Furthermore this equivalent number of cycles depends on the reference amplitude 

conventionally assumed to better represent the seismic hazard of the real earthquake. 
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The numbers of cycles N and Nf appearing in equations (3) and (4) should be 

considered as “equivalent number of cycles”. Polito et al. (2008), in order to take into 

account the effect of non-plastic fines content, re-evaluated on statistical basis, the 

method proposed by Seed et al. (1975) and concluded that the model coefficient β 

needs to be estimated as a function of fines content (fc), relative density (DR), and cyclic 

stress ratio (CSR) as well: 

) = 0.01166 ∙ -. + 0.007397 ∙ 23 + 0.01034 ∙ 
5� + 0.5058 (5) 

Eq. (5) is suggested to be used for soils with fc < 35%. Seed et al. (1975) model is able 

to effectively capture the measured build-up of pore pressure for clean sand, however 

it has some limitations when applied to sands with a silt content higher than 35%, 

consistent with the limiting fines content concept (Polito 1999; Polito and Martin 2001; 

Green et al. 2006). More recently, Porcino (2019) confirmed this observation 

interpreting cyclic simple shear test results performed on reconstituted samples of 

Ticino sand mixed with different percentage of non-plastic fines. In the research, the 

following key features for silty sands with fc ≤ 35% (Figure 30) were observed: 1) the 

specimens experienced zero, or near zero, vertical effective stress conditions during 

cyclic loading; 2) the soils with a higher fines content are more contractive, causing a 

faster rate of excess pore water pressure generation; 3) the shape of Seed’s model for 

clean sands agrees well with experimental data but only data points for fc ≤ 20% fall 

inside the band suggested for clean sands (0.6 ≤ β ≤1) (see Figure 30) while for higher 

fc values a proposed expansion of the upper bound is necessary (i.e. β=1.50 for the 

tested soils). Instead, for low-plastic fines percentages greater than 35% Porcino 

(2019), interpreting the results of cyclic simple shear tests performed on undisturbed 

samples recovered from a site shaken by the catastrophic 2012 Emilia Romagna (Italy) 

earthquake, showed that these soils exhibit a development of residual Ru during 

loading cycles generally less than 0.95 (in the range 0.82-0.94) and a different 

response in terms of shape of plots Ru vs. N/Nf compared to sands with a fines 

percentage less than 35% (Figure 30). Accordingly it was concluded that the model of 

Seed et al. (1975) is no longer appropriate for the prediction of the Ru (Figure 31) and 

a new relationship was proposed that is defined by the following expression (Porcino 

and Diano 2016):  

�� = 8 ∙ � �� !9
 (6) 

where A and B are two empirical parameters controlling the shape of the curve. 



 

59 
 

 

 

Figure 30 – Residual pore water pressure build up for Ticino sand-non-plastic fines mixtures 

(fc ≤ 35%) and comparison with upper and lower bounds proposed for clean sands (adapted 

from Porcino 2019). 

 

It may be argued that Eq. (6) fits the data points with greater overall accuracy, even in 

the last part of the tests; therefore, it is suitable for the application to sandy silts and 

silty sands with fc > 35%. 

 

  

Figure 31 – Residual pore water pressure versus normalized number of cycles for undisturbed 

samples of low plasticity silty sands (fc=40-70%) and prediction of the PWP generation model 

(adapted from Porcino 2019). 

 

With a different approach, Baziar et al. (2011) proposed a modified model based on 

undrained cyclic hollow cylinder torsional tests carried out on Firouzkooh sand and 

non-plastic silt mixtures to take into account the effect of fines content: 
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�� = 2� ∙ sin�� � �� !�/(" + : ∙ ;�1 − �2 ∙ �� − 1!(% (5) 

where ϑ and β are two parameters defined for different types of soils based on their 

silt content. This model always predics Ru = 1 when the normalized number of cycles 

N/Nf is equal to 1 in contrast to the model of Porcino and Diano (2016) that capture in 

most realable way the experimental data in the last part of the test (in proximity of 

liquefaction N/Nf >0.8). 

Comparison of the two aforementioned pore pressure build up models with Seed’s 

model indicates that they reproduce quite satisfactorily the trend of the curves for soils 

with large amounts of non-plastic silt (Figure 31 e Figure 32). 

 

  

(a) (b) 

  

(c) (d) 

Figure 32 – Excess pore water pressure versus normalized number of cycles for sand-silt 

mixtures and comparison with model of Seed et al. (1975) (adapted from Baziar et al. 2011). 

 

Recently, there has been a development of the stress-based models that has been 

pursued by considering a damage parameter defined as accumulated shear stress 
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during cyclic loading. The proposal has been developed basing on undrained cyclic 

stress-controlled tests carried out in triaxial and simple shear devices on sandy soils 

(Park and Ahn 2013; Park et al. 2015). The model expresses the onset of liquefaction 

in terms of accumulated shear stress irrespective on the real features of the shear 

stress time history induced by an earthquake. Accordingly the cycle ratio N/Nf 

appearing in the empirical equations defining the stress-based pore pressure models, 

becomes a function of the accumulated shear stress. Since the damage parameter is 

an incremental quantity that increases with time, the model can be incorporated in a 

time domain program to perform dynamic coupled effective stress analyses in soils 

subjected to transient motions. Furthermore, the model is very easy to be applied since 

all the input parameters can be derived from undrained cyclic stress-controlled tests 

performed to assess the liquefaction resistance. 

Another one of the most commonly used pore pressure generation models is the strain-

based model, first proposed by Martin et al. (1975). As it is well known shear 

deformation is strongly associated with pore pressure generation in saturated soils, 

and it provides a good assessment of excess pore pressure modelling using strain-

controlled tests (Derakhshandi et al. 2008). Ladd et al. (1989) found that the sample 

preparation has a small influence on the response of soil under strain-controlled tests 

compared to stress-controlled tests and suggested that the threshold strain to generate 

excess pore pressure can be easily investigated under strain-controlled testing. 

Although strain-controlled models have numerous advantages over stress-based 

methods, there are difficulties in testing shear strain levels higher than of 0.01 (i.e. 1%). 

This brought the researchers to opt for the stress based methods when a more reliable 

assessment of the pore pressure response after 0.01 shear strain was required (Cetin 

and Bilge 2012). Erten and Maher (1995) showed that there is little pore water pressure 

generation in silty soils if the strain level is less than a threshold value of the order of 

0.01%, that is similar to that observed for sand. The pore pressure generation 

increased with the increase of silt content up to 30%, if the comparison was made at 

the same void ratio (Figure 33). Derakhshandi et al. (2008) investigated the effect of 

plastic fines on the pore pressure generation in saturated sand-fines mixtures by strain-

controlled tests. They stated that the pore pressure response of sand-clay mixtures 

can be explained by the relative values of the sand-skeleton void ratio (considering the 

presence of fines, es=(e+fc)/(1-fc)) compared to the maximum void ratio of the clean 

sand. For sand-skeleton void ratios smaller than the maximum void ratio of the clean 
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sand, the sand matrix dominates, and the soil response is sand-like. When the sand-

skeleton void ratio is larger than the maximum void ratio of the clean sand, the fines 

matrix dominates the soil structure, and the soil responds like clay does.  

 

 

Figure 33 – Normalized pore pressure change vs cyclic shear strain at N=10 cycles (Erten and 

Maher 1995). 

 

Hazirbaba and Rahtje (2009) studied the effect of fines content on excess pore water 

pressure generation in sands and silty sands. They showed that the effects of fines 

content were observed in the form of a decrease in excess pore water pressure and 

an increase in the threshold strain. However, pore water pressure appears to increase 

when enough fines are present to create a sand skeleton void ratio greater than the 

maximum void ratio of the clean sand. 

Energy-based models gained particular relevance from the practical-applicative point 

of view. In fact they require, as an input parameter for the prediction of excess pore 

water pressures, the stress-strain curves of the material; for this reason they can be 

easily implemented in calculation codes for dynamic analysis. An energy-based model, 

GMP, was developed by Green et al. (2000), which relates the excess pore pressure 

to the unit energy dissipated (energy dissipated per unit volume) within the soil mass 

normalised to the corresponding one dissipated at the onset of liquefaction. This model 

can be considered as a special case of a model proposed by Berrill and Davis (1985) 

and it can be also applied to non-plastic silt-sand mixtures with various amount of fines. 

Some authors demonstrated that for soils having a percentage of fines equal to seven 

both models, (Seed et al.1975) and (Green et al. 2000) give approximately the same 
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results (Figure 34). GMP model is unable to precisely simulate the pore pressure 

development in dense sand, compared to Seed et al. (1975) model and it leads to great 

differences in the R2 values. 

 

  

Figure 34 – Plots of measured and predicted pore water pressure ratios for 7% fines: (a) Seed 

et al. model and (b) GMP model (Polito et al. 2008).  

 

Polito et al. (2013) examined whether the energy required to cause liquefaction is 

dependent on or independent of the load shape applied. With this aim, a series of 28 

cyclic undrained triaxial tests were performed using five different load shapes (i.e. 

sinusoidal, square, triangular, irregular symmetric, and irregular asymmetric) (e.g. 

Figure 35), having a range of cyclic stress ratios.  

 

Figure 35 – Example of (a) irregular symmetric loading and (b) irregular asymmetric loading 

(Polito et al. 2013).  

 

It was found that the dissipated energy to cause initial liquefaction was normally 

distributed and independent of the load shape, although it was somewhat dependent 

on duration of loading. A corollary to this finding is that laboratory data from specimens 
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tested using sinusoidal loadings can be used to calibrate the Green, Mitchell, and Polito 

(GMP) energy-based pore pressure generation models even in soils subjected to non-

sinusoidal loadings (e.g. earthquake loadings). 

 

2.2 Theoretical framework of the mechanical behaviour of low 

plasticity silty sands under monotonic and cyclic loads 

2.2.1 Application of critical state approach for the prediction of the mechanical 

behaviour of low plasticity silty sands 

Following the concept of critical void ratio by Casagrande (1936), critical state soil 

mechanics was originated by Roscoe et al. (1958), Schofield and Wroth (1968) basing 

on experimental study on reconstituted clay. Its early application on sands was not 

successful (Been et al. 1991), and it has long been debated whether the steady state 

(Castro 1969) and the critical state were the same (e.g. Casagrande 1975). Been et 

al. (1991) claimed that the steady state is, in fact, the same as the critical state. 

Recently, critical state soil mechanics has received increasing attention in 

characterising the cyclic behaviours and resistance of silty sands (Bouckovalas et al. 

2003; Huang et al. 2004; Jefferies and Been 2006; Papadopoulou and Tika 2008; 

Stamatopoulos 2010; Yang and Sze 2011a, b; Huang and Chuang 2011; Wei and 

Yang 2019a; Hsiao and Phan 2016; Rahman and Sitharam 2020). 

The loci of critical states form a curve in the e - p' - q space with q being the deviatoric 

stress and p' the mean effective stress. Its projections in the q-p' plane (stress plane) 

and in the e-p' plane (compression plane) represent different characteristics of the soil 

(Figure 36). The critical state line of sand in the stress plane is a straight line with slope 

M passing through the origin, indicating no cohesion at the critical state. It can be 

formulated by the following equation using conventional triaxial notations: 

<=> = ±@ ∙ A=>
  (6) 

where the subscript CS represents that the stresses are at critical state; positive for 

triaxial compression and negative for triaxial extension. The slope M can be converted 

equivalently to critical state friction angle using the following equations 

sin B′=> = 3 ∙ @D6 + @D (7a) 

sin B′=> = 3 ∙ @.6 − @. (7b) 
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where the subscript c and e represents compression and extension, respectively; φ'CS 

and M are positively valued. The critical state friction angle depends on mineralogy, 

grading characteristics, shape and roughness of particles (Yang and Wei 2012; Yang 

and Luo 2015). 

For sands the critical state line in the compression plane (CSL) is a curve when it is 

plotted in the e-log(p') plane. The commonly used equation to formulate the critical 

state line in the compression plane for sands adopts a power law as follows (Li et al. 

1999): 

E=> = EFGH − I=> ∙ �A′J�!K
 (8) 

where elim is the intercept and λCS is the slope of the critical state line in the e – (p'/Pa)ξ 

plane; Pa is a reference pressure which is equal to the atmospheric pressure; ξ is a 

positive value. 

A different equation is adopted when a linear trend in the e-log(p') plane can be 

considered sufficiently approximate: 

E=> = EFGH − I=> ∙ LMN �A′J�! (9) 

where elim is now the void ratio evaluated for p'=Pa and λCS the slope of the curve in 

the e-log(p') plane. 

 

 

Figure 36 – Schematics of the critical state lines in different space or planes (Wei 2017). 

 

The analyses based on critical state soil mechanics rely on the assumption that a 

unique critical state line (CSL) exists for a given material. However, several 
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researchers argued that the critical state line in the compression plane may depend on 

several factors such as stress history (Finno and Rechenmacher 2003), initial fabric 

(Vaid et al. 1990), and loading conditions (Vaid et al. 1990; Riemer and Seed 1997). 

However, some recent studies revealed that the critical state line seemed to be unique 

regardless of initial fabric and drainage conditions (Murthy et al. 2007). Jefferies and 

Been (2006) discussed the uniqueness of critical state line by compiling published data 

and claimed that the discrepancy observed in the published data between drained and 

undrained tests (Alarcon-Guzman et al. 1988; Casagrande 1975; Hird and Hassona 

1990) and the non-uniqueness caused by different initial fabric (Vaid et al. 1990) could 

be ascribed to the mistakes in the determination of critical state in the tests. For 

example, some errors in the definition of the critical state could be due to the 

consideration of a quasi-critical state instead of a critical one, which depends on both 

the test conditions and the method of preparation of the specimen. Besides, some 

mistakes are due to the determination of the critical state at an insufficient (not 

sufficiently extended) strain level or from picked data of dense samples that might not 

reach the critical state. It is believed that a unique critical state line can be defined with 

proper testing technique and rigorous interpretation. Li and Dafalias (2012) proposed 

anisotropic critical state theory and explained the role of initial fabric on the non-unique 

critical state lines. They numerically demonstrated that different initial fabric and 

loading conditions may result in a unique critical state line at extremely high strain level, 

which may be not possible under laboratory conditions. Moreover, initial density and 

initial effective confining pressure seemed to be widely accepted as non-influential to 

the critical state lines (e.g. Sze 2010; Yang and Wei 2012), but material properties, 

such as gradation, particle shape, fines content, etc., may have certain effects on the 

critical state line (e.g. Yang and Wei 2012; Yang and Luo 2015). 

Starting from the critical state line it is possible to define different state parameters to 

interpret the behaviour of silty sands that are the subject of this thesis. These variables 

are defined as follows: state parameter, Ψ proposed by Been and Jefferies (1985); 

state index proposed by Ishihara (1993); state pressure index, Ip proposed by Wang et 

al. (2002); modified state parameter, Ψm proposed by Bobei et al. (2009); equivalent 

granular state parameter Ψ* proposed by Rahman (2012); equivalent pressure index 

I*p and equivalent modified parameter Ψ*m proposed by Qadimi and Mohammadi 

(2014). Among all of these parameters, the state parameter is the most frequently 
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applied. It is defined as the difference between the current void ratio and the void ratio 

at the same mean effective stress on the critical state line (Figure 37): 

Ψ = E − E=> (10) 

where e and eCS are the initial void ratio and the critical void ratio at the same mean 

effective stress, respectively. For sands, it is widely observed that dilation tends to 

decrease by increasing void ratio or effective confining pressure before shearing. The 

increased void ratio or mean effective stress can be quantified by the state parameter 

that is capable to unify the effects separately exerted by the void ratio and the mean 

effective pressure; i.e. with increasing the state parameter, a decreased dilatancy can 

be anticipated. The application of the state parameter was seemed to be successful in 

characterising the behaviours of sands, such as Li and Dafalias (2000), Yang (2002), 

Murthy et al. (2007). 

Jefferies and Been (2006) also collected cyclic test data from literature and critical state 

line information to facilitate cyclic resistance evaluation via initial state parameter. 

Generally, the cyclic resistance decreased with increasing state parameter. However, 

the database contained very limited data sets from silty sands. Boulanger (2003a, b) 

also developed an empirical critical state-based cyclic resistance evaluation procedure 

for clean sands. However, the empirical equations for the critical state line involve a 

parameter (relative state parameter ξR (Konrad 1988)) depending on soil minerals, 

whose effectiveness is not proved by experimental data and may not be rational.  

 

 

Figure 37 – Definition of state parameter according to Been and Jefferies (1985) (Wei 2017). 
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Yang and Sze (2011a, b) used the state parameter to characterise the cyclic resistance 

of clean sands with consideration of initial static shear stress. An interesting result 

obtained by these latter authors was the evidence that the threshold static shear stress 

(ratio α) decreases almost uniquely with increasing the state parameter. Application of 

critical state approach to clean sand seemed to be successful. Hence the state 

parameter was considered a promising state variable for characterising the undrained 

cyclic behaviour even of sand-silt mixtures (e.g. Papadoupoulou and Tika 2008; 

Stamatopoulos 2010; Yang and Sze 2011a, b; Huang and Chuang 2011). However, it 

should be reminded that nearly all of these investigations on the effects of fines do not 

take into account the presence of an initial static shear stress. In this regard more 

recently Wei and Yang (2019b) presented laboratory test results showing that the 

critical state soil mechanics may be applied to silty sands under various initial static 

shear stress level. 

After analysing numerous test data, Ishihara (1993) concluded that if samples are 

sheared at low mean effective stresses with void ratios greater than a threshold one, 

then all samples  will come up with zero residual strength, though their state 

parameters are not identical. To solve this problem he proposed a quasi critical state 

line QSSL as a reference base to capture the soil behaviours at low stress level and 

defined a new state index, Is as: 

I> = EQ3 − EEQ3 − ER>> (11) 

where the symbols have the meaning shown in Figure 38.  

Recently, the state index IS has been used to characterise the monotonic behaviour of 

Yellow silty sands (PI=9.3) (Rabbi et al. 2019). The results showed good correlations 

between some fundamental aspects of the undrained monotonic behaviour of the 

investigated silty sand with IS, i.e.: static liquefaction potential and instability stress ratio 

for specimens that exhibited limited flow or flow behaviour. 

Moving along a similar line, Wang et al. (2002) reported that the ratio of current mean 

effective stress, p' to the mean effective stress at critical state/steady state, p'CS is an 

appropriate state variable for the constitutive modelling of sand. Thus, they introduced 

the concept of state pressure index, Ip as: 

IS = A′A′=> 
(12) 

where, p' = current mean effective stress and p'CS = mean effective stress at critical 

state at current void ratio, e. The definition of the state index is shown in Figure 39. 
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Figure 38 – Definition of state index IS according to Ishihara (1993) (Rahman 2009). 

 

 

Figure 39 – Definition of state pressure index Ip according to Wang et al. (2002) (Rahman 2009). 

 

Qadimi and Mohammadi (2014) and Rabbi et al. (2019) used the state pressure index 

Ip to characterise the undrained cyclic and monotonic behaviours of non-plastic and 

low-plastic silty sands. Quite good results were obtained for the prediction of the 

several aspects characterising the monotonic and cyclic behaviours of the investigated 

materials i.e.: static liquefaction potential, instability stress ratio, deviator stress at 

critical state and cyclic liquefaction resistance. 

As already mentioned, the critical state line, CSL is not necessarily linear in e-log(p') 

space. Recent literature data showed that CSL of non-plastic or low-plastic silty sands 

is curved (Bobei and Lo 2005; Li et al. 1999; Verdugo and Ishihara 1996). Bobei and 

Lo (2005) and Bobei et al. (2009) realized that due to the curve shape of CSL, state 
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parameters defined only in terms of void ratio or effective stress cannot capture in an 

exhaustive way the behaviour of sand-fines mixtures observed in undrained monotonic 

and cyclic shear tests.  

Thus, they proposed a modified state parameter, Ψm, expressed as: 

ΨH = Ψ ∙ T∆A′A′ T ∙ E 
(13) 

where: Ψ is the original state parameter, Δp' is the difference between the mean 

effective stress at the current state and the corresponding one taken on CSL for the 

same value of void ratio (Figure 40). By combining the original “state parameter” (Been 

and Jefferies 1985) and the “state pressure index” (Wang et al. 2002), the modified 

state parameter Ψm can be rewritten as: 

ΨH = Ψ ∙ V1 − 1WSV ∙ E 
(14) 

Bobei et al. (2009) reported that Ψm has better prediction capability for sand with fines 

under the CSSM framework. Other researchers analyzed cyclic and monotonic 

behaviour of non-plastic or low-plastic silty sands with this state parameter (Qadimi 

and Mohammadi 2014; Rabbi et al. 2019) obtaining satisfactory results and a quite 

good correlation with some characteristics of undrained behaviour of these materials 

can be found. 

 

 

Figure 40 – Definition of modified state parameter according to Bobei et al. (2009) (Rahman 

2009). 
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Analysis of literature studies shows that the capability of the state indices defined in 

terms of the conventional void ratio (e), particularly Ψ, Ip and Ψm, to predict the 

undrained behaviour of non-plastic sandy soils is not general in the sense that they 

can only be applied for single values of fines content. This is mainly the result of the 

shift in the location of CSL in the compression plane by changing the fines content. 

Samples having the same initial state represented by a point in the e-log(p') plane, but 

with different fc values, have different values of the state parameters. Consequently, 

the application of the state indices defined in term of the conventional void ratio (e), 

requires that a specific CLS be determined for any given fines content. Recently, using 

the concept of equivalent granular void ratio e* (Thevanayagam et al. 2002), the state 

indices previously defined have been rewritten obtaining similar state parameters, i.e. 

equivalent granular state parameter Ψ* (Hsiao and Phan 2016; Rahman and Sitharam 

2020; Porcino et al. 2019), equivalent pressure index I*p (Qadimi and Mohammadi 

2014) and equivalent modified state parameters Ψ*m (Qadimi and Mohammadi 2014). 

The reason for using these modified state indices instead of the original ones is not in 

the quality of the predictions (that remains approximately unchanged) but in a practical 

convenience since they require the knowledge of a unique critical state line (EG-CSL) 

for all fines contents varying in the range from 0 to the limiting fines content fthre. The 

critical state line (CSL) of the clean sand could then be used as unique EG-CSL 

resulting in a significant reduction in the necessary experimental activity. 

 

2.2.2 State variables for the analysis of the behaviour of non-plastic silty sands: the 

equivalent granular state concept  

Laboratory investigations can provide a better control of variables, and thus isolate 

each influential factor, leading to more insightful observations and conclusions than 

field tests. In laboratories, various amounts of fines can be added into clean sands to 

form sand-fines mixtures. Before fines are added into the sandy particles, only coarse 

grains may transfer normal stress and shear stress in the soil skeleton (Figure 41a). 

After some fines are added, these fines particles may, ideally, all fall into the voids 

formed by coarse sandy particles (Figure 41b). But, in fact, fines particles may either 

fall into the voids, or reside in between the sandy particles and thus become active in 

the force chains (Figure 41c), e.g. Lade and Yamamuro (1997), Luo and Yang (2013), 

and Yang et al. (2015). So far, the soil behaviour may still be controlled by the skeleton 

constituted by coarse sand particles. With further increase of fines content, more and 
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more fines may become active and the soil behaviour may gradually become 

dominated by skeleton constituted by fines, when the fines content is so high that the 

fines surround the coarse sandy particles and the sandy particles float in the matrix 

formed by fines (Figure 41d). 

 

Figure 41 – Schematics of possible sand-fines interaction for different fines content: (a) clean 

sand; (b) sand-fines mixture with fc<fthre, fines all in the voids not participating in the force 

transfer; (c) sand-fines mixture with fc<fthre, part of the fines reside between coarser particles 

and are active in force chains; (d) sand-fines mixture with fc>fthre, coarse particles floating in 

fines (Wei 2017). 

 

There seems to be a threshold fines content fthre that may separate sand-dominant and 

fines-dominant soil skeleton. Threshold fines content (fthre), also termed ‘‘limiting fines 

content’’ (Polito 1999; Hazirbaba 2005) or ‘‘transitional fines content’’ (Yang et al. 

2006a) in the literature, is the specific value of the fines content at which the behavioral 

properties of the mixture is reversed (Mohammadi and Qadimi 2015). The threshold 

value serves as an indicator for the nature of mixed soils varying from being sand-

dominant to fines-dominant (Thevanayagam et al. 2002; Yang et al. 2006a). Zuo and 

Baudet (2015) summarised several methods determine the threshold fines content 

including experimental methods and analytical methods. The analytical methods 

suggested that the threshold fines content might depend on various factors. Moreover, 

they also observed a discrepancy between the analytically determined values and the 

experimentally determined ones, indicating sophisticated behaviours of sand-fines 

mixtures. Nevertheless, the threshold fines content may range from approximately 

30% to 50% (such as Polito and Martin 2001; Papadoupoulou and Tika 2008; Yang 

and Wei 2012).  
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For sand-fines mixtures there are several commonly used density parameters to 

characterise the soil behaviour and quantify the monotonic and cyclic resistance, 

namely relative density DR, void ratio e, skeleton void ratio eg, and equivalent granular 

void ratio e*. 

Relative density describes how dense the soil specimen is with reference to the 

maximum and minimum densities (minimum and maximum void ratios, respectively). 

Lee and Singh (1971) discussed drawbacks of relative compaction, which is another 

density index that may be popular in engineering practice and specifications and 

suggested relative density to be used especially for liquefaction analysis on granular 

soils. Relative density is defined as follows: 

23 = EH�X − E	EH�X − EHGY (15) 

where emax and emin are the maximum and minimum void ratios, respectively. Many 

researchers compared the undrained cyclic resistance of sands with different fines 

contents at the same relative density. Singh (1994) found that undrained cyclic 

resistance decreased with increasing fines content (fc=0, 10%, 20%, and 30%) when 

compared at the same relative density. The undrained cyclic resistance of pure silt was 

measured higher than for silty sands with fines contents of 10%, 20%, and 30%, but 

lower than that of pure sand. Chien et al. (2002) also observed a similar trend that the 

undrained cyclic resistance decreased with increasing fines content and the reduction 

of resistance was greater when the fines content was higher than 10%. Polito (1999) 

concluded that for specimens at the same relative density, increasing silt content 

seemed to have limited influence of undrained cyclic resistance when the fines content 

was lower than a certain value (Figure 42). Karim and Alam (2015) observed an 

intermediate behaviour in cyclic and static undrained monotonic tests, before limiting 

fines content the resistance decreases with increasing fines content, while for fines 

contents higher than limiting fines content the resistance is not influenced by the fines 

(Figure 43). Carraro et al. (2003) compared the cyclic resistance at the same relative 

density (40% to 70%) and found that it first increased slightly when the fines content 

increased from 0% to 5%, and then decreased with increasing fines content. Contrarily, 

Dash and Sitharam (2009) showed that the rate of pore water pressure generation 

increased with increasing fines content when fines content was below 5% and then 

decreased with further increasing fines content until the threshold fines content was 

reached. After this threshold, this rate is more or less a constant. Amini and Qi (2000) 
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reported that at the same void ratio or relative density the cyclic resistance would 

increase with increasing fines content. 

 

 

Figure 42 – Effect of fines compared at the same relative density obtained by Polito (1999) and 

Polito and Martin (2001) (Wei 2017). 

 

 

Figure 43 – Effect of fines compared at the same relative density obtained by Karim and Alam 

(2015). 

 

This conclusion seems to be contradictory to many others studies reviewed previously; 

this might be because slurry deposition was adopted to reconstitute the specimens, 

through which the relative density or void ratio could be hardly controlled. Thus the 

conclusions may be inaccurate. The results based on the same relative density seem 
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to have a large discrepancy. The reasons behind may be as follows. First of all, 

calculating relative density requires determination of extreme void ratios, emax and emin. 

However, determination of emax and emin of silty sand may be inaccurate, especially 

when the fines content is relatively high. Secondly, when compared at the same 

relative density, the void ratio usually decreases with increasing fines content (fc<fthre) 

because both emax and emin would decrease. The decreased void ratio may cause 

increased cyclic resistance. Thus the detrimental effects of additional fines may be 

compromised to some extent by such decreased void ratio when compared at the 

same relative density. For these two reasons, controversial conclusions may be 

anticipated. 

Void ratio is simply defined as the ratio between the volume of voids (Vv) and the 

volume of solids (Vs) as follows: 

E = Z�Z> 
(16) 

The void ratio thus defined for sand-silt mixtures is called “global void ratio”.  

In a laboratory study performed on specimens prepared to a constant global void ratio, 

Chang et al. (1982) found that specimens with about 10% fines content displayed cyclic 

resistances approximately 10% smaller than clean sand specimens. However, 

specimens with high fines content (up to about 60% fines) exhibited as much as 50% 

higher cyclic resistance than a clean sand specimen. Troncoso and Verdugo (1985) 

used tailing materials to investigate the influence of fines content. They first separated 

the sandy and silty particles, then mixed the two types of particles at different ratios. 

They prepared samples to the same initial void ratio and found that silty fines reduce 

the cyclic resistance with increasing fines content. They attributed it to the larger 

compressibility and smaller permeability of specimens with higher fines content. Also 

comparing at the same void ratio, Erten and Maher (1995) used strain-controlled cyclic 

tests to study the effect of fines content. Addition of fine particles (both non-plastic and 

low plastic) could increase the excess pore water pressure reached after a given 

number of cycles. The pore pressure generation in sand containing non-plastic fines 

increased until the fines content reached 30%. The increase in low-plasticity fines 

content did not affect the pore pressure generation until 60% fines content was 

reached. Afterwards, the pore pressure generation reduced with further increase of 

fines content. Their data may indicate the existence of a threshold fines content. Later 

on, Polito (1999) performed a comprehensive study on how fines content influenced 
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the undrained cyclic resistance of silty sands. In this study, the cyclic resistance of 

sands with different fines content was compared using different state variables. Their 

results confirmed the observation made by Koester (1994) that, when mixtures are 

compared at the same void ratio, a threshold fines content exists below which the cyclic 

resistance may decrease with increasing fines content, while beyond it the cyclic 

resistance may increase (Figure 44). Similar observations were also reported by 

Xenaki and Athanasopoulos (2003) and Dash and Sitharam (2009), showing that a 

threshold fines content exists when compared at the same void ratio. 

 

 

Figure 44 – Effect of fines compared at the same global void ratio obtained by Koester (1994) 

(Wei 2017). 

 

When a small amount of fines is added into the base sand, especially when the particle 

size disparity is significantly large, most of the fine particles may reside in the voids 

formed by the base sands. Note that the fines residing in the voids may not participate 

in the force transfer chain, therefore the voids they fill, and not those formed by the 

overall (global) structure of the mixture, may be considered more representative of the 

mechanical  behaviour of the mixture. This consideration led to the concept of skeleton 

void ratio or intergranular void ratio (Kuerbis et al. 1988). Assuming the same specific 

gravity for the sands and the fines, the skeleton void ratio may be defined as follows: 

E[ = E + -.1 − -. 
(17) 
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where fc is the fines content in decimal. Kuerbis et al. (1988) reported that the 

undrained cyclic resistance increased slightly with increasing fines content if compared 

at the same eg, but Singh (1994) reported that the cyclic resistance decreased with 

increasing fines content when compared at the same skeleton void ratio, which was 

similar to the results obtained when the comparison was made at the same relative 

density. Unlike the previous two studies, Polito (1999) found that the cyclic resistance 

appeared to be a relative constant with various fines contents when the specimen was 

prepared at the same skeleton void ratio if the fines content would not exceed the 

limiting fines content. He argued that it might be explained by the combined relation 

existing between fines content, void ratio and extreme void ratios at the same skeleton 

void ratio. When specimens were prepared at the same skeleton void ratio, increasing 

fines content decreased the void ratio of the specimen. Meanwhile, the maximum and 

minimum void ratios decreased with increasing fines content. Such decrease in void 

ratio and index void ratios would lead to a nearly constant relative density and thus a 

nearly constant cyclic resistance. However, not every reported data showed the same 

conclusion. Carraro et al. (2003) presented data showing similar conclusion that fines 

content do not influence the undrained cyclic resistance when the samples are 

compared at the same skeleton void ratio, but the cyclic resistance of silty sand was 

found to be higher than that of clean sand. Dash and Sitharam (2009) reported that the 

relative density increased almost linearly with increasing fines content if compared at 

the same skeleton void ratio. They also observed that the cyclic resistance could 

increase with increasing fines content when compared at the same skeleton void ratio. 

Such increase of cyclic resistance could be very gentle unless the increased fines 

content resulted in a relative density approximately equal to 70%. Laboratory 

investigations based on the skeleton void ratio also showed discrepancy to some 

extent. The concept of skeleton void ratio assumes that all the fines fall into the voids 

formed by the sandy particles and take no participation in the force chains. However, 

many investigations showed that the addition of fines led to higher cyclic resistance 

than the one of clean sand, which may imply that this assumption may be incorrect. In 

real cases, not all of the fines are free from force transfer, but some may serve as a 

part of the force chains (e.g. Thevanayagam 2000; Luo and Yang 2013). These 

particles in force chains may be regarded as active fines and need be considered as 

part of the soil skeleton. For this reason, the equivalent granular void ratio was 

proposed (Thevanayagam et al. 2002) for silty sands with fines content smaller than 
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the threshold fines content. It is defined as follows, assuming the same specific gravity 

for the fine and sandy particles: 

E∗ = E + ]1 − ^_ ∙ -.1 − ]1 − ^_ ∙ -. 
(18) 

where b is the fraction of fines taking part in the force chains. When compared at the 

same equivalent granular void ratio, the undrained cyclic resistance of sand-silt 

mixtures with different fines content seemed to be the same (Rees 2010) (Figure 45). 

 

 

Figure 45 – Effect of fines content (numbers after FBM in the internal captures) in sand-silt 

mixtures compared at the same equivalent granular void ratio (Rees 2010). 

 

By increasing fines content beyond the threshold value, fine grains can intrude among 

the coarser grains till the sand grains are floating in the fines, leading to a reduction in 

intergranular contact. Then, the force structure of the soil is dominated by the fines 

skeleton (sand-in-fine). For that case, Thevanayagam et al. (2002) suggested the 

following expression for the determination of the e* value: 

E∗ = E-. + ]1 − -._ ]�`_H⁄  (19) 

where, Rd = D50/d50 and m is a fitting parameter obtained by back analysis. D50 and d50 

are the size of sand at 50% finer and the size of fines at 50% finer, respectively. Qadimi 

and Mohammadi (2015) for sand M31 with Assyros silt (for fc>fthre) obtained a unique 

critical state lines in the e*-log(p') plane (Figure 46).  
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Figure 46  – Equivalent critical state line for Sand M31 with Assyros silt based on the best m 

value (Qadimi and Mohammadi 2015). 

 

The same observation for fc<fthre was obtained by many researchers (Rahman and Lo 

2008; Porcino et al. 2019b; Rahman and Sitharam 2020) (e.g. Figure 47). In fact, the 

critical state line for a sand-fines mixture with fines content less than fthre should follow 

a unique trend in the e*-log(p') space (Thevanayagam et al. 2002). This unique 

relationship is achieved by choosing an appropriate b value for mixtures with fines 

content fc<fthre and an appropriate value of m for fc>fthre.  

 

 

Figure 47  – Equivalent granular critical state line EG-CSL for Ahmedabad sand with fines 

(Rahman and Sitharam 2020). 
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Thevanayagam et al. (2002) used the back analysis method to obtain the b value for 

their results. They assumed b to be constant with a value b = 0.25 for a whole range 

of fines content below the threshold fines content. Later, other researchers reported 

the same value for the soil that Thevanayagam et al. (2002) used, applying back 

analysis (Yang et al. 2006b; Baki 2011). Note that Yang et al. (2006b) determined a 

constant b value of 0.25 for mixtures with fines contents less than the threshold, b = 

0.4 for fc = fthre, and m = 0.65 for mixtures with fines contents higher than the threshold, 

to achieve a good fit for their own data. Thereafter, Rees (2010) found a b value of 

0.35 for Toyoura sand, while Ni et al. (2004) considered a b value of 0.25 for the same 

soil. Carrera et al. (2011) found b = 0.8 to be the optimal value for the Stava tailings 

soils with fc < fthre. Moreover, previous researchers stated that the b value may vary 

between 0 to 1 (Chu and Leong 2002; Thevanayagam et al. 2002; Rahman and Lo 

2008; Rahman 2009; Rahman et al. 2011; Lashkari 2014). A b value of 0 means that 

fines are not contributing to force transmission in the soil structure. This assumption 

leads to an e* value being equal to the skeleton void ratio eg. Kanagalingam and 

Thevanayagam (2005) reported that the b value, which they obtained from back 

analysis, may depend on soil grading parameters. These grading parameters are: (1) 

particle size ratio, defined as Rd=(D50/d50), (2) uniformity coefficient of sand, defined as 

CU,S=(D60/D10), and (3) uniformity coefficient of fines, defined as CU,f=(d60/d10), where 

D and d are the grain sizes of sand and fines, respectively. They proposed a correlation 

between b and CU,S·CU,f 
2/Rd for Rd > 6, which is shown in Figure 48. 

 

Figure 48 – Correlation of b with soil grading parameters (Kanagalingam and Thevanayagam 

2005). 
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Furthermore, Ni et al. (2004) suggested a linear relationship between m and 

CU,S·CU,f
2/Rd for mixtures with high fines content. Recently, Goudarzy et al. (2016) 

performed a series of resonant column tests on Hostun sand mixed with quartz 

powder, and their results were in agreement with the function as suggested by Ni et 

al. (2004), see Figure 49. 

 

 

Figure 49 – Correlation of m with soil grading parameters (Goundazy et al. 2016). 

 

It should be noted that the data of aforementioned studies was not sufficient to take a 

final decision regarding suitable functions for b and m parameters considering grain 

characteristics of the fine and coarse particles. Thevanayagam et al. (2002) and 

Rahman and Lo (2012) discussed the effect of fines content on the b value. Rees 

(2010) suggested different correlations to obtain the b value as a function of particle 

size ratio, χ=D10/d50 and maximum void ratio of the sand. Recently, the so-called 

prediction method has been suggested to obtain the b value by Rahman and his co-

workers (Rahman and Lo 2008; Rahman 2009; Rahman et al. 2011; Rahman and Lo 

2012). The prediction method of Rahman and his co-workers is used in many recent 

studies. They suggested an empirical equation based on re-analysis of the McGeary 

(1961) study on the void ratio of binary packings. They indicated that the b value can 

be represented by a functional relationship of particle diameter ratio, χ and fines 

content, i.e. b = F(χ, fc). A number of empirical constants are also used in this equation, 

which are defined according to the soil characteristics. This semi-empirical equation is 

used to get the b value for sand-fines mixtures with fc<fthre: 
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^ = a1 − EbA c−d ∙ ]-. -�efD⁄ _Y
g hi ∙ jk ∙ -.-�efDlf

 (20) 

where, r = χ-1 = d50/D10, k = (1 - r0.25), and μ is a fitting parameter. Rahman and his co-

workers used eight different published data sets to develop Eq. (20). Recently, 

Lashkari (2014) recommended a new definition of the b parameter, renamed as β1 and 

formulated as a function of fines content and grain shape. The empirical relationship 

in Eq. (21) is proposed to obtain the β1 parameter. 

)� = )	]k, -._ ∙ -. ∙ no (21) 

where the term β0(r, fc) considers the combined infuence of the roundness of coarse 

and fine constituents. z is a material parameter, with z ≈ -0.2 being a reasonable 

estimate for various silty sands, and χ is the particle diameter ratio, D10/d50. Based on 

available data in the literature, the parameter β0(r, fc) is formulated, according to the 

following equation: 

)	]k, -._ = p1.93 + 0.04 ∙ ]k − 1_(q ∙ p1 + 3.2 ∙ ]k − 1_( ∙ EbA]−22 ∙ -._q (22) 

where, r = Rc/Rf is the roundness ratio in which Rc and Rf are the average roundness 

of the coarse and the fines fraction, respectively. Lashkari (2014) stated that, when the 

mixtures have well-rounded to sub-rounded coarse particles, then the divergence 

between calculated b and calculated β1 parameter will be significant, see Figure 50. 

The linear curve is the equation for b, while the black solid curve with data points shows 

β1. It can be implied that when the roundness ratio r between the coarse grains and 

the fines grains are almost the same then the value of b and β1 would be the same. 

Rahman et al. (2008) found an effect of fines content on the b value as shown in Figure 

51. At lower fines content the influence of the ratio fc/fthre on parameter b is very small, 

but at higher fines content this influence begins to be more significant. This means that 

chosing a suitable b value presumes that a reliable value of fc/fthre is assumed. 

 

2.2.3 Use of theoretical models for the prediction of the undrained behaviour of silty 

sands 

Constitutive modeling of soil behaviour under static and cyclic loading has experienced 

rapid development in the past several decades (Pastor et al. 1990; Li and Dafalias 

2000; Zhang and Wang 2012; Wang and Xie 2014; Jefferies 1993; Manzari and 

Dafalias 1997; Dafalias and Manzari 2004; Dafalias and Taiebat 2016; Yang et al. 

2019). How to simulate the state-dependent behaviour of a granular material has been 
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a critical issue. One of the options is to adopt a state variable in the critical state soil 

mechanics (CSSM) framework. 

 

 

Figure 50 – Effect of angularity on the β1 parameter (Lashkari 2014). 

 

 

Figure 51 – Influence of fines content on b for fthre=0.35 (Rahman and Lo 2008). 
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The state parameter Ψ (Been and Jefferies 1985) appears to be the most widely used 

state variable for characterizing the mechanical behaviour of sands and other granular 

materials. The relationships between Ψ and other parameters related to material 

behaviour (e.g. instability stress ratio, cyclic resistance ratio, etc.) have also been 

widely investigated in liquefaction studies (Nguyen et al. 2017; Rahman et al. 2008). 

Among the critical state based models, there is a family of models now known as 

SANISAND (Manzari and Dafalias 1997; Li and Dafalias 2012; Dafalias and Manzari 

2004; Dafalias and Taiebat 2016), which is featured by the state-dependent bounding 

surface and flow rule. Although the capability of these models in simulating the 

mechanical behaviour of sand has been well acknowledged, the calibration and 

validation are mainly based on experimental data on clean sand. When the models are 

applied to silty sand, fc-specific parameters are generally required, implying that a 

clean sand mixed with different amounts of fines needs to be treated as a different 

material. This brings significant difficulty since the quantity of fines may vary 

appreciably even within a single deposit of sand. Yamamuro and Lade (1999) was the 

first who suggested a constitutive model for silty sands. However, the need for 

recalibration of yield function and model parameters for different fines contents, 

densities, and stress levels limit the model applicability in practice.  

To model sand with fines behaviour, Thevanayagam and Mohan (2000) modified an 

existing model in terms of skeleton void ratio, eg and skeleton state parameter, Ψg in 

order to predict flow rule dεp
v/dεp

q. However, the modified flow rule has some 

limitations; in particular, it assumed a unique isotropic consolidation line, which is not 

true for sand with fines. In recent years, some unified critical state compatible (UCSC) 

frameworks have been proposed for the constitutive modeling of both clean sand and 

mixed soils for fc < fthre, as reported by Chang and Yin (2011), Rahman et al. (2014) 

and Lashkari (2014). Chang and Yin (2011) and Lashkari (2014) proposed valuable 

models to describe the stress-strain behaviours of sand-fines mixtures taking into 

account the evolution of the CSL in the e-p' plane. Rahman et al. (2014) suggested a 

modified version of the model originally proposed by Li and Dafalias (2000) for clean-

sand by using the equivalent granular state parameter Ψ*. The UCSC framework of 

Rahman et al. (2014) model was established by merely substituting e* and Ψ* for e 

and Ψ into the equations of the state-dependent plasticity model proposed by Li and 

Dafalias (2000). This model could predict the flow, limited flow, and non-flow 

behaviours of sand-fines mixtures (Figure 52).  
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(a) (b) 

Figure 52 – Comparison between tests results and model prediction for: (a) flow behaviour 

and (b) limited flow behaviour (Rahman et al. 2014). 

 

However, as observed by Yang et al. (2006b), Murthy et al. (2007), and Papadopoulou 

and Tika (2008), this model doesn’t consider the effect of fines content on the critical-

state friction angle of sand-fines mixtures. Lashkari (2014) used a similar approach 

consisting in substituting e* and Ψ* for e and Ψ, respectively, for a fabric-related model 

developed by Dafalias et al. (2004). The aforementioned UCSC frameworks permit to 

perform the constitutive modeling of sands with various quantities of non-plastic or low-

plasticity fines under monotonic loading using a unique set of model parameters. 

However, they cannot be applied to cyclic loading. Subsequently, using the concept of 

e* and Ψ* Lashkari (2016) and Xu et al. (2019) proposed a bounding surface plasticity 

model and a state-dependent plasticity model, respectively, for simulating the 

mechanical behaviour of clean and silty sands under monotonic and cyclic loadings 

(Figure 53).  

The models presented in literature to describe the behaviour of silty sand considering 

in their formulation the state parameter Ψ or the equivalent granular state parameter 

Ψ* are more interesting, but further verification must be performed to confirm the 

advantages. Moreover, these existing models have also some limitations. The samples 

used in the different studies for development constitutive models for silty sand were 

prepared by moist tamping that is known to give a soil fabric more representative of 

sandy deposits placed on land, such as embankment fill or colluviums. Consequentially 

the models, have not been validated for sandy soil formed by any other process. The 

concept of Ψ* is only applicable for a fines-in-sand matrix, so that the proposed model 

considering this state parameter only works well for fc below fthre. Thus, mixtures with 
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higher fc could not be studied by these models. The proposed models should be 

considered valid for sand with non-plastic and low plasticity fines. In fact, previous 

studies on applicability of the concept of e*, single EG-CSL and Ψ* were largely based 

on non-plastic, and, to a lesser extent, low-plasticity fines. More studies should then 

be conducted to extend the applicability of these models to sand-fines mixtures with 

plastic fines. 

 

 

Figure 53 – Simulation of a test on Sydney sand-Majura river silt mixture with e = 0.425 and fc 

= 0.30 subjected to cyclic loading: (a) measured stress path, (b) predicted stress path 

(Lashkari 2016). 

 

2.3 Design procedures for determining in situ cyclic liquefaction 

resistance in silty sands 

Liquefaction of fines containing soils was widely observed during past earthquake 

events. Okashi (1970) reported that the liquefied soils in the 1964 Niigata earthquake 

mainly contained fines with fines contents lower than 10%. Data compiled by 

Tokimatsu and Yoshimi (1983) from 17 earthquakes around the world implied a 

higher possibility of liquefaction for soils with fines contents lower than 5%. However, 

some other investigators also reported liquefaction of soils with higher fines content, 
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such as Trocoso and Verdugo (1985). For example, a study which presented data 

for 20 historic cases of liquefaction (Baziar and Dobry 1995) showed that sand with 

up to 80% fines was liquefiable: this corresponded to flow failure of Mochi-koshi 

tailings dams during the 1978 Izu-Oshima earthquake (Mw = 7.0). Another example 

included 1.6 m of lateral spreading occurring in sand with fc = 65% at San Fernando 

Juvenile Hall during the 1971 San Fernando earthquake, Mw ≈ 6.5. Such case 

histories have confirmed that liquefaction in sand with fines is a reality in the field, 

and is not purely confined to laboratory tests. Recent reconnaissance on the 

liquefaction of soils during earthquakes revealed that liquefaction may occur in soils 

with fines content ranging from 0% to nearly 100% (e.g. Tokimatsu et al. 2012). 

Moreover, the recommended liquefaction evaluation charts, such as the SPT-based 

(e.g. Seed et al. 1985), CPT-based (e.g. Robertson and Wride 1998) and Vs-based 

(e.g. Andrus and Stokoe 2000) charts all suggest that the liquefaction resistance 

increases with increasing fines content as long as the cyclic resistance is compared 

at the same index value. In contradiction, the majority of laboratory test data showed 

a decreasing liquefaction resistance with fines content (fc) (Thevanayagam and 

Martin 2002; Rahman et al. 2008), whereas a typical screening chart, for example 

SPT chart (Figure 54), shows increasing liquefaction resistance with fc for the same 

standard penetration test, NSPT value (Youd et al. 2001). It may be interesting to note 

that the explanation of these empirical observations are different according to 

different researchers. For example, Kokusho et al. (2012) claimed that ageing effects 

may lead to an increased cyclic resistance with the increase of fines content in the 

CPT-based liquefaction resistance evaluations. However, Thevanayagam and 

Ecemis (2008) claimed that higher fines content lead to lower permeability and 

consolidation property and such effects should lead to a reduction of the CPT tip 

resistance because of the inhibited drainage conditions. Besides these two articles, 

Carraro et al. (2003) investigated the effects of fines content on the CPT-based 

liquefaction resistance curves. They combined the (qc1/Pa)-DR correlations from 

numerical simulation and the CRR-DR correlations from laboratory tests. They 

proposed a series of CRR–(qc1/Pa) correlations for fines content ranging from 0% to 

15%, showing that a higher fines content would correspond to a lower CRR. It should 

be noted that their simulations on the cone penetration test allowed fully drained 

conditions around the tip. 
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Figure 54 – Liquefaction screening chart for SPT based liquefaction evaluation (data collected 

from Youd et al. 2001) 

 

Moreover, Dobry et al. (2015) reevaluated the CRR-VS1 database by Andrus and 

Stokoe (2000) and highlighted that the Andrus and Stokoe’s (2000) curves for different 

fines content are located so close to each other that these differences may be covered 

by the data scatter and don’t necessarily reflect a possible effect of fines content. All 

these discrepancies imply the complexity of the undrained cyclic behaviours in soils 

with fines. It should be noted that, even though the field observation may provide the 

engineers and the researchers with first-hand data and straightforward understanding 

of liquefaction phenomenon, field condition may be so complex that it is impossible to 

isolate every influential factor. Therefore, significant research efforts are going on 

worldwide to better understand the complexity of the problem, yet waiting for a well-

accepted “final” screening protocol. Recently, critical state soil mechanics (CSSM) is 

emerging in the literature as a promising pathway for liquefaction analysis 

(Bouckovalas et al. 2003; Huang and Chuang 2011; Baki et al. 2014); among them 

Jefferies and Been (2006) provided the most comprehensive contribution. These 
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studies used state parameter Ψ as a key parameter for correlating liquefaction 

resistance for soil (Figure 55).  

 

 

Figure 55 – Correlation between undrained cyclic strength and state parameter for silty sand 

reconstituted with different methods (Huang and Chuang 2011). 

 

The predicted resistance from such relationships can be compared with expected 

stresses ratio (CSR) induced by the earthquake to assess liquefaction risk. The state 

parameter Ψ at the field condition can also be estimated from field tests e.g. cone 

penetration test (CPT), standard penetration test (SPT) or shear wave velocity (VS) 

(Jefferies and Been 2006; Shuttle and Cunning 2007). However, the CSSM has other 

challenges for the effect of fines. Recently, the equivalent granular state parameter Ψ* 

was correlated to the undrained cyclic resistance of sand-silt mixtures (Mohammadi 

and Qadimi 2015; Rahman and Sitharam 2020). Rahman and Sitharam (2020) used 

the CRRN=20 - Ψ* correlation to estimate the liquefaction resistance for sands with 

various fines content fc. The CRRN=20 and Ψ* relation are presented as liquefaction 

screening chart in Youd et al. (2001). Any data points (Ψ*, CSR) lying on the right side 

of CRRN=20 and Ψ* relationship represent non-liquefaction and vice-versa. The Ψ* may 

be estimated from field tests. An SPT based case study of a site near Sabarmati river 

was used by Rahman and Sitharam (2020) to assess the liquefaction potential by the 

CS approach; the results obtained were compared with those provided by Youd et al. 

(2001) correlation (Figure 56). Both approaches predict no liquefaction which is 
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consistent with the field observation. The proposed approach needs further 

verifications, yet it is an interesting method to perform liquefaction analysis in silty sand 

with different percentages of fines. 

 

Figure 56 – A case study of Sabarmati river site: (a) soil profile and comparison between the 

estimated CSR and CRR (Youd et al. 2001); (b) liquefaction assessment from Youd et al. (2001) 

and comparison with Rahman and Sitharam (2020). 
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Chapter 3 

Tested materials and experimental program 

3.1 Tested Materials 

Two types of materials were used in this research: 1) Ticino clean sand, an Italian silica 

sand from a fluvial (Ticino river) deposit; and 2) a non-plastic silt obtained by sieving 

and collecting the particles smaller than 75 μm of a natural silty sand dug out from the 

same deposit and provided by “Sabbie Sataf s.r.l company”. They were adopted as 

host material and fines of the tested mixtures, respectively.  

The physical properties of these materials are presented in the following sections. 

Scanning Electron Microscope (SEM) was used for the grain shape analysis. 

 

3.1.1 Ticino clean sand 

Ticino clean sand (TS) has been used in many previous studies (Fioravante 2000; 

Jamiolkowski et al. 2003; Jefferies and Been 2016) and has become a standard sand 

in soil mechanics research. Ticino sand is a silica sand from a fluvial deposit originated 

in northern Italy. It is a uniform (uniformity coefficient CU =1.48) coarse to medium sand 

with a mean grain size (D50) equal to 0.57 mm and a specific gravity (GS) equal to 2.68.  

The grain size distribution is shown in Figure 57a. A SEM image of Ticino sand 

particles is presented in Figure 57b. The roundness chart after Cho et al. (2006) was 

used to determine the roundness of the particles. The sand particles resulted to have 

rounded to sub-rounded (R – SR) shape.  

The values of the minimum and maximum void ratios, emin and emax, of Ticino sand 

were determined according to ASTM D4253 and ASTM D4254, respectively. The 

specific gravity was measured according to ASTM D854. The physical properties of 

Ticino sand are summarized in Table 1. 

 

3.2.2 Fines (Non-Plastic Silt) 

The grain size distribution curve of the silt obtained using the hydrometer test is shown 

in Figure 58a. The physical properties are presented in Table 2, and a SEM image is 

shown in Figure 58b. The shape of the silt grains was found to be angular (Cho et al. 
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2006). The silt resulted to be non-plastic (liquid limit = determination not possible and 

plastic limit = 32.2%). 

 

Table 1 – Physical properties of Ticino sand. 

Material 
D50 

(mm) 

D30 

(mm) 

D10 

(mm) 
GS CU emax emin Shape of grains 

TS 0.57 0.49 0.42 2.68 1.48 0.93 0.58 
Rounded to sub-

rounded 

 

 
 

(a) (b) 

Figure 57 – Particle characteristics of Ticino sand: (a) grain size distribution curve and (b) 

shape of particles (SEM image). 

 

Table 2 – Physical properties of silt. 

Material D50 (mm) D30 (mm) D10 (mm) GS CU emax emin Shape of grains 

Fines 0.024 0.012 0.004 2.72 8.54 2.15 - Angular 

 

3.2.3 Sand-Silt Mixtures 

Various amounts of non-plastic silt were mixed with clean Ticino sand to obtain target 

fines contents varying from 5% to 40% by dry weight of solids. The resulting grain size 

distribution curves are shown in Figure 59 together with those of the pure Ticino sand 

and the pure non-plastic silt. 

The maximum and minimum void ratios of the mixtures have been determined 

according to ASTM procedures. The minimum void ratio was determined using the 

vibratory table (ASTM D4253), while the maximum void ratio was determined with 
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method B according to ASTM D4254. It should be noted that the standard procedure 

for the determination of emax and emin is usually only applicable for sand with fines 

content up to 15%, because, with higher fines content, segregation during pouring of 

the mixed soil may occur. However, despite this limitation, repeatable values of 

maximum and minimum void ratios have been documented in the literature following 

the ASTM procedures with an extreme caution (Tao et al. 2004). 

 

.  
 

(a) (b) 

Figure 58 – Particle characteristics of silt: (a) grain size distribution curve and (b) shape of 

particles (SEM image). 

 

 

Figure 59 – Grain size distribution curves of Ticino sand-silt mixtures. 

 

0.0001 0.001 0.01 0.1 1

Particle size diameter, d (mm)

0

20

40

60

80

100

P
e
rc

e
n

ta
g

e
 p

a
s
s
in

g
, 
P

 (
%

)

0.0001 0.001 0.01 0.1 1 10

Particle size diameter, d (mm)

0

20

40

60

80

100

P
e
rc

e
n

ta
g

e
 p

a
s
s
in

g
, 
P

 (
%

)

TS

fc=5%

fc=10%

fc=20%

fc=30%

fc=40%

Fines



 

94 
 

As for the minimum void ratio, some authors still use the ASTM procedure, like 

Thevanayagam (1998), Amini and Qi (2000), Xenaki and Athanasopoulos (2003), 

Huang et al. (2004), Stamatopoulos (2010), whereas others combine the ASTM 

procedure with the Proctor test to obtain consistent values, like Polito and Martin 

(2001), Yang et al. (2006a) or Papadopoulou and Tika (2008). In order to determine 

the maximum void ratio, the ASTM procedure (Amini and Qi 2000; Thevanayagam 

1998) but also alternative methods such as simply pouring material into the mould with 

a funnel (Yang et al. 2006a) or a combination of the two (Papadopoulou and Tika 2008) 

are applied. In the ASTM D4253 procedure, the minimum void ratio is achieved by 

densifying dry soil in a standard mold with a volume of 2830 cm3 using a vertically 

vibrating table. The vibratory table test was found to give more reproducible results. 

The method B of ASTM D4254, instead, consists of filling a tube whose base is sitting 

within a mold of known weight and volume, with dry soil and then slowly lifting the tube 

so that the soil flows out and fills the mold. The variation of emax and emin for Ticino 

sand mixed with different percentages of fines (fc) and other physical properties of the 

mixtures are summarized in Table 3. 

 

Table 3 – Physical properties of Ticino sand-silt mixtures. 

Material D50 (mm) D30 (mm) D10 (mm) GS CU emax emin 

TS+5%·fc 0.559 0.474 0.298 2.66 2.04 0.84 0.53 

TS+10%·fc 0.547 0.459 0.059 2.67 10.16 0.81 0.47 

TS+20%·fc 0.518 0.426 0.023 2.68 24.69 0.79 0.37 

TS+30%·fc 0.483 0.060 0.013 2.69 41.55 0.80 0.37 

TS+40%·fc 0.440 0.045 0.010 2.70 50.51 0.95 0.48 

 

The graphic representation of test results for emin and emax in Figure 60 shows that emin 

and emax decreased up to a fines content of around 30% and then increased with further 

increasing fc. This result is in agreement with previously reported results on silty sands 

(Polito and Martin 2001; Hazirbaba 2005; Sadek and Saleh 2007; Dash et al. 2010; 

Belkhatir et al. 2011; Benahmed et al. 2015). The fines content at which the minimum 

and maximum void ratios change from a decreasing to an increasing tendency is 

defined as the threshold fines content, fthre (Naeini and Baziar 2004; Zuo and Baudet 

2015). Based on Figure 60, the threshold fines content for the given mixtures results 

to be around 20% to 30%. The determination of fthre from solely void ratio involves 

uncertainties, in fact the method based on density index data of sand-fines mixtures 
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can give only an indication of the possible range in which the real value of fthre may lie 

(Zuo and Baudet 2015). It is judged preferable to determine fthre by laboratory tests with 

monotonic or cyclic loading. These other methods for estimating the limiting fines 

content will be discussed in chapter 5. 

Table 3 presents the uniformity coefficients (CU) of the sand-silt mixtures. An abrupt 

jump from 2.04 to 50.51 can be observed as silt content increases from 10 to 40 while 

it decreases to about 8.54 for pure silt (Table 2). This shows that the uniformity 

coefficient of silty sands, compared to other grading characteristics, gives a rather poor 

basis for classifying their behaviour (Kuerbis 1985). 

 

 

Figure 60 – Variation in index void ratios with silt content. 

 

3.3 Testing Program 

The main objective of the work presented in this thesis is to reach a better 

understanding of the undrained behaviour of silty sand mixtures under cyclic loading. 

The testing program includes a large number of undrained cyclic simple shear tests 

conducted both in the absence and in the presence of an initial static shear stress to 

better understand this aspect. It is worthwhile to mention that, in the literature, 

experimental investigations concerning the effects of the initial static shear stresses on 

the cyclic liquefaction resistance of silty sands, conducted with a simple shear 

apparatus, are still scarse. With this objective, the testing program (Table 4 and Table 

5) has been organized in the following series of tests that are briefly summarized 

below: 
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- 140 stress-controlled undrained cyclic simple shear tests performed on Ticino sand-

silt mixtures samples (fc = 0%, 5%, 10%, 20%, 30%; 40%), at different initial static 

shear stress (static stress ratio α=0, 0.05, 0.10, 0.20, 0.30), cyclic stress ratio 

(CSR=0.03-0.28) and initial (post-consolidation) void ratio (e0=0.49-0.78), but at the 

same initial vertical effective stress σ'v0=100 kPa. 

- 20 stress-controlled undrained cyclic simple shear tests performed on Ticino sand-

silt mixtures samples (fc =0, 10, 20 and 30%), at different initial static shear stress 

(static stress ratio α=0, 0.10, 0.20 and 0.30), cyclic stress ratio (CSR=0.08-0.18), initial 

(post-consolidation) void ratio (e0=0.58-0.82), and initial vertical effective stress σ'v0=50 

kPa. 

- 3 undrained monotonic simple shear tests on Ticino sand with fc =20% at an initial 

(post-consolidation) void ratio e0=0.68 and different initial vertical effective stresses (25 

kPa, 50 kPa, 100 kPa). 

Some cyclic undrained simple shear tests (static stress ratio α = 0) performed on Ticino 

sand-silt mixtures, used in the present research, were conducted as a part of a 

previous research carried out at the Mediterranean University of Reggio Calabria 

(Diano 2017). Laboratory tests were carried out by the Norwegian Geotechnical 

Institute (NGI) type simple shear (SS) apparatus whose features are described in 

paragraph 3.4. Moist tamping method was used for the preparation of all test 

specimens. The fines content was varied throughout testing by adding different 

amounts of non-plastic silt to Ticino clean sand. 

 

Table 4 - Summary of cyclic tests under simple shear loading. 

Material e0 
fc 

(%) 

σ'v0 

(kPa) 
α CSR Nf α/CSR 

Load 

Condition 

Observed 

Behaviour 

TS 0.82 0 50 0.00 0.15 15 0.00 R CM 

TS 0.78 0 100 0.00 0.12 47 0.00 R CM 

TS 0.78 0 100 0.00 0.14 12 0.00 R CM 

TS 0.78 0 100 0.00 0.16 5 0.00 R CM 

TS 0.78 0 100 0.00 0.20 2 0.00 R CM 

TS 0.74 0 100 0.00 0.12 126 0.00 R CM 

TS 0.74 0 100 0.00 0.14 21 0.00 R CM 

TS 0.74 0 100 0.00 0.16 12 0.00 R CM 

TS 0.74 0 100 0.00 0.18 7 0.00 R CM 

TS 0.68 0 100 0.00 0.14 76 0.00 R CM 

TS 0.68 0 100 0.00 0.16 19 0.00 R CM 
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Material e0 
fc 

(%) 

σ'v0 

(kPa) 
α CSR Nf α/CSR 

Load 

Condition 

Observed 

Behaviour 

TS 0.68 0 100 0.00 0.18 12 0.00 R CM 

TS 0.68 0 100 0.00 0.20 9 0.00 R CM 

TS 0.68 0 100 0.00 0.23 3 0.00 R CM 

TS 0.63 0 100 0.00 0.20 22 0.00 R CM 

TS 0.63 0 100 0.00 0.23 8 0.00 R CM 

TS 0.63 0 100 0.00 0.25 6 0.00 R CM 

TS 0.60 0 100 0.00 0.23 13 0.00 R CM 

TS 0.60 0 100 0.00 0.26 5 0.00 R CM 

TS 0.78 0 100 0.10 0.08 222 1.25 NR PSA 

TS 0.78 0 100 0.10 0.10 101 1.00 NR PSA 

TS 0.78 0 100 0.10 0.12 23 0.83 R PSA 

TS 0.78 0 100 0.10 0.14 5 0.71 R INT 

TS 0.68 0 100 0.10 0.16 23 0.62 R INT 

TS 0.68 0 100 0.10 0.20 8 0.50 R INT 

TS 0.68 0 100 0.10 0.22 3 0.45 R INT 

TS 0.60 0 100 0.10 0.23 16 0.43 R INT 

TS 0.60 0 100 0.10 0.25 8 0.40 R INT 

TS 0.60 0 100 0.10 0.28 4 0.36 R INT 

TS 0.78 0 100 0.20 0.10 60 2.00 NR PSA 

TS 0.78 0 100 0.20 0.12 8 1.67 NR PSA 

TS 0.68 0 100 0.20 0.16 18 1.25 NR PSA 

TS 0.68 0 100 0.20 0.20 7 1.00 NR PSA 

TS 0.60 0 100 0.20 0.20 59 1.00 NR PSA 

TS 0.60 0 100 0.20 0.26 10 0.77 R PSA 

TS 0.60 0 100 0.20 0.28 6 0.71 R PSA 

TS 0.78 0 100 0.30 0.10 25 3.00 NR PSA 

TS 0.78 0 100 0.30 0.12 1 2.50 NR PSA 

TS 0.68 0 100 0.30 0.16 14 1.87 NR PSA 

TS 0.68 0 100 0.30 0.18 7 1.67 NR PSA 

TS 0.60 0 100 0.30 0.22 59 1.36 NR PSA 

TS 0.60 0 100 0.30 0.28 8 1.07 NR PSA 

TS+5%·fc 0.73 5 100 0.00 0.10 235 0.00 R CM 

TS+5%·fc 0.73 5 100 0.00 0.12 15 0.00 R CM 

TS+5%·fc 0.73 5 100 0.00 0.16 4 0.00 R CM 

TS+5%·fc 0.68 5 100 0.00 0.14 22 0.00 R CM 

TS+5%·fc 0.68 5 100 0.00 0.16 13 0.00 R CM 

TS+5%·fc 0.61 5 100 0.00 0.14 34 0.00 R CM 
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Material e0 
fc 

(%) 

σ'v0 

(kPa) 
α CSR Nf α/CSR 

Load 

Condition 

Observed 

Behaviour 

TS+5%·fc 0.61 5 100 0.00 0.20 8 0.00 R CM 

TS+5%·fc 0.61 5 100 0.00 0.22 6 0.00 R CM 

TS+10%·fc 0.68 10 50 0.00 0.14 16 0.00 R CM 

TS+10%·fc 0.68 10 50 0.00 0.15 10 0.00 R CM 

TS+10%·fc 0.68 10 50 0.00 0.18 7 0.00 R CM 

TS+10%·fc 0.60 10 50 0.00 0.16 32 0.00 R CM 

TS+10%·fc 0.60 10 50 0.00 0.18 13 0.00 R CM 

TS+10%·fc 0.68 10 50 0.10 0.10 135 1.00 NR PSA 

TS+10%·fc 0.68 10 50 0.10 0.14 28 0.71 R PSA 

TS+10%·fc 0.68 10 50 0.10 0.18 10 0.55 R INT 

TS+10%·fc 0.68 10 50 0.20 0.14 24 1.42 NR PSA 

TS+10%·fc 0.68 10 50 0.20 0.16 13 1.25 NR PSA 

TS+10%·fc 0.68 10 50 0.30 0.10 30 3.00 NR PSA 

TS+10%·fc 0.68 10 50 0.30 0.14 4 2.14 NR PSA 

TS+10%·fc 0.68 10 100 0.00 0.10 52 0.00 R CM 

TS+10%·fc 0.68 10 100 0.00 0.12 25 0.00 R CM 

TS+10%·fc 0.68 10 100 0.00 0.14 10 0.00 R CM 

TS+10%·fc 0.68 10 100 0.00 0.16 5 0.00 R CM 

TS+10%·fc 0.60 10 100 0.00 0.14 42 0.00 R CM 

TS+10%·fc 0.60 10 100 0.00 0.16 12 0.00 R CM 

TS+10%·fc 0.60 10 100 0.00 0.20 4 0.00 R CM 

TS+10%·fc 0.55 10 100 0.00 0.14 88 0.00 R CM 

TS+10%·fc 0.55 10 100 0.00 0.18 15 0.00 R CM 

TS+10%·fc 0.55 10 100 0.00 0.20 8 0.00 R CM 

TS+10%·fc 0.53 10 100 0.00 0.16 46 0.00 R CM 

TS+10%·fc 0.53 10 100 0.00 0.19 20 0.00 R CM 

TS+10%·fc 0.68 10 100 0.05 0.14 13 0.36 R CM 

TS+10%·fc 0.68 10 100 0.05 0.16 7 0.31 R CM 

TS+10%·fc 0.60 10 100 0.05 0.16 12 0.31 R CM 

TS+10%·fc 0.68 10 100 0.10 0.08 102 1.25 NR PSA 

TS+10%·fc 0.68 10 100 0.10 0.10 40 1.00 NR PSA 

TS+10%·fc 0.68 10 100 0.10 0.12 6 0.83 R PSA 

TS+10%·fc 0.60 10 100 0.10 0.14 37 0.71 R PSA 

TS+10%·fc 0.60 10 100 0.10 0.16 12 0.63 R INT 

TS+10%·fc 0.60 10 100 0.10 0.19 4 0.53 R INT 

TS+10%·fc 0.55 10 100 0.10 0.17 22 0.59 R INT 

TS+10%·fc 0.55 10 100 0.10 0.22 5 0.45 R INT 
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Material e0 
fc 

(%) 

σ'v0 

(kPa) 
α CSR Nf α/CSR 

Load 

Condition 

Observed 

Behaviour 

TS+10%·fc 0.68 10 100 0.20 0.08 20 2.50 NR PSA 

TS+10%·fc 0.68 10 100 0.20 0.10 10 2.00 NR PSA 

TS+10%·fc 0.60 10 100 0.20 0.12 128 1.67 NR PSA 

TS+10%·fc 0.60 10 100 0.20 0.14 10 1.43 NR PSA 

TS+10%·fc 0.60 10 100 0.20 0.16 4 1.25 NR PSA 

TS+10%·fc 0.55 10 100 0.20 0.18 29 1.11 NR PSA 

TS+10%·fc 0.55 10 100 0.20 0.23 2 0.87 R PSA 

TS+10%·fc 0.68 10 100 0.30 0.03 55 10.00 NR PSA 

TS+10%·fc 0.68 10 100 0.30 0.06 11 5.00 NR PSA 

TS+10%·fc 0.60 10 100 0.30 0.08 88 3.75 NR PSA 

TS+10%·fc 0.60 10 100 0.30 0.10 4 3.00 NR PSA 

TS+10%·fc 0.60 10 100 0.30 0.12 2 2.50 NR PSA 

TS+10%·fc 0.55 10 100 0.30 0.16 47 1.86 NR PSA 

TS+10%·fc 0.55 10 100 0.30 0.18 22 1.67 NR PSA 

TS+20%·fc 0.58 20 50 0.00 0.14 27 0.00 R CM 

TS+20%·fc 0.58 20 50 0.00 0.15 11 0.00 R CM 

TS+20%·fc 0.68 20 100 0.00 0.08 59 0.00 R LFL 

TS+20%·fc 0.68 20 100 0.00 0.10 21 0.00 R LFL 

TS+20%·fc 0.68 20 100 0.00 0.12 8 0.00 R LFL 

TS+20%·fc 0.58 20 100 0.00 0.12 16 0.00 R CM 

TS+20%·fc 0.58 20 100 0.00 0.14 12 0.00 R CM 

TS+20%·fc 0.58 20 100 0.00 0.16 5 0.00 R CM 

TS+20%·fc 0.55 20 100 0.00 0.14 17 0.00 R CM 

TS+20%·fc 0.55 20 100 0.00 0.16 12 0.00 R CM 

TS+20%·fc 0.55 20 100 0.00 0.20 4 0.00 R CM 

TS+20%·fc 0.51 20 100 0.00 0.14 34 0.00 R CM 

TS+20%·fc 0.51 20 100 0.00 0.16 19 0.00 R CM 

TS+20%·fc 0.51 20 100 0.00 0.18 14 0.00 R CM 

TS+20%·fc 0.51 20 100 0.00 0.19 7 0.00 R CM 

TS+20%·fc 0.68 20 100 0.10 0.04 50 2.50 NR FL 

TS+20%·fc 0.68 20 100 0.10 0.07 7 1.43 NR FL 

TS+20%·fc 0.68 20 100 0.10 0.10 4 1.00 NR FL 

TS+20%·fc 0.59 20 100 0.10 0.10 22 1.00 NR PSA 

TS+20%·fc 0.59 20 100 0.10 0.12 9 0.83 R PSA 

TS+20%·fc 0.55 20 100 0.10 0.14 19 0.71 R INT 

TS+20%·fc 0.55 20 100 0.10 0.16 10 0.63 R INT 

TS+20%·fc 0.55 20 100 0.10 0.20 3 0.50 R INT 
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Material e0 
fc 

(%) 

σ'v0 

(kPa) 
α CSR Nf α/CSR 

Load 

Condition 

Observed 

Behaviour 

TS+20%·fc 0.59 20 100 0.20 0.08 25 2.50 NR PSA 

TS+20%·fc 0.59 20 100 0.20 0.10 10 2.00 NR PSA 

TS+20%·fc 0.55 20 100 0.20 0.13 35 1.54 NR PSA 

TS+20%·fc 0.55 20 100 0.20 0.16 6 1.25 NR PSA 

TS+20%·fc 0.55 20 100 0.30 0.14 25 2.14 NR PSA 

TS+20%·fc 0.55 20 100 0.30 0.16 2 1.88 NR PSA 

TS+30%·fc 0.68 30 50 0.00 0.12 58 0.00 R CM 

TS+30%·fc 0.68 30 50 0.00 0.14 12 0.00 R CM 

TS+30%·fc 0.68 30 50 0.00 0.18 4 0.00 R CM 

TS+30%·fc 0.68 30 50 0.10 0.08 27 1.25 NR FL 

TS+30%·fc 0.68 30 50 0.10 0.12 3 0.83 R FL 

TS+30%·fc 0.68 30 100 0.00 0.08 46 0.00 R LFL 

TS+30%·fc 0.68 30 100 0.00 0.10 15 0.00 R LFL 

TS+30%·fc 0.68 30 100 0.00 0.12 7 0.00 R LFL 

TS+30%·fc 0.68 30 100 0.00 0.14 4 0.00 R LFL 

TS+30%·fc 0.58 30 100 0.00 0.12 17 0.00 R CM 

TS+30%·fc 0.58 30 100 0.00 0.14 10 0.00 R CM 

TS+30%·fc 0.58 30 100 0.00 0.18 3 0.00 R LFL 

TS+30%·fc 0.55 30 100 0.00 0.16 34 0.00 R CM 

TS+30%·fc 0.55 30 100 0.00 0.20 9 0.00 R CM 

TS+30%·fc 0.49 30 100 0.00 0.20 33 0.00 R CM 

TS+30%·fc 0.49 30 100 0.00 0.22 12 0.00 R CM 

TS+30%·fc 0.49 30 100 0.00 0.24 3 0.00 R CM 

TS+30%·fc 0.68 30 100 0.10 0.06 22 1.67 NR FL 

TS+30%·fc 0.68 30 100 0.10 0.10 4 1.00 NR FL 

TS+30%·fc 0.59 30 100 0.10 0.10 63 1.00 NR INT 

TS+30%·fc 0.59 30 100 0.10 0.12 11 0.83 R INT 

TS+30%·fc 0.55 30 100 0.10 0.16 23 0.63 R INT 

TS+30%·fc 0.55 30 100 0.10 0.19 11 0.53 R INT 

TS+30%·fc 0.59 30 100 0.20 0.08 61 2.50 NR PSA 

TS+30%·fc 0.59 30 100 0.20 0.10 3 2.00 NR PSA 

TS+30%·fc 0.55 30 100 0.20 0.14 21 1.43 NR PSA 

TS+30%·fc 0.55 30 100 0.20 0.16 9 1.25 NR PSA 

TS+30%·fc 0.55 30 100 0.30 0.12 91 2.50 NR PSA 

TS+30%·fc 0.55 30 100 0.30 0.14 3 2.14 NR PSA 

TS+40%·fc 0.68 40 100 0.00 0.12 50 0.00 R CM 

TS+40%·fc 0.68 40 100 0.00 0.14 10 0.00 R CM 
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Material e0 
fc 

(%) 

σ'v0 

(kPa) 
α CSR Nf α/CSR 

Load 

Condition 

Observed 

Behaviour 

TS+40%·fc 0.68 40 100 0.00 0.16 5 0.00 R CM 

Note: 

R= stress reversal 

NR=non stress reversal 

FL=flow liquefaction 

LFL=limited flow liquefaction 

CM=cyclic mobility 

PSA=plastic strain accumulation 

INT=intermediate 

 
Table 5 - Summary of monotonic tests under simple shear loading. 

Material e0 fc (%) σ'v0 (kPa) α Observed Behaviour 

TS+20%·fc 0.68 20 25 0.00 FL 

TS+20%·fc 0.68 20 50 0.00 FL 

TS+20%·fc 0.68 20 100 0.00 FL 

 

3.4 Simple Shear Device (DSS) 

3.4.1 General description of the apparatus 

The undrained cyclic tests were performed on moist tamped samples of sand-silt 

mixtures, by the Norwegian Geotechnical Institute (NGI) type simple shear (SS) 

apparatus (Bjerrum and Landva 1966) operated at Department of Civil, Energy, 

Environmental and Materials Engineering (DICEAM), of the Mediterranean University 

of Reggio Calabria (Italy). 

The original NGI type simple shear apparatus (Figure 61) has been modified in the 

geotechnical laboratory of DICEAM to enable the application of uni-directional 

monotonic and cyclic simple shear loading through an automated electro-mechanical 

control system (Porcino et al. 2006). 

The apparatus is designed to perform cyclic tests through the application of a cyclic 

horizontal load (stress-controlled test) or displacement (strain-controlled tests) of 

prefixed amplitude and frequency. All the cyclic tests described here were performed 

in stress-controlled conditions at a frequency of 0.10 Hz, while the monotonic tests 

were performed with a constant speed of 0.10 mm/min. 

The advantages of using this apparatus for carrying out undrained tests, compared to 

the triaxial one, are related to the following aspects: 

• sample doesn’t need to be saturated (constant volume testing); 
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• problems associated with the generation of pore pressure (membrane 

penetration) do not exist. 

To generate and transmit the horizontal loads, the apparatus is provided with: 

• a connection fork (Figure 62a); 

• a sliding box (Figure 62a); 

• a horizontal load piston (Figure 62b); 

• a gear-box (Figure 62b). 

The system for the application of vertical loads is composed of: 

• a tower (Figure 63); 

• a lever arm (Figure 63); 

• a disk for positioning weights (Figure 63); 

• a counterweight (Figure 63); 

• a vertical load piston (Figure 63); 

• a mechanism for the manual adjustment of the load. 

 

 

Figure 61 – The modified NGI simple shear apparatus used in the present research. 
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(a) (b) 

Figure 62 – System for generating and transmitting horizontal loads: (a) connection fork and 

sliding box and (b) gear-box and horizontal load piston. 

 

Figure 63 – System for the application of vertical loads. 

 

The tower has the function of supporting the lever arm. Both the tower and the lever 

arm are made of aluminium alloy. The lever arm has a ratio of 1:10 and is dimensioned 

to withstand a vertical load equal to twice the maximum statically applicable load (800 

kg). The height level of the lever arm can be adjusted by using a screw with four 

handles arranged above the tower. The plate for the positioning of the weights is 

superiorly connected to the lever arm by means of a metal rod, and at the bottom with 
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a hook to the mechanical system for the manual adjustment of the load. The latter is 

constituted by a worm gear and the gear wheel on which it is possible to act by using 

the control knob. The counterweight is designed to balance the weight of the vertical 

load cell, of the vertical sliding box and of the vertical piston. The measurement of the 

horizontal and the vertical loads is performed using two load cells built by H.B.M. 

(Hottinger Baldwin Messtechnik, Darmstadt, Germany), U1 type with full scale (F.S.) 

200 kg, accuracy class ± 0.02% F.S. and nominal sensitivity 2 mV/V. 

The measurements of the horizontal and vertical displacements are carried out through 

two transducers of the LVDT (Linear Variable Differential Transducer) W10TK model, 

built by H.B.M. and having a 20 mm measuring range (±10 mm), sensitivity of 1 

digit/microns and a nominal sensitivity of 80 mV/V. It is important to underline that, in 

this type of apparatus, since the specimens are laterally constrained (zero lateral strain 

condition; see paragraph 3.4.2), the undrained tests are performed as constant volume 

tests (Dyvik et al. 1987; Finn 1985) by automatically adjusting the vertical load in order 

to keep the height of the specimen constant. Therefore, during simple shear tests, pore 

pressures are not directly measured during shearing, but they are inferred from the 

changes in the vertical stresses that are needed to maintain a constant specimen 

height. In simple shear tests, normal and shear stresses on the upper horizontal plane 

are the only measured stress quantities, and they are not enough to describe the 

complete state of stress of the samples. The approach followed in the analysis of 

undrained SS tests is based on the assumption that the horizontal plane is the plane 

of maximum shear stress. This assumption is considered to be sufficiently accurate in 

undrained tests whatever the void ratio, in agreement with other authors (Roscoe 1970; 

Sivathayalan 1994, Porcino et al. 2005a). The theoretical framework validation of this 

approach was the subject of a previous research carried out at the Mediterranean 

University of Reggio Calabria (Porcino et al. 2005a; Porcino et al. 2005b). 

 

3.4.2 Samples features and assembly 

The NGI version of the SS apparatus is characterized by a cylindrical sample (80 mm 

in diameter and approximately 20 mm in height), laterally confined by a rubber 

membrane reinforced by steel wires (Figure 64). Accordingly, the lateral restraint 

provided by the reinforced membrane ensures a zero-lateral strain condition that can 

be considered, in a first approximation, as a K0 condition. This condition applies both 

during the consolidation phase and in the shearing phase. 
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The reinforced membranes must be carefully preserved in the absence of light and at 

low temperatures. The metal wire used as reinforcing element has a diameter of 0.15 

mm, modulus of elasticity of 1.55·10-6 kg/cm2, and tensile strength of 5800 kg/cm2; the 

metal windings have a pitch of 20 turns per centimetre of height and are tested to 

horizontal tensions of 1.8 kg/cm2. Specimens superiorly and inferiorly are confined by 

a porous stone mounted to the bottom and the top cap. 

 

  

(a) (b) 

Figure 64 – Specimen components and assembly: (a) scheme and (b) picture before a simple 

shear test. 

 

3.5 Test procedure and presentation of results 

The following paragraphs report the procedure for the execution of cyclic undrained 

simple shear tests and a description of the sample preparation method chosen for the 

reconstitution of samples. In particular, for the last aspect, a lot of precautions, 

modifications and checks have been adopted in order to adapt the standard procedure 

of the moist tamping method to the simple shear apparatus and they will be presented 

in detail in the following sections. Moreover, typical test results, obtained by simple 

shear apparatus, are briefly discussed. 

 

3.5.1 Test procedure and specimen preparation 

The steel wires reinforced rubber membrane is placed into an aluminium mold (Figure 

65a) and a vacuum pressure of about - 40 kPa is applied to make the membrane to 
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adhere to the internal wall of the mold. Subsequently, the lower part of the membrane 

is folded on the bottom sealing it with o-rings, and the sample reconstitution is started. 

In this research for the preparation of the specimens, the moist tamping method has 

been specifically adapted for the simple shear apparatus. For this purpose, some 

additional components have been designed and realized (Figure 65b), such as: 

• an aluminium plate with a circular hole that has a diameter of 43 mm; 

• a steel graduated rod of 39 cm in height; 

• a circular hammer in stainless steel which has a diameter of 50 mm; 

• a steel cylinder that slides along the rod and leans on the aluminium plate; 

• a steel ring with an inner (internal) diameter of 12 mm and outer diameter of 35 

mm. 

 

  

(a) (b) 

Figure 65 – (a) Set-rubber and application of vacuum and (b) components for the reconstitution 

of sample with moist tamping in SS apparatus. 

 

The reference height (Href) for the realization of the layers is carried out by fixing the 

plate at a specified height and placing the pestle on the porous stone of the bottom, as 

illustrated in Figure 66a. Due to the small size of the specimen (only about 2 cm in 

height), the effects of inhomogeneity along its height can be neglected: for this reason, 

the specimen has been made of two layers of equal thickness having a height equal 

to about 1 cm. After, the desired void ratio and the density for the test had been 

determined, the soil was prepared by weighing the proper weight of dry soil (sand and 

silt) for each layer in separate containers. 
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(a) (b) 

Figure 66 – (a) Reference height for the realization of layers and (b) realization of moist tamping 

samples in two layers. 

 

Then dry sand and fines were mixed in the selected weight ratio, and an amount of 

deaired water was added to the mixture, corresponding to a water content of w = 12.5% 

± 2.5% for all tested fines contents. The values of w were selected to obtain a prefixed 

degree of saturation Sr = 50%. At this point, the material necessary for the realization 

of the first layer was poured with a spoon in small quantities and then distributed inside 

the membrane. The surface of the layer was then compacted with a manual hammer 

that is connected to a guide on the setup frame to ensure a precise falling height. The 

height of the last compacted layer (Figure 66b) was kept slightly greater (generally 1-

2 mm) than the target one in order to take into account the weight of the top cap.  

The density distribution within the reconstituted specimens was investigated in 

preliminary tests by means of a two-part mold section along the height of the sample. 

A homogeneous distribution of density was verified by comparing the densities of the 

upper and lower layers. In all CSS tests, the specimens were tested in the moist state, 

without reaching a full water-saturation. The saturation degree of the samples should 

not be of real concern in constant volume SS tests carried out on clean medium to 

coarse sands; however it could have an impact on silty sands with high fines content 

due to possible suction effects. Verifications carried out in a previous research on the 

same materials (Diano 2017) demonstrated that suction effects associated with the 

chosen degree of saturation were practically irrelevant.  
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After the realization of the last layer, the top cap was released gently on the upper 

surface of the specimen using an automatic mechanism that allows to lay it, without 

causing any disturbance to the specimen (Figure 67a). The rubber membrane was 

then folded inferiorly and superiorly on the bottom and top cap, and another o-ring was 

inserted in the lower part, allowing a greater tightness of the specimen during the test. 

Figure 67b shows a sample ready to be disposed within the simple shear apparatus 

for performing the test. 

 

3.5.2 Consolidation phase 

The consolidation phase was conducted by applying vertical load steps in successive 

increments of 10 kPa or 20 kPa. Each load step was maintained for about 15 minutes 

during which the height of the sample was continuously monitored and automatically 

recorded. At the end of the stage the post-consolidation void ratio was determined. 

The accuracy of the LVDT sensor led to an accuracy of about ±0.0015 in terms of the 

void ratio. 

After the consolidation phase, it was necessary to make the specimen tightly fastened 

to the apparatus, for the transmission of the loads. Details of the clamping system are 

shown in Figure 68. 

 

  

(a) (b) 

Figure 67 – (a) Positioning of the top cap on the surface of the last layer and (b) specimen 

ready for the execution of the simple shear test. 
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Figure 68 – Detail of the specimen clamping system. 

 

3.5.3 Static shear stress application phase 

After the end of the consolidation phase, if required, the specimens were subjected to 

a static shear stress (τstat) on the horizontal plane to meet the desired value of shear 

stress ratio α=τstat/σ'v0. The prefixed static shear stress was applied in loading steps 

under drained conditions; each step was maintained until both the vertical and the 

horizontal strains were stable with time prior to the application of a subsequent step. 

 

3.5.4 Shear loading phase 

After the end of the consolidation phase, plus (in case) the static shear stress 

application, the specimens were subjected to either constant-volume monotonic or 

cyclic shear loading. 

In monotonic shear loading tests, the shearing was applied in strain-controlled mode 

with a rate of approximately 0.10 mm/min. Tests were stopped at shear strains of 

approximately 20% - 30%. 

The undrained cyclic tests were carried out in stress-controlled mode at 0.10 Hz 

frequency, by applying constant amplitude shear stress time histories sinusoidally 

varying around the initial value. The amplitude of the applied cyclic horizontal load Fh 

was calculated with the following relation: 

re = �′�	 ∙ 
5� ∙ 8 (23) 
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where: A is the cross-sectional area of the specimen, σ'v0 is the initial vertical effective 

stress and CSR represents the prefixed cyclic stress ratio defined as CSR=τcycl /σ'v0 

with τcycl being one-half of the peak to peak cyclic shear stress amplitude (single 

amplitude). The cyclic loading was continued until liquefaction failure (defined as the 

attainment of a 3.75% single amplitude shear strain (γSA) (NRC 1985)) was achieved. 

The undrained conditions were obtained by shearing the samples under a constant 

volume condition. Since the samples are laterally constrained by the steel wires 

reinforced membrane this condition is simply reached by maintaining the sample height 

constant. The vertical constraint imposed to the sample makes the total vertical stress 

(Δσv) change all along the shearing phase. In this way the change in total vertical stress 

equals the excess pore water pressure generated in an equivalent undrained test 

(Dyvik et al.1987; Finn 1985). The adopted system consists of a closed-loop control 

software written in Visual Basic version 7.1, where two algorithms are implemented, 

one for maintaining the specimen height constant and another one for generating and 

controlling the cyclic horizontal load (stress-controlled tests) or displacement (strain-

controlled tests) of a given amplitude and frequency (Porcino et al. 2006). 

As already mentioned in paragraph 3.4.1 the interpretation of the undrained cyclic 

simple shear tests was based on the simplified assumption that the principal stress 

and strain increment direction coincide (Roscoe 1970). In this case, the horizontal 

plane can be assumed as the plane of maximum shear stress. According to previous 

authors (Roscoe et al. 1967; Sivathayalan 1994; Vaid and Sivathayalan 2000; Porcino 

et al. 2005a), this assumption can be considered reasonable in undrained tests 

irrespective of the initial void ratio. 

 

3.5.5 Results presentation 

A continuous record of all measured data was realized by means of a data acquisition 

system connected to a computer. The development of the shear stress (τ), vertical 

stress (σv; its change Δσv is equivalent to the change in pore water pressure, Δu, in a 

truly undrained test), and shear strain (γ) with time was recorded. All tests were 

conducted until a single amplitude shear strain (γSA) of approximately 3.75% was 

reached (NRC 1985), and this strain-based criterion was selected for identifying the 

onset of liquefaction or other patterns of failure, respectively. 

In Figure 69, are presented typical results of a cyclic simple shear test carried out on 

Ticino sand with 10% of silt in presence of an initial static shear stress τstat, while in 
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Figure 70 are presented typical results of a monotonic shear test carried out on Ticino 

sand with 20% of silt. 

 

Figure 69 – Example of cyclic simple shear tests results on Ticino sand-silt mixtures (fc=10%) 

with an initial static shear stress of 10 kPa.  
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In the cyclic test the shear stress varies with a sinusoidal law around an initial static 

shear stress of 10 kPa. The pore pressure data are expressed both in terms of excess 

pore water pressure Δu and normalized pore pressure ratio Ru. As it can be seen Ru 

reaches a limiting value (approximately 0.8) that is below the range of values usually 

associated to liquefaction. In the stress-strain (τ-γ) plane a progressive reduction of the 

stiffness of the material with the number of cycles can be observed. In (s, N) plane the 

shear strains exhibit a quite regular trend in the first cycles undergoing an abrupt 

increase in the final part of the test until liquefaction occurs in correspondence to the 

value of 3.75% in single amplitude shear strain (Figure 69). 

 

Figure 70 – Example of monotonic simple shear tests results on Ticino sand-silt mixtures 

(fc=20%). 
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and effective stress-path in (τ-σ'v) plane. In Figure 70 a typical flow failure behaviour 

was observed.  
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Chapter 4 

Analysis of tests results – undrained cyclic 

behaviour of Ticino silty sand 

4.1 Typical failure patterns of silty sand 

Failure pattern is one of the fundamental behaviours of soils subjected to cyclic loading, 

which may imply the response of the site to seismic waves. Previous authors (Yang 

and Sze 2011a, b; Sze and Yang 2014; Wei and Yang 2019a, b) reported different 

failure patterns of specimens of clean sands and silty sands reconstituted with different 

sample preparation methods in cyclic triaxial tests. The reported failure patterns were 

flow liquefaction, limited flow liquefaction, cyclic mobility and plastic strain 

accumulation. Going into more details failure patterns can be divided into two major 

categories, i.e. flow type failure and non-flow type failure. Furthermore, there are two 

sub-categories for flow type failure, namely flow liquefaction (LF) and limited flow 

liquefaction (LFL). There are also two sub-categories for non-flow type failure, namely 

cyclic mobility (CM) and plastic strain accumulation (PSA). This kind of failure patterns 

was observed in cyclic simple shear tests performed in the present study and detailed 

descriptions of these failure patterns are presented in the following sub-section. 

 

4.2 Flow type failure 

Two types of flow failure were identified through the experimental observations of 

several research: flow liquefaction (FL) and limited flow liquefaction (LFL). Both failure 

patterns are characterised by a sudden and rapid increase of shear strain once failure 

is triggered. If flow failure does not cease with a complete loss or resistance, it belongs 

to flow liquefaction. If flow failure ceases with a control of the load, it then belongs to 

limited flow liquefaction. 

 

4.2.1 Flow liquefaction 

Figure 71 presents test results from a loose TS+20%fc specimen (e0=0.68; σ'v0=100 

kPa) with an initial static shear stress equal to 10 kPa (α≠0). The stress-strain 

relationship shows that the increase in shear strain was negligible before its sudden 
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and rapid increase. After flow failure, the excess pore water pressure became equal to 

that developed at the critical state on the critical state strength envelope, indicating that 

a completely liquefied failure state had been reached. This type of failure is referred as 

cyclic flow liquefaction. For exhibiting cyclic flow liquefaction (FL), the initial state of the 

specimen should be highly contractive for complete liquefaction to take place. The term 

complete liquefaction failure is here used for the reason that the specimen would not 

regain its stiffness and strength after liquefaction, and thus to avoid confusion with the 

term initial liquefaction or transient liquefaction which are also used for intermediate 

states within a phase with cyclic mobility. 

 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 71 – Typical cyclic flow liquefaction response (moist tamped TS+20%.fc, e0=0.68, 

σ'v0=100 kPa, α=0.10) in terms of: (a) shear strain vs number of cycles, (b) shear stress-strain 

response, (c) stress-path and (d) development of excess pore water pressure. 

 

A similar behaviour was observed on silty sand with a fines content equal to 30% at a 
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Therefore, the phenomenon of cyclic flow-liquefaction, from the analyses carried out 

in the present study, occurs in the case of loose materials in presence of fines; in 

particular, it has been observed for fines content of 20% and 30% and it occurs in 

materials with e0 greater than 0.68. These indications are valid for an effective vertical 

stress of 100 kPa for TS+20%.fc and from 50 to 100 kPa for TS+30%.fc. 

In order to verify the correspondence between the observed behaviour in undrained 

cyclic and monotonic simple shear tests for the silty sand reported in Figure 71, some 

additional monotonic tests were performed on the same material (Figure 72). As can 

be seen in Figure 72a, the material, even in undrained monotonic conditions, exhibits 

a "flow" failure type behaviour with a peak resistance after which there is a rapid loss 

of the shear resistance until an ultimate state condition is reached. 

 

  

(a) (b) 

Figure 72 – Undrained monotonic and cyclic (α=0.10) response of Ticino silty sand with a flow 

type behaviour (TS+20%.fc; e0=0.68): (a) effective stress paths from monotonic triaxial tests 

evidencing CSL and ISL; (b) effective stress path from cyclic simple shear test.  

 

Reduction of resistance was triggered at the stress ratio, ηIS of the peak point on the 
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the origin of (τ-σ'v) plane (Chu and Leong 2002; Lade 1992). As it is shown in Figure 

72a, ηIS is not unique so that it would not be appropriate to assume that a single 
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effective stress increases, according to previous studies (Chu and Leong 2002; Sladen 

et al. 1985; Rahman and Lo 2012). In the same figure (Figure 72a) the critical state 

line of the material in the stress (τ-σ'v) plane was also presented. In each test the 
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samples were considered to have attained the critical state when the shear strain 

reached a value γ = 25%. The critical state angle of shearing resistance φ'CS obtained 

was near to the value obtained from TX tests carried out on the same material in a 

previous research (Porcino et al. 2019).  

In Figure 72b a direct comparison between the undrained cyclic and monotonic 

behaviours is shown. In the fist two cycles, cyclic effective stress path was always 

below the instability state line (ISL) of the corresponding monotonic test carried out at 

the same σ'v0. In the third cycle, τ crossed the ISL line as shown in Figure 72b. It is to 

be noted that after this cycle, the effective stress path curved downward with rapid loss 

of shear resistance and afterward neither τmax nor τmin imposed (stress-controlled test) 

could be achieved. Thus, it can be said that observed behaviour was a form of 

instability. There is therefore a good correspondence of behaviour observed in 

undrained conditions in the cyclic and monotonic tests with the evidence of a strongly 

contracting tendency of the material. 

 

4.2.1 Limited flow liquefaction 

Figure 73 presents test results of a moist-tamped TS+30%.fc specimen exhibiting 

limited cyclic flow liquefaction (LFL). Similar to flow liquefaction, the shear strain did 

not accumulate significantly before the triggering of the flow. Once the flow was 

triggered, the shear strain abruptly increased accompanied by an increase of excess 

pore water pressure. 

In accordance with Robertson's (1994) behavioural chart, the phenomenon of flow 

liquefaction in the presence of an initial static shear stress occurs when τstat is greater 

than the residual shear strength (τCS) of the material (Figure 72) evaluated in the 

monotonic test carried out at the same effective vertical stress; τCS is assessed in the 

(τ-σ'v) plane from the point in which the effective stress path reaches the CSL. 

Conversely when the initial static shear stress is equal to zero the flow liquefaction 

doesn’t happen (Figure 73) unless the material in monotonic conditions exhibits a 

behaviour of complete static flow liquefaction. Unlike what is reported in the 

Robertson’s paper, materials with a contracting behaviour that do not exhibit a 

complete static flow liquefaction do not necessarily fit into the non flow failure patterns 

exhibited by dilating soils, but rather they manifest failure mechanisms that can be 

classified as limited flow liquefaction (Figure 73); this is in accordance with a recent 

study (Wei and Yang 2019a). 
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The phenomenon of limited flow liquefaction (Figure 73), from the analyses carried out 

in the present study, occurs in the case of loose sands with fines; in particular, it has 

been observed for fines content of 20% (TS+20%.fc) with e0 greater than 0.68 and for 

fines content of 30% (TS+30%.fc) with e0 greater than 0.58. These indications are valid 

for an effective vertical stress of 100 kPa. 

 

  

(a) (b) 

  

(c) (d) 

Figure 73 – Typical limited flow liquefaction response (moist tamped TS+30%.fc, e0=0.68, 

σ'v0=100 kPa, α=0) in terms of: (a) shear strain vs number of cycles, (b) shear stress-strain 

response, (c) stress-path and (d) development of excess pore water pressure. 

 

4.3 Non-flow type failure 

This category can be observed in medium dense to dense specimens, which are 

generally considered to be dilative. Two are the main types of failure that have been 

identified for these soils: cyclic mobility (CM) and plastic strain accumulation (PSA). 

The definition of cyclic mobility follows from that given by Castro (1975); it is described 

in detail in the subsequent paragraphs and consistently used in the present study. 
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Conversely the term plastic strain accumulation is referred to a failure pattern 

characterised by a gradually increased residual plastic strain, which predominantly 

occurs when the shear stress does not reverse. It should be noted that Robertson and 

Fear (1995) used the term cyclic liquefaction for the behaviour that in the present study 

is termed cyclic mobility, and the term cyclic mobility for plastic strain accumulation. 

4.3.1 Cyclic mobility 

The undrained cyclic response of a silty sand specimen exhibiting a cyclic mobility 

(CM) failure mechanism is presented in Figure 74. The excess pore water pressure 

increased progressively and finally reached a transient liquefied state (Δu = 0.95·σ'v0, 

σ'v ≈ 0). 

 

  

(a) (b) 

  

(c) (d) 

Figure 74 – Typical cyclic mobility response (moist tamped TS+10%.fc, e0=0.60, σ'v0=100 kPa, 

α=0) in terms of: (a) shear strain vs number of cycles, (b) shear stress-strain response, (c) 

stress-path and (d) development of excess pore water pressure. 
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When this state was attained for the first time, initial liquefaction is said to occur. Since 

then, significant shear strain development took place during subsequent cycles. These 

transient liquefied states correspond to the reversal of cyclic stress. Rapid shear strain 

development took place when the load was about to reverse because the specimen 

exhibited very low stiffness due to the lowered vertical effective stress. After the loading 

reversed, the specimen regained its stiffness and strength, due to the decrease in pore 

water pressure and the corresponding increase in the vertical effective stress. These 

transient liquefied states and subsequently regained stiffness and strength led to sharp 

peaks in the pore pressure graph and elbow-like stress path. Besides other conditions, 

that will be discussed in more detail in the next paragraph, a necessary condition for 

this type of failure to occur is that a stress reversal exists. 

Figure 75 presents the results of an undrained cyclic SS test conducted on a specimen 

with α=0.05 that also failed in the pattern of cyclic mobility. Upon cyclic loading, the 

transient liquefied state could be reached accompanied by large shear strain 

development. As mentioned before, stress reversal is one of the necessary conditions 

for cyclic mobility. As it can be seen from plots in (τ-σ'v) or (τ-γ) planes this condition is 

fulfilled in the analysed test. However, there are cases in which, despite the presence 

of a stress reversal condition, the behaviour exhibited by the material is intermediate 

(INT) between cyclic mobility and plastic strain accumulation. Evidences gained in this 

resarch allowed to identify the ratio α/CSR as a controlling factor for the occurrence of 

the intermediate failure pattern. A list of α/CSR ratios adopted in the undrained cyclic 

SS tests carried out on samples exhibiting the intermediate behaviour is reported in 

Table 6. α/CSR ranges evidenced in this table can be used for predicting the 

occurrence of the intermediate behaviour in preliminary analyses. More information on 

the plastic strain accumulation will be given in the next paragraph. 

 

4.3.2 Plastic strain accumulation 

Figure 76 presents the results of an undrained cyclic SS test conducted on a specimen 

tested with α=0.20 that exhibited plastic strain accumulation. Irrecoverable residual 

shear strains (measured at the neutral points of cycles) accumulated with increasing 

number of loading cycles, and gradually increased to a large strain level. This is the 

reason behind the adoption of the term plastic strain accumulation. The excess pore 

water pressure gradually increased and eventually became stable. No liquefaction was 

observed in this case. 
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(a) (b) 

  

(c) (d) 

Figure 75 – Typical cyclic mobility response (moist tamped TS+10%.fc, e0=0.60, σ'v0=100 kPa, 

α=0.05) in terms of: (a) shear strain vs number of cycles, (b) shear stress-strain response, (c) 

stress-path and (d) development of excess pore water pressure. 

 

Table 6 – α/CSR ratios for mixtures exhibiting intermediate behaviour. 

Material e0 σ'v0 (kPa) α/CSR 

TS 0.60-0.78 100 0.36-0.71 

TS+10%·fc 0.55-0.68 50-100 0.45-0.63 

TS+20%·fc 0.55 100 0.50-0.71 

TS+30%·fc 0.55-0.59 100 0.53-1.00 

 

This type of failure may occur when the specimens are loaded without stress reversal 

and satisfy the requirements of an initial state capable of inducing a hardening 

behaviour. However, in some cases, even with a limited shear stress reversal 

condition, this kind of behaviour can be observed. As already stated in the previous 

paragraph, a useful indicator to evaluate when this phenomenon occurs in presence 

of a limited shear stress reversal is the α/CSR ratio (Table 7). 
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4.4 Factors affecting failure patterns 

The cyclic failure patterns described in the previous section can be affected by several 

factors, the most relevant of which are the initial state (post-consolidation void ratio e0 

and initial mean effective stress p'0 or initial vertical effective stress σ'v0), the applied 

initial static shear stress and the stress reversal conditions. This sub-section discusses 

how these factors influence the failure patterns. 

 

  

(a) (b) 

  

(c) (d) 

Figure 76 – Typical plastic strain accumulation response (moist tamped TS+20%.fc, e0=0.55, 

σ'v0=100 kPa, α=0.20) in terms of: (a) shear strain vs number of cycles, (b) shear stress-strain 

response, (c) stress-path and (d) development of excess pore water pressure. 

 

Table 7 – α/CSR ratios for mixtures exhibiting plastic strain accumulation behaviour with limited 

shear stress reversal. 

Material e0 σ'v0 (kPa) α/CSR 

TS 0.60-0.78 100 0.71-0.83 

TS+10%·fc 0.55-0.68 50-100 0.71-0.83 
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Material e0 σ'v0 (kPa) α/CSR 

TS+20%·fc 0.59 100 0.83 

 

From a theoretical point of view the effects of void ratio on the failure pattern can be 

described by observing that with decreasing void ratio, specimens become more 

dilative under otherwise similar conditions. The failure pattern of a specimen would 

gradually change from flow-type failure to non-flow type failure. Such trend is 

presented in Figure 77a for moist-tamped specimens without initial static shear stress.  

 

  

(a) (b) 

Figure 77 – Effects of (a) void ratio and (b) initial vertical effective stress on failure patterns 

(CM=cyclic mobility, LFL=limited flow liquefaction). 

 

In Figure 77a two types of behaviour changing from limited flow liquefaction (LFL) to 

cyclic mobility (CM) were observed with decreasing (e0). According to Figure 74 CM 

behaviour was characterized by a typical “butterfly” shape of cycles in τ–γ plane with a 

loss of stiffness and a progressive accumulation of the shear strain amplitude with 

cycling, associated with the development of high excess pore water pressures. On the 

other hand the failure pattern of LFL type (Figure 73) included some features of the 

cyclic mobility but, once the failure is triggered, the shear strains may develop rapidly 

without a complete loss of resistance. Therefore the effects of increasing void ratio on 

the undrained cyclic response of TS–silt mixtures can be summarized as a more strain-

softening behaviour with a tendency to limited flow type response (Figure 77a). The 

above mentioned effects of void ratio are consistent with previous studies (e.g. Wei 

and Yang 2019) irrespective of sample preparation methods, initial static shear stress 
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and types of materials. Besides void ratio, initial effective confining pressure can also 

affect the failure pattern. With increasing confining pressure, dilation of the specimen 

can be suppressed whereas contraction can be enhanced. With increasing confining 

pressure, failure patterns of the specimens with a given void ratio may turn from non-

flow type failure to flow type failure. One example is shown in Figure 77b for fc=30 % 

e0=0.68 and α=0. 

Furthermore, different cyclic loading amplitudes may cause different failure patterns of 

a specimen with a given initial state (equal initial void ratio and vertical effective stress). 

The two moist-tamped TS+30%.fc specimens in Figure 78 have similar initial states 

but are loaded under different CSRs. The specimen in Figure 78a was loaded under 

the lower CSR (=0.12) whereas the one in Figure 78b was loaded under the higher 

CSR (=0.18). 

 

  

(a) (b) 

  

(c) (d) 

Figure 78 – Effect of CSR and α on failure patterns for TS+30%.fc sand silt mixtures at the same 

initial state (e0=0.58-59, σ'v0=100 kPa): (a) CSR=0.12 and α=0; (b) CSR=0.18 and α=0; (b) 

CSR=0.12 and α=0.10; (b) CSR=0.10 and α=0.20. 
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It is clear that the specimen loaded with lower CSR exhibited cyclic mobility (CM) but 

the other loaded with higher CSR showed limited flow liquefaction (LFL). The existence 

of an initial static shear stress may also affect the failure patterns. This is because its 

presence results in unsymmetrical loading cycles, leading to different stress reversal 

conditions. Taking Figure 78a, c, and d for example, increased initial static shear 

stress causes stress reversal to disappear and this turns failure pattern from cyclic 

mobility to intermediate and plastic strain accumulation. For relatively loose 

specimens, limited flow liquefaction may be observed for low initial static shear stress 

and high cyclic stress ratio, whereas limited flow liquefaction was not observed for high 

initial static shear stress. In fact, the effects of the cyclic loading amplitude and the 

initial static shear stress should be studied together because both of them affect 

simultaneously the characteristics of the cyclic loading. 
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Chapter 5 

Characterization of cyclic resistance of silty 

sand 

In the previous chapter, the basic behaviours and failure patterns of non-plastic silty 

sands under undrained cyclic loading have been discussed from a qualitative point of 

view for different fines content, initial void ratio and vertical effective stress (initial 

states) and various initial static shear stresses. These behaviours may correlate with 

ground response to cyclic loading for different site conditions. However, estimation of 

cyclic resistance against liquefaction, which is a crucial step in engineering practice 

(Seed 1981), has not yet been discussed. This chapter discusses the cyclic 

liquefaction resistance of non-plastic silty sands as well as factors that affect this 

characteristic through the results of the present research. 

 

5.1 Evaluation of cyclic resistance of non-plastic silty sands 

5.1.1 Failure criterion 

As discussed in the previous chapter, there are mainly four distinguished failure 

patterns, namely flow liquefaction, limited flow liquefaction, cyclic mobility, and plastic 

strain accumulation. Different failure patterns, corresponding to different 

characteristics of strain development and excess pore water pressure generation, are 

the results of different combinations of initial state, initial static shear stress and loading 

amplitude. The failure criteria for cyclically loaded specimens are commonly defined 

through the development of excess pore water pressure or, alternatively, the 

development of shear strain. In the present study both of them were considered but 

the criterion based on development of shear strain turned out to have a more general 

validity irrespective of the failure pattern analysed. 

Figure 79 presents the strain development observed in tests exhibiting each type of 

failure pattern. Figure 79a to 79c represent the typical trends featuring flow 

liquefaction, cyclic mobility and plastic strain accumulation, respectively. Since the 

strain level before flow liquefaction is rather small, its abrupt and unlimited nature 

makes the onset point of flow failure to correspond to the point that define failure. In 

fact after the flow is initiated, the shear strain increases so rapidly, reaching a very 
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large level, that the process cannot be captured. Accordingly this failure criterion can 

be treated as a strain-based one. A criterion based on excess pore water pressure 

may not be suggested for this failure type because the excess pore water pressure 

may not reach pore pressure ratio Ru = 1 even after flow failure. 

Cyclic mobility usually occurs for dilative specimens. Stress reversal is one of the 

essential conditions, although in some cases we can also observe an intermediate 

behaviour with plastic strain accumulation. In these tests the shear strain changes 

cyclically between positive and negative side, and for this reason a strain criterion 

based on single amplitude deformation seems to be useful to define the onset of 

liquefaction. For cyclic mobility in literature, excess pore water pressure is also widely 

used as an indicator that determines failure, usually in the form of pore pressure ratio, 

Ru. Nevertheless in these tests the number of cycles causing Ru = 1 is very close to 

that causing S.A. of shear strain = 3.75% (NCR 1985). Hence, 3.75% of S.A. of shear 

strain can be consistently chosen as the failure criterion for cyclic mobility and 

intermediate behaviours (Figure 79b). 

 

(a) (b) (c) 

Figure 79 – Strain development of different cyclic failure patterns: (a) flow liquefaction, (b) 

cyclic mobility and (c) plastic strain accumulation. 

 

Plastic strain accumulation occurs when there is no stress reversal in general or when 

a little reversal is present, leading to strain accumulation. The shear strain oscillates 

cyclically around a median curve (Figure 79c). In this case the accumulated peak 

shear strain of 3.75% was used as the indicator to define failure, which may give a 

relatively conservative estimation. A criterion based on excess pore water pressure 
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may not be suggested because the excess pore water pressure is a complex result of 

the interaction between initial state, initial static shear stress and loading amplitude, 

and may remain significantly lower than the initial effective confining pressure or the 

initial effective vertical stress (Ru < 1) for some cases (e.g. Figure 80). 

 

  

(a) (b) 

Figure 80 – Typical plastic strain accumulation response (moist tamped TS+10%·fc, e0=0.60, 

σ'v0=100 kPa, α=0.20) in terms of: (a) shear strain vs number of cycles, (b) development of 

excess pore water pressure. 

 

5.1.2 CSR – Nf relationship and cyclic resistance of non-plastic silty sands at a given 

number of cycles 

The cyclic resistance, in terms of cyclic resistance ratio (CRR), is defined as the CSR 

causing failure at a given number of stress cycles. It is commonly determined using 

the relationship between CSR and the number of cycles that the soil can sustain until 

failure/liquefaction (Nf). Figure 81 presents selected CSR-Nf relationships, showing 

that Nf increases with decreasing CSR. The following equation is commonly adopted 

in engineering practice: 


5� = t ∙ � �u (24) 

where E and F are positive fitting parameters. By measuring several Nf values 

corresponding to different CSRs, it is possible to best-fit the test data and finally 

calculate the cyclic resistance at a given number of uniform cycles to failure, CRRN. 

In the engineering practice, the typical number of equivalent uniform cycles of an 

earthquake is related to the moment magnitude (Mw) of the earthquake (e.g. Seed and 
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Idriss 1982; Idriss 1999; Idriss and Boulanger 2008). Approximately, Nf = 10 represents 

an earthquake with Mw=7, and Nf = 15 represents Mw = 7.5. Considering the fact that 

in liquefaction analyses a reference earthquake of magnitude Mw=7.5 corresponding 

to 15 cycles of uniform cyclic loading is usually adopted (Youd et al. 2001; Idriss and 

Boulanger 2006), in the present study Nf = 15 has been considered. Moreover, CRR10 

and CRR20 are also estimated in order to compare them with literature data. 

 

  

(a) (b) 

 

(c) 

Figure 81 – Typical CSR-Nf relationship for moist-tamped Ticino sand silt mixtures: (a) 

TS+10%·fc, (b) TS+20%·fc. 

 

5.1.3 Determination of magnitude scaling factor 

Besides to determine the cyclic resistance for seismic risk analyses, the CRR–Nf 

relationship may play an important role to determine the magnitude scaling factor 
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(MSF). Laboratory measurements may serve as one of the methods to estimate MSF 

for a given sand (Seed and Idriss 1982). The magnitude scaling factor MSF can be 

defined as follows: 

@5r = 
��vw
��vw�x.y (25) 

where CRRMw and CRRMw=7.5 are the cyclic resistance at a given Mw and at an Mw 

equal to 7.5, respectively.  

The cyclic stress ratio causing failure at a given Mw can be regarded as the cyclic 

resistance for a specific number of cycles CRRN; then this cyclic resistance is 

normalised by CRRN=15 to obtain MSF. In Figure 82 the experimental results in terms 

of MSF are plotted against the number of cycles. It is clear that the MSF – N 

relationship seems to be poorly affected by initial state (Figure 82a), fines content 

(Figure 82b) and initial static shear stress ratio (Figure 82c). An almost unique trend 

line may be found for each series with the only exception of the relationship expressing 

the influence of the initial static shear stress whose data points are a little more 

scattered. The procedure illustrated by Idriss (1999) was followed to obtain the MSF-

Mw correlation. To this purpose, using the N-Mw relationship proposed by Idriss (1999), 

the MSF – N relationship in Figure 82c has been converted into MSF-Mw correlation.  

This correlation is plotted in Figure 83 to compare with other MSF-Mw correlations 

proposed in literature. The series of magnitude scaling factors derived from Ticino 

sand-silt mixtures series are very close to those suggested by Wei and Yang (2019a), 

noting that their proposal is also based on laboratory investigation on sand mixed with 

non-plastic silt. However, other researchers have suggested different MSF-Mw 

relationships, showing poor consistency, excepted Seed and Idriss (1982). Youd et al. 

(2001) recommended the shaded area to be used for engineering practice when Mw < 

7.5 and the values suggested by Idriss (1999) to be applied for Mw > 7.5. It seems that 

the discrepancy between these proposals has not been fully understood.  

The present study suggests that the original MSF vs. Mw relationship suggested by 

Seed and Idriss (1982) may be applied to non-plastic reconstituted specimens, 

regardless of packing density, confining pressure, fines content and initial static shear 

stress. However in cases where these materials are found on site, the correlation 

defined by (Eq. 26) can used as an alternative approach: 

@5r = 2.581 ∙ EbA j− @z7.931l (26) 
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(a) 

   

(b) 

 

(c) 

Figure 82 – Relationship between magnitude scaling factor and number of uniform stress 

cycles for moist-tamped Ticino silty sand: (a) TS+10%·fc and without initial static shear stress, 

(b) all mixtures without initial static shear stress, (c) all mixtures and with different initial static 

shear stress.  
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This correlation, calibrated on the experimental data of the present study (Figure 82c) 

closely approximates the correlation proposed by Wei and Yang (2019a) for silty 

sands; it is characterized by a coefficient of determination R2 equal to 0.83. 

 

 

Figure 83 – Comparison between the MSF – Mw correlation calibrated by data of Ticino sand-

silt mixtures and the existing correlations proposed in literature. 
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Polito and Martin 2003), in fact standardized procedures for percentages of fines 
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leading to liquefaction in a lower number of cycles. These results are consistent with 

the findings from numerous previous studies in the literature. 

Relationships between the post-consolidation void ratio (e0) and the cyclic resistance 

ratio (CRRN=15) for different soil mixtures tested in this study are presented in Figure 

84. All samples were consolidated at the same vertical effective stress (σ'v0=100 kPa). 

It is evident in Figure 84 that the cyclic resistance ratio causing liquefaction in 15 cycles 

(N=15) decreases with increasing fines content up to about fc=20%-30%, while an 

increase is observed at larger fines contents. 

 

  

(a) (b) 

  

(c) (d) 

Figure 84 – Effects of post-consolidation void ratio on undrained cyclic resistance of silty 

sands for various fc and α: (a) α=0, (b) α=0.10, (c) α=0.20 and (d) α=0.30. 
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This behaviour was similarly observed in undrained cyclic triaxial tests with α≠0 in 

previous research (Rees 2010; Wei and Yang 2019b; Rahman and Sitharam 2020). 

However it should be noted that, in the present study, this pattern has been observed, 

for the first time, in cyclic simple shear tests carried out in presence of an initial static 

shear stress. As it can be argued from data on sand-silt mixtures reported in Figure 

84, CRRN=15 decreases the more with the void ratio the higher the value of α is (for 

example α=0.30 compared to α=0.10) (Figure 84d and Figure 84b). A similar 

observation was found by Wei and Yang (2019b) in cyclic triaxial tests on Toyoura 

sand mixed with non-plastic silt. 

 

5.2.2 Effect of vertical effective stress 

Another factor that may have an influence on the cyclic liquefaction resistance of silty 

sands is the initial effective vertical stress (σ'v0). For that purpose, selected CSS tests 

on the TS-fines mixtures were performed at a lower vertical effective consolidation 

stress, σ'v0=50 kPa disregarding, in a first phase, the presence of an initial static shear 

stress. 

Figure 85 shows the curves of the cyclic stress ratio versus the number of cycles to 

failure for TS with 10% and 30% fines contents, respectively. 

 

  
(a) (b) 

Figure 85 – Effects of initial vertical effective stress on cyclic resistance of silty sands for two 

different percentage of fines: (a) fc =10% and (b) fc =30%, without the presence of an initial 

static shear stress. 
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Specimens were prepared at the same global void ratio e0=0.68. Consistently with 

previous studies (Amini and Qi 2000; Stamatopoulos 2010; Baziar et al. 2011; 

Montgomery et al. 2014), the undrained cyclic resistance decreased with an increase 

in the initial stress from 50 kPa to 100 kPa. The differences are more pronounced for 

30% fines content, thereby suggesting that the effect of σ'v0 may additionally depend 

on the fines content (Stamatopoulos 2010), increasing as fc increases, at least in the 

considered fc range. 

In order to investigate the effect of the initial effective vertical stress, taking also into 

account the presence of an initial static shear stress, selected tests have been carried 

out at the same initial state and percentage of fines but with an initial static shear stress 

characterized by α=0.10; the results are reported in Figure 86. 

 

  
(a) (b) 

Figure 86 – Effects of vertical effective stress on undrained cyclic resistance of silty sands for 

two different percentages of fines: (a) fc =10% and (b) fc =30%, with the presence of an initial 

static shear stress (α=0.10). 
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stress and the initial static shear stress was already highlighted in previous studies 

carried out on clean sands (Vaid et al. 2001; Sivathayalan and Ha 2011; Park et al. 

2020). 

 

5.2.3 Effect of fines content 

Experimental evidence for sand-silt mixtures suggests that if the initial global void ratio 

(e0) is used as basis for comparison, as the content of silt increases up to the threshold 

fc value the undrained cyclic strength of the mixture decreases (Polito and Martin 2001; 

Thevanayagam and Martin 2002; Ueng et al. 2004). Beyond the threshold value of fc, 

the tendency is reversed, and the liquefaction resistance increases again as the fines 

content increases. In the present study the variation in cyclic resistance with increasing 

silt content for the Ticino sand-silt mixtures follows the pattern shown in Figure 87 for 

different initial static shear stresses. The cyclic resistance initially decreases as the silt 

content increases until a minimum resistance value is reached, which occurs at a silt 

content ranging between 20% and 30%. As the silt content continues to increase, the 

cyclic resistance begins to increase again. 

In the literature the effects of the fines were rarely reported for cases in which the 

presence of an initial static shear stress was also taken into account (Wei and Yang 

2019b; Kokusho 2020); in the present study those effects were investigated and the 

results are presented in Figure 87b, 87c and 87d. As it can be seen, CRR tends to 

decrease with the addition of Ticino silica silts up to the threshold fines content. For 

specimens subjected to initial static shear stresses (α≠0), this trend is more 

pronounced compared to that observed in companion tests with α=0. Conversely a 

small tendency to increase is observed for higher fines content. These figures only 

present test results under σ'v0=100 kPa. 

As suggested by Bouckovalas et al. (2003) and Polito and Martin (2003), the effect of 

fines on liquefaction resistance can be well described through a scaling factor Kfc, 

defined by the following expression: 

� . = 
�� .
�� .�	 (27) 

where CRRfc and CRRfc=0 are the cyclic resistance ratios corresponding to the same 

number of cycles evaluated for a silty sand and a clean sand, respectively having the 

same value of the (global) void ratio and subjected to the same initial effective vertical 
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stress. In both studies, the authors proposed a linear relationship between Kfc 

(evaluated for CRRN=15) and fc of silty sands. 

 

  

(a) (b) 

  

(c) (d) 

Figure 87 – Effects of fines content on the undrained cyclic resistance of silty sands for: (a) 

α=0, (b) α=0.10, (c) α=0.20 and (d) α=0.30. 
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present research a linear relationship is inadequate because the Kfc – fc relationship is 

markedly non-linear (Figure 88a, 88b and 88c). This holds true for all initial static shear 

stresses with the sole exception of the highest one (α=0.30) (Figure 88d). 

In the present study a parabolic expression was proposed to characterise the trend of 

the Kfc – fc relationship exhibited by theTicino sand-silt mixtures, namely: 

� . = 1 − N ∙ -. + ℎ ∙ ]-._( (28) 

where g and h are empirical coefficients depending on the magnitude of the initial static 

shear stress ratio applied.  

 

  

(a) (b) 

  

(c) (d) 

Figure 88 – Scaling factor for fines content of cyclic liquefaction resistance Kfc for Ticino sand-

silt mixtures for: (a) α=0, (b) α=0.10, (c) α=0.20 and (d) α=0.30. 
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However it cannot be excluded that in general g and h could also be influenced by 

other factors such as mean effective stress, grading characteristics, grains shape, etc.. 

Notwithstanding this circumstance, for the silty sands studied in the present research 

(fc=0–40%; σ'v0=100 kPa; α=0−0.30; χ=17) the following linear relationships were 

found appropriate (Figure 89):  

N = 0.0355 + 0.104 ∙ �  (29) 

ℎ = 0.0007 + 0.0023 ∙ �  (30) 

The two equations reported above are, in fact, characterized by a coefficient of 

determination R2 equal to 0.99. 

 

 
 

(a) (b) 

Figure 89 – Variation of parameter (a) g of Eq. (29) and (b) h of Eq. (30) with α. 

 

Finally, consistently with the trend of the curves CRRN=15 vs. fc reported in Figure 87, 

it can be observed (Figure 88) that also Kfc tends to initially decrease with fc and this 

reduction is more pronounced when the stress ratio α becomes higher. This trend 

continues up to the threshold fines content fthre; when fc becomes higher than fthre the 

trend reverses. In Figure 88 it is possible to observe that fthre lies between 20% and 

30%, consistently with the range estimated from the variation of the maximum and 

minimum void ratio with fines content in chapter 3. A more precise evaluation of the 
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5.2.4 Determination of the threshold fines content fthre 

Threshold fines content (fthre), also referred to as limiting fines content (Hazirbaba 

2005; Polito 1999) and transitional fines content (Yang et al. 2006a) in the literature, is 

the specific value of the fines content at which the way the fines influence the 

behavioural properties of the mixture is reversed. The type of behaviour considered for 

the determination of the threshold fines content can be the critical state line or the 

undrained cyclic strength of the soil. Based on this definition, the value of fthre or a range 

of the fines contents that probably include the fthre was determined here for the Ticino 

sand silt mixtures from experimental data of cyclic simple shear tests. Besides the 

method based on the trend of the maximum and minimum void ratios with fines content 

(paragraph 3.2.3), the other types of behaviour that have been considered in the 

present study for the determination of the threshold fines content of non-plastic Ticino 

silty sands are: the location of the critical state line (CSLs) in the compression plane 

and the trend of the undrained cyclic strength (expressed in terms of scaling factor Kfc) 

against fines content. Figure 90 provides the relationship between Kfc and fines 

content derived from the experimental data presented in Figure 88 for a number of 

cycles to failure equal to 15. Kfc values are observed to decrease with fines content up 

to a minimum value that is reached when fthre is around 24.5%. At higher fines contents, 

the trend is reversed, which means that Kfc increases again. 

Conceptually, when the fines content is relatively small (fc < 21% in Figure 90), the 

microstructure of the granular mix is defined (and the deformational behaviour is 

controlled) by the sand matrix, as illustrated schematically for an idealized binary 

packing of spherical particles in Figure 90b. On the other hand, at high fine 

percentages (fc > 28% in Figure 90a), the microstructure is controlled by the fine 

matrix, i.e. by the smaller grains (silt particles), as shown in Figure 90c. As indicated 

in Figure 90a, there is a transition in the microstructure from a sand-controlled-matrix 

to a fines-controlled-matrix as the fines content increases from 21 to 28% 

approximately. There are a number of variations in the possible arrangements (and 

hence on the role) of the fines grains even for an idealized binary mixture (e.g. 

Thevanayagam et al. 2002). However, Figure 90 evidences that the link between the 

threshold fines content of granular mixes, and the undrained cyclic resistance 

determined in simple shear tests is conceptually sound since the threshold fines 

content fthre desumed from these tests is the same irrespective of the initial static shear 

stress applied. 
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Figure 90 – Identification of fthre by undrained cyclic simple shear tests. 

 

The approach based on the location of CSLs in e-log(p') plane for determining fthre of 
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as the location of CSLs in the e-log(p') plane (Porcino et al. 2019b) (Figure 91a) and 
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where G and e are the specific gravity and the maximum void ratio , while the subscripts 

of f and s denote fines and sand, respectively. 

 

  

(a) (b) 

Figure 91 – Identification of fthre by (a) the location of CSLs in e-log(p') plane and (b) from index 

data (Porcino et al. 2019c). 
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92 and Table 8 for various sand-fines mixtures investigated in the literature, including 

that studied in the present research. 

Figure 92a shows how the experimental threshold fines content varies with the particle 

diameter ratio χ, together with the predicted trend suggested by Rahman and Lo (2008) 

(Eq. 33). This relationship reveals a distinct pattern with two important features 

(Rahman 2009): i) fthre is at minimum value when the particle diameter ratio χ is at 

(D/d)crit equal to 7, consistently with binary packing considerations (McGeary 1961); ii) 

an increase of χ beyond the reversal point leads to a gradual increase of fthre up to an 

asymptotic value, since more particles can fit in the same void space between the large 

particles, thus providing a higher fthre. Given the empirical nature of this formulation, it 

is expected that the calculated fthre using Eq. (33) is close to the values determined 

from the experimental data, as it can be observed in Figure 92a. 

 

  

(a) (b) 

Figure 92 – Comparison of the theoretical and experimental threshold fines content of silty 

sands (data of Table 8).  

 

Additionally, it can be noted from Figure 92b that the values predicted by Eq. (32) are 

significantly lower than the experimental values, in agreement with other authors 

(Mohammadi and Qadimi 2015). The predictions made by Eqs. (31) and (33) appear 

to be more consistent with the experimental results, providing acceptable predictions 

of fthre in most of the cases (Figure 92). It is worth noting that the application of the 

equations (31) and (32) requires the knowledge of physical and index properties of the 
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fines and the host sand. For this reason, some data points of Figure 92a are not shown 

in Figure 92b.  

 

Table 8 – Comparison of the theoretical and experimental threshold fines content of silty sands 

data revised in the present study.  

Source work χ 
PI 

(%) 

Particle 

shape 

Threshold fines content 

Theoretical results 
Experimental 

results 
Eq. 

(31) 

Eq. 

(32) 
Eq. (33) 

Huang et al. (2004) 1.8 < 8 N.R. 34 25 39 41(a) 

Naeini & Baziar (2004) 2.8 N.R. SR 42 29 33 37.5(b) 

Polito (1999) 2.9 N.P. SA to SR 36 27 33 43(c) 

Dash & Sitharam 

(2011) 
3 

1.57 
N.R. 26 21 32 20(a) 

Rahman & Sitharam 

(2020) 
3.9 

1.57 
SA to SR - - 31 30(a) 

Xenaki & Atanasopoulos 

(2003) 
4 

N.P. 
N.R. 39 28 30 44(c) 

Karim & Alam (2017) 4.7 N.P. A 36 27 30 30(b) 

Baziar & Sharafi (2011) 6 0.5-1 SA to SR 30 23 29 30(d) 

Yang et al. (2006a) 7 N.P. A 40 28 30 30(a) 

Papadopoulou & Tika 

(2008) 
9.6 

N.P. 
R 32 24 31 35(a) 

Polito & Martin (2001) 10 N.P. SA to SR 32 24 32 35(c) 

Thevanayagam et al. 

(2002) 
16 

N.P. 
N.R. - - 36 35(b) 

Present study 17 N.P. R to SR 30 23 36 24.5(e) 

Rahman et al. (2009) 40 27 N.R. - - 41 39(b) 

(a) obtained from undrained monotonic and cyclic triaxial test 

(b) obtained from undrained monotonic triaxial test 

(c) obtained from undrained cyclic triaxial test 

(d) obtained from undrained cyclic torsional test 

(e) obtained from undrained cyclic simple shear test 

N.R. = not reported 

N.P. = non-plastic 

SR = sub-rounded 

SA = sub-angular 

A = angular 

R = rounded 

 

Figure 92b shows that the value of fthre calculated from the relationship by Hazirbaba 

(2005) (fthre = 23%) is in good agreement with the experimental average value obtained 
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in the present study, while fthre derived from Polito’s relation (fthre = 30%) tends to 

overestimate the experimental value. Eq. (33) proposed by Rahman and Lo (2008) 

provides a value of fthre = 36% being substantially higher than the experimental value. 

Finally, the threshold fines content obtained from Eqs. (31–33) for TS-fines mixtures 

were in a wide range from 23% to 36%. Other soil characteristics not considered in 

these equations, such as particle shape and mineralogy, may play a significant role in 

the behaviour of the sand-fines mixtures, especially for mixtures with intermediate 

values of the particle size ratio 10 < χ < 25 (Zuo and Baudet 2015), such as that tested 

in the present study. 

 

5.2.5 Effects of initial static shear stress on undrained cyclic resistance 

The initial static shear stress, as one factor of the initial state, can affect the undrained 

cyclic behaviour of sands and silty sands. The undrained cyclic resistance may either 

increase or decrease with increasing initial static shear stress. In clean sands such 

effects may depend on initial void ratio and initial vertical effective stress (e.g. Harder 

and Boulanger 1997; Seed and Harder 1990; Yang and Sze 2011a, b). It seems to be 

the same for non-plastic silty sands (Wei and Yang 2019b; Kokusho 2020). Figure 93 

presents the cyclic resistance evaluated at 15 cycles of TS-fines mixtures with initial 

effective vertical stress σ'v0 = 100kPa. The effects of α are positive (CRR increase) only 

for clean sand when the void ratio is relatively low (i.e. e0 = 0.60); a small increase of 

cyclic resistance is also observed in sand–silt mixtures with a fines content of 10% and 

e0 = 0.55. Conversely for larger fines contents and higher void ratios the effects of α 

can be neglected (fc = 20%, e0 = 0.55) or they are negative (CRR decrease with 

increasing α). The results obtained for fc = 10% and e0 = 0.68 are interesting since the 

effect of α is initially positive and then becomes negative after a certain value of α (α = 

0.05); this would support the existence of an α threshold as proposed by Yang and Sze 

(2011b). 

Figure 94 presents the cyclic resistance at 15 cycles of TS+10%·fc mixtures with an 

initial void ratio e0 = 0.68. The cyclic resistance decreases with increasing initial vertical 

effective stress. Regarding the effect of the initial static shear stress, it is possible to 

observe that, for an initial vertical effective stress of 50 kPa, the effect is positive for 

values of α up to 0.10, while it becomes negative once this value of α is exceeded; if 

tests with an initial vertical effective stress of 100 kPa are considered α threshold sets 

around α=0.05. 
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(a) (b) 

(c) (d) 

Figure 93 – Effects of initial static shear stress on the undrained cyclic resistance of silty 

sands (σ'v0=100 kPa): (a) TS; (b) TS+10%.fc; (c) TS+20%.fc and (d) TS+30%.fc. 

 

This aspect demonstrates how the α threshold turns out to be influenced by the initial 

effective vertical stress and in particular it decreases as the initial vertical stress grows, 

coherently with what is reported in the literature (Wei and Yang 2019b). Apparently, 

the effects of initial static shear stress depend on the initial state of the specimens, as 

observed for clean sands. The state-dependence of the effects exerted by the initial 

static shear stress will be further discussed in chapter 6. 

To characterize the effect of α, an initial static stress shear correction factor, Kα, was 

introduced by Seed (1981). It is defined as reported in Chapter 2 (Eq. 2). The impact 
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of the initial void ratio in terms of Kα is presented in Figure 95 for various mixtures, 

whereas the effect of the initial vertical effective stress is presented in Figure 96, for 

only TS+10%·fc.  

 

(a) (b) 

Figure 94 – (a) Effects of initial static shear stress on the undrained cyclic resistance of 

TS+10%·fc (e0=0.68) and (b) variation of threshold α with initial vertical effective stress. 

 

The curves Kα - α drawn in Figure 95a show that for clean sand the specimens in a 

dense state (e0 = 0.60, DR = 94%) exhibit an increase in the undrained cyclic resistance 

as α increases, while specimens in a medium-dense state (e0 = 0.68, DR = 71%) and 

in a loose state (e0 = 0.78, DR = 43%) show a reduction in the undrained cyclic 

resistance as α increases. When compared with the correlations proposed by Harder 

and Boulanger (1997) for clean sands (Figure 25), the results obtained in the present 

study lie on the conservative side and, therefore, particular caution should be adopted 

in the use of the existing correlations, even in the case of clean sands. The differences 

found can be explained by considering some factors not taken into account in the 

various research, such as, according to Sivathayalan and Ha (2011), the shape of the 

grains constituting the sand and the type of apparatus used to obtain the results. 

Of particular concern are the results obtained for Ticino silty sand mixtures with a 

percentage of fines equal to 10% that are shown in Figure 95c: in this case the effect 

of an initial static shear stress can be a limited increase (Kα > 1) or a significant 

reduction (Kα < 1) in the cyclic undrained resistance as α increases depending on the 

value of the initial global void ratio of the material. In particular, passing from a relatively 
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dense material (e0 = 0.55), to a relatively loose material (e0 = 0.68), a significant loss 

of the undrained cyclic resistance is observed with increasing α. 

 

  

(a) (b) 

  

(c) (d) 

Figure 95 – Correlations Kα-α for Ticino silty sand showing void ratio effect: (a) TS; (b) 

TS+10%.fc; (c) TS+20%.fc and (d) TS+30%.fc. 

 

The results for silty sand with fine percentages of 20% and 30% at the same initial 
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concept of limiting fines content fthre. Infact the reduction in the undrained cyclic 

resistance decreases because after fc increasing over the fthre a changover is observed 

in the response of the sand-silt mixture (Figure 90). 

 

 

Figure 96 – Correlations Kα-α for Ticino silty sand showing initial vertical effective stress effect 

(TS+10%.fc). 

 

5.2.6 Effects of sample preparation methods 

In laboratories, different sample preparation methods were used to simulate different 

deposition processes of soils (e.g. Oda 1972; Kuerbis and Vaid 1988; Sze and Yang 

2014). Different inherent fabric in terms of particle assembly can be observed among 

specimens reconstituted by different sample preparation methods, because there 

could be a preferential orientation of particles under various reconstitution conditions 

(Arthur and Menzies 1972; Oda 1972). Different fabric may lead to different monotonic 

response (Kuerbis and Vaid 1988; Murthy et al. 2007) and cyclic response (Tatsuoka 

et al. 1986a; Huang and Chuang 2011; Sze and Yang 2014). In this context, limited to 

the clean Ticino sand, some results of previous research (Diano 2017; Caridi 2006; 

Marcianò 2011) are shown to highlight the effect of the fabric on the undrained cyclic 

resistance of the material. Figure 97 presents the undrained cyclic resistance CRRN=15 

vs the initial global void ratio e0 from cyclic simple shear tests on Ticino clean sand 

samples, prepared at σ'v0 = 100 kPa and reconstituted with three different 

reconstitution methods (air pluviation AP, moist tamping MT and water sedimentation 

WS methods).  
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Figure 97 – Undrained cyclic resistance of clean Ticino sand for three different reconstitution 

methods. 

 

The specimens prepared by the moist tamping method show a stronger liquefaction 

resistance and a more dilative response than those prepared with the air pluviation 

method. Similar findings are also reported by previous research performed on clean 

and silty sands (Ishihara 1993; Mulisis et al. 1977; Huang et al. 2004; Sze and Yang 

2014; Tatsuoka et al. 1986). Moreover, the moist tamping resistance curve is very 

close to the water sedimentation one and this means that moist tamping method may 

better reflect the behaviour of in situ deposits of sands formed in a marine water 

environment, or by fluvial sedimentation (Porcino and Marcianò 2008). 

However, in the lack of further evidences, the results obtained in the present study 

must be considered valid only for mixtures of Ticino sand with non-plastic local silt and 

specimens reconstituted by moist tamping method. The applicability of the results to 

other host or fine materials and other reconstitution methods needs further 

investigations. 
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Chapter 6 

Predicting cyclic and monotonic response of 

sands with different fines contents using 

different state indices  

The results of the present study and numerous previous investigations in the literature 

(Huang and Chuang 2011; Papadopoulou and Tika 2008; Rahman and Sitharam 2020; 

Stamatopoulos 2010; Wei and Yang 2019a, b) indicate that the undrained cyclic 

strength CRR, as well as the undrained monotonic resistance (Bobei et al. 2009; 

Mohammadi and Qadimi 2015; Rabbi et al. 2019; Rahman et al. 2011) of a silty sand 

are functions of several factors, including fines content, fabric, packing density, 

effective confining pressure, initial static shear stress, etc.. Furthermore the 

characterization of the effects of these parameters on CRR is not straightforward 

because the impact of a certain factor can be affected by the other ones. An example 

is provided by the contractive and dilative behaviour of a material that depend on both 

the void ratio and the mean effective stress. Critical state based theories can be useful 

to overcome this issue, as discussed in the next sections. 

 

6.1 Critical state of silty sands from undrained monotonic triaxial 

tests 

The effect of fines content on the features of the critical state line (CSL) for TS-fines 

mixtures was investigated through reinterpretation of undrained triaxial compression 

tests performed in previous research (Diano 2017; Porcino et al. 2019a). The 

specimens were reconstituted by moist tamping in eight layers. Mixtures with 0%, 10%, 

20%, 30%, and 40% fines content were studied. The specimens were prepared with 

different initial void ratios and consolidated under different initial mean effective 

stresses p'0 = 100 kPa, 300 kPa, and 500 kPa. 

All tests were performed until the axial strain reached a value εa=25% at which samples 

were considered to have reached a condition equal or very near the critical state. The 

test procedure and results are described in detail by Porcino et al. (2019b). As an 

example, the stress-strain relationships and the effective stress paths measured for 
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specimens of TS with 10% fines for different values of the global void ratio (e0), initial 

mean effective stress (p'0), and, hence, state parameter Ψ0, are compared in Figure 

98. 

The soil response became more contractive as the state parameter increased; this is 

visible from the larger reduction of the normalized mean effective stress p'/p'0 in Figure 

98b. For higher values of the state parameter, a strain softening occurred, i.e. after 

passing a local maximum, the normalized deviator stress q/p'0, with q =σv - σh 

decreased up to the steady-state (SS) value (Figure 98a). According to the literature 

(Been et al. 1991), it is assumed that the critical state and the steady-state (CS=SS) 

are equivalent. 

 

  

 

(a) (b) 

Figure 98 – Results of undrained monotonic triaxial tests performed on TS+10%·fc: (a) stress-

strain relationships; and (b) effective stress-paths (normalized by initial mean effective stress 

p'0). 

 

Figure 98b shows the CSL in the normalized q-p' plane for TS with 10% fines content. 

The critical state friction angle φ'c, which is an intrinsic parameter for sand (Been et al. 

1991), can be derived from the inclination Mc =(q/p')CS of the CSL in the q-p' plane. For 
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clean Ticino sand φ'c was found to be 35° (Mc = 1.43). When non-plastic fines were 

added to the clean sand, the critical state friction angle of the mixture tended to 

increase, as shown by the values in Table 9. These findings are consistent with the 

observations of other researchers (Salgado et al. 2000; Carraro et al. 2009). A 

comparison of the CSL parameters of clean Ticino sand with the corresponding ones 

obtained in previous research on the same sand (amongst others, Jamiolkowski et al. 

2003; Jefferies and Been 2016) reveals small differences, which might be due to slight 

variations in the grading features of the tested Ticino sand and different ultimate strain 

levels reached in the tests. 

 

Table 9 – Friction angle at critical state for Ticino sand-fines mixtures obtained from undrained 

monotonic triaxial compression tests. 

Material φ'c (°) Mc 

TS 35 1.43 

fc = 10% 36 1.46 

fc = 20% 37 1.49 

fc = 30% 38 1.57 

 

Figure 99 presents the critical state lines (CSLs) (curved trends) for each TS-fines 

mixture gathered from the undrained monotonic triaxial tests in the e-log(p') plane.  

 

 

Figure 99 – Effects of fines content on critical state lines for TS-fines mixtures in e-p' plane 

(data from undrained monotonic triaxial compression tests). 
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As it is evident in Figure 99, the common shape CSLs are shifted downwards with 

increasing fc up to the threshold fines content of 30% before the trend is reversed, and 

the CSL moves upwards again at higher fines contents. This tendency is quite 

consistent with the trend in the CRR - fc relationships from the DSS tests. Figure 99 

also reveals that a small variation in fc can significantly affect the position of the CSL 

(see also Thevanayagam et al. 2002; Yang et al. 2006b; Rahman et al. 2008). If the 

soil behaviour of silty sands, in particular the undrained shear behaviour under 

monotonic loading or the liquefaction resistance under cyclic loading, is analyzed in a 

critical state framework, a separate CSL in the e-log(p') plane is needed for each fc. 

The experimental effort may be reduced by incorporating the equivalent granular void 

ratio e* in the critical state concept, as outlined in the next section (chapter 7). 

 

6.1.1 Critical state and different state indices for silty sands 

The critical state line (CSL) is an important reference state for analyzing the behaviour 

of sandy soil within critical state soil mechanics (CSSM) framework (Been and Jefferies 

1985). The critical or steady state line is defined as the locus of points in the void ratio 

versus mean effective normal stress (e-logp') space corresponding to the achievement 

of a critical state condition, where e is void ratio, and p'=(σ'1 + 2·σ'3) / 3 is mean effective 

stresses, σ'1 and σ'3 are major and minor principal effective stresses, respectively. It is 

hypothesized that critical state (CS) and steady state (SS) lines in the triaxial 

compression plane for the tested sand-silt mixtures are equivalent such as 

demonstrated by numerous experimental evidences (Been and Jefferies 1985; Been 

et al. 1991; Bobei and Lo 2005; Casagrande 1975; Sladen et al. 1985; Sladen et al. 

1986; Verdugo and Ishihara 1996; Yamamuro and Lade 1998; Yoshimine and Ishihara 

1998).  

The state parameter Ψ is simply defined as the measure of that distance or deviation 

(Figure 100): Ψ =e - eCS, where e is the current void ratio of the soil and eCS is the void 

ratio of the critical state at the current mean effective stress. It is expected that soils 

having the same initial state parameter, Ψ(0), would have similar shearing behaviour 

under both monotonic and cyclic loadings. A positive or negative Ψ(0) value denotes 

that the state of a sand is located  above or below the critical state line (CSL), 

respectively. In the first case, the soils exhibits a tendency to contract upon shearing, 

whereas the state point located below the CSL corresponds to a tendency of the sand 

to dilate during shearing. At low p' levels, the value of Ψ is strongly dependent on the 
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curvature of the CSL: therefore, an alternative state index, defined state pressure 

index, Ip, has been introduced. Ip is defined (Figure 100) as the ratio of the current 

mean effective pressure to the mean effective pressure at the critical state that 

corresponds to the current void ratio (Wang et al. 2002): Ip=p'/p'CS. As outlined by 

several authors (Coop et al. 2005; Xiao et al. 2014), the value of Ip will be less 

influenced by the curvature of CSL with a clear advantage of using it even in 

constitutive modeling of sand behaviour. Figure 100 shows that p'CS can be 

determined from the critical-state line at the same global void ratio e0. Under undrained 

conditions an initial value of Ip > 1 is associated with flow type (F) behaviour. 

Conversely Ip < 1 is associated with non-flow (NF) type behaviour. Limited flow (LF) 

behaviour is associated with Ip close to 1. A relevant issue of Ip is that, for the points 

located above the horizontal line (asymptote) of CSL, the values of p'CS on the original 

CSL curve are not defined. For these cases the procedure based on the extension of 

the straight CSL (final portion) can be adopted for defining the initial values of Ip (i.e. 

Ip(0)) of the monotonic and cyclic tests in the present study. Such a procedure was 

successfully applied by several authors in previous research (e.g. Klotz and Coop 

2001; Qadimi and Mohammadi 2014). In the current research, for these cases, the 

authors followed the procedure based on the extension of the straight portion of CSL 

suggested by Klotz and Coop (2001). 

 

 

Figure 100 – Definition of state parameter, state pressure index and modified state parameter 

in terms of global void ratio e. 
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modified state parameter: Ψm = Ψ·(Δp'/p')·e = Ψ·(1-1/Ip)·e, where Δp' denotes the 

difference between the mean effective stress and the mean effective stress of the 

critical state at the current void ratio. The value of such parameter at the beginning of 

the shearing phase, denoted as Ψm(0), can be used as a predictor of behaviour in 

shearing. Ψm is obtained by applying two factors: (i) a factor |1-1/Ip| that considers the 

change in p' during shearing (horizontal direction in e-log(p') plane) and (ii) void ratio, 

which considers the state difference in the vertical direction of the e-log(p') plane. This 

improves the prediction of liquefaction tendency, particularly in case of specimens at 

high void ratios (Bobei et al. 2009). 

The test data for each TS-fines mixture gathered from undrained triaxial compression 

tests are reported in e-log(p') space in Figure 99. It has been observed that the critical-

state lines are not straight lines in e-log(p') space, consistently with previous laboratory 

studies for many different types of sandy soils (Papadopoulou and Tika 2008; Rahman 

and Lo 2014; Rabbi et al. 2019; Rahman and Sitharam 2020). The fitted CS curves 

are well represented by the Eq. (8) which is re-written below for readers' convenience:  

E=> = EFGH − λ=> ∙ �A′J�!K
  

where Pa is atmospheric pressure and elim, λCS, ξ are constants. The values of the 

empirical constants of Eq. (8), corresponding to the curves presented in Figure 99, are 

shown in Table 10. 

 

Table 10 – Empirical constants that characterize the critical state lines for Ticino sand-fines 

mixtures of Figure 99. 

Material elim λCS ξ 

TS 0.976 0.093 0.365 

fc = 10% 0.836 0.093 0.365 

fc = 20% 0.691 0.093 0.365 

fc = 30% 0.569 0.093 0.365 

fc = 40% 0.771 0.093 0.365 

 

The capability of the above-defined state indices to predict the undrained monotonic 

and cyclic behaviour will be evaluated and discussed in the following paragraphs for 

different moist-tamped specimens of Ticino sand-fines mixtures with different initial 

states but taking into account only samples with fines contents below the threshold 

fines content (fthre =24.5%, see chapter 5). Test data were processed here to evaluate 
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the state indices. For undrained monotonic triaxial test results, important 

characteristics of the deviator stress-strain curves and the effective stress paths were 

reported in terms of relevant parameters such as: 

- Instability stress ratio, ηIS 

- Normalized liquefaction potential, (qmin / p'0) / qIS 

- Phase transformation stress ratio, ηPT 

- Normalized critical state resistance, qCS / p'0 

The parameters ηIS, qmin, qIS, ηPT,qCS are defined in the next paragraph in Figure 101. 

For undrained DSS tests, data were reported in terms of: 

- Cyclic liquefaction resistance, CRRN=15. 

Since the initial state is defined in terms of global void ratio (e0) and initial mean 

effective stress (p'0), in DSS tests p'0 was derived with the assumption K0 = 1 – sin(φ') 

for the coefficient of lateral earth pressure at rest and the friction angle at critical state 

was determined for each mixture from undrained monotonic triaxial compression tests. 

The assumption of a K0 condition is considered sufficiently accurate for the 

consolidation stage of SS tests leading to K0 values ranging from 0.38 to 0.43. 

Furthermore, in the current study it is implicitly assumed that the CSL for a given sand 

is independent of the applied stress path, and thus the CSL derived from undrained 

monotonic triaxial tests is applicable in the analysis of simple shear test data too. 

 

6.2 Critical state-based interpretation of the undrained monotonic 

behaviour of silty sands 

6.2.1  Categories of monotonic behaviours 

Some qualitative information on this topic has been provided in the paragraph 6.1 with 

particular emphasis on the failure patterns. In this paragraph the analysis includes also 

other aspects that allow to define in a more exhaustive way and from a quantitative 

point of view the undrained monotonic behaviour of the tested materials. The deviatoric 

stress–strain and effective stress path response of a sandy soil in undrained shearing 

can be classified into three types of behaviour: i) flow (F), ii) non flow (NF), and iii) 

limited flow (LF), as illustrated in Figure 101. 

For flow behaviour, the deviator stress, q, after attaining the initial peak, reduces with 

shearing until a minimum value is attained at the critical state (CS) value. When the 
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CS strength is zero, it is referred to as complete liquefaction (Yamamuro and Lade 

1997). 

 

 

Figure 101 – Undrained behaviour of a sandy soils. 

 

For LF behaviour, the deviator stress, after attaining the initial peak, also reduces with 

shearing, but to a transient minimum value referred to as the quasi critical state CS 

(qmin). Further shearing beyond qmin yields a gradual strain hardening to the CS. In case 

of NF behaviour, strain hardening occurs throughout shearing. A dense specimen 

showing NF behaviour often approaches but does not reach CS at the end of a test. In 

such a case, many researchers estimated the CS by extrapolation (Murthy et al. 2007; 

Carrera et al. 2011). As already mentioned, in the present study the critical state was 

generally considered to be reached at an axial strain equal to 25%. 

 

6.2.2 Characterization of monotonic behaviours 

A qualitative description of the monotonic behaviours has been previously presented. 

Some characteristic parameters of the undrained monotonic behaviour are analyzed 

in this paragraph as they are particularly relevant allowing to identify characteristic 

states of the investigated materials. The aim of the study was to establish a link 

between the characteristic states of the investigated materials (defined above) and 

their state parameters defined in the frame of the critical state soil mechanics (CSSM). 

In the present research the attention will be focused on the use of the above parameter 

(Ψ) even for silty sands and the applicability of other index parameters for the 
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characterization of the undrained monotonic behaviour of sand-silt mixtures will be 

verified. 

 

Instability stress ratio ηIS 

In the literature, the undrained instability state was also called critical effective stress 

ratio state (Vaid and Chern 1983); it was also associated with the collapse surface 

(Sladen et al. 1985) and the flow liquefaction line (Yang 2002). It is a characteristic 

state for triggering flow type failure (or strain softening). Lade (1993) defined the 

undrained instability line (ISL) to connect the undrained instability points in q-p' plane 

with the origin of the stress plane and stated that it was unique for a given relative 

density regardless of initial effective confining pressure. The slope of this line is the 

instability stress ratio ηIS. Afterwards Yang (2002) collected literature data and 

demonstrated that the instability stress ratio ηIS is affected by both density and initial 

confining pressure, and consequently suggested to use the initial state parameter to 

characterise its slope. Rabbi et al. (2019) proposed different state indices to 

characterise the instability stress ratio for a silty sand with a percentage of fines equal 

to 10%, such as state parameter, state index, pressure index, and modified state 

parameter. The authors proved that the relationships of ηIS with the different state 

indices are dependent on the type of soil. The data reported by Liang (2016) shows 

that adding crushed silica fines can affect the relationship between instability stress 

ratio and state parameter. Moreover, the stress ratio at undrained instability can be 

also affected by stress histories (Rabbi et al 2019). 

In the present study the instability stress ratio ηIS, evaluated for all the percentaces of 

fines below the threshold fines content, was plotted against different state indices: Ψ(0), 

Ip(0) and Ψm(0) as shown in Figure 102a, 102b, and 102c, respectively. In Figure 102b, 

as well as in any other figure that reports correlations between the behavioural 

parameters of the investigated materials and Ip(0), the curves are drawn in semi-

logaritmic scale due to the large range of the values of Ip(0) (from 0.01 to 10). The 

correlations adopted to fit the experimental points are shown in the same figures. The 

Figure 102 shown how the data for all three fines contents approximately falls together 

in a unique curve, for all three studied state parameters. The coefficient of 

determination R2 of the correlations ηIS-Ψ(0), ηIS-Ip(0), and ηIS-Ψm(0) with respect to the 

best fit trendline were 0.88, 0.77, and 0.88, respectively. These results confirmed that 

the intial state parameter Ψ(0) turns out to be a state index capable of interpreting, in a 
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univocal way, the undrained instability state for sand-fines mixtures (fc < fthre). The 

modified state parameter Ψm(0) also worked quite well, while the pressure index Ip(0) 

was less satisfactory. 

 

  

(a) (b) 

 

(c) 

Figure 102 – Variation of undrained instability stress ratio ηIS with: (a) state parameter Ψ(0), (b) 

pressure index Ip(0), and (c) modified state parameter Ψm(0) for Ticino silty sand (fc<fthre). 
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softening. For complete liquefaction, qmin/qIS = 0. Furthermore qmin/qIS  1 holds for 

increasing resistance to liquefaction, with a maximum value of 1 for NF behaviour. This 

measure of liquefaction potential has been used in many liquefaction studies (Ishihara 

1993; Lade and Yamamuro 2011; Rahman and Lo 2014) although a slightly different 

form of the liquefaction potential, namely the brittleness index, defined as (qIS-qmin)/qIS 

= (1-qmin/qIS), has been used in other studies (Chiu and Fu 2008; Sadrekarimi 2014; 

Sadrekarimi and Olson 2011). In the present research the liquefaction potential qmin/qIS 

was divided to the initial mean effective stress p'0 according to Rahman and Lo (2014) 

to take into account in a better way the effect of the confining stresses. The normalized 

liquefaction potential (qmin/p'0)/qIS was investigated against the three state indices, to 

gain a deeper insight into the dependence of the liquefaction phenomena on the initial 

state. The relationship between (qmin/p'0)/qIS and all three state indices: Ψ(0), Ip(0) and 

Ψm(0) for F and LF behaviour in undrained monotonic triaxial tests are shown in Figure 

103a, 103b, and 103c, respectively. Regardless of the percentage of fines (fc < fthre), a 

unique exponential relationship can be used to describe the variation of (qmin/p'0)/qIS 

with the state indices. The relationships (qmin/p'0)/qIS - Ψ(0), (qmin/p'0)/qIS - Ip(0), and 

(qmin/p'0)/qIS - Ψm(0) have an R2 of 0.93, 0.87, and 0.78, respectively. In this case the 

conventional state parameter Ψ(0) was also found to be the one capable of capturing 

in the most accurate way the behaviour of the sand-fines mixtures analyzed (fc < fthre) 

while the greatest dispersion was found for Ψm(0). 

 

Phase transformation stress ratio ηPT 

Phase transformation is the state in which the response of a given specimen turns from 

contractive to dilative. In the present study, the terms contractive and dilative are used 

only  referring to the excess pore water pressure generation in a given specimen. The 

excess pore pressure increases up to the phase transformation, and then starts to 

decrease with further straining. This state may occur in specimens that exhibit NF 

behaviour. The stress ratio at phase transformation may be characterised by the 

following equation (Li and Dafalias 2000): ηPT=M·exp(A·ΨPT), where M is the critical 

state stress ratio, ΨPT is the state parameter at phase transformation and A is a positive 

fitting parameter. Furthermore, the initial state parameter Ψ(0) may also be used for 

correlation with ηPT. Experimental results (Sze 2010; Liang 2016; Murthy et al. 2007) 

showed that the stress ratio at phase transformation decreased with decreasing the 

initial state parameter (i.e. more dilative behaviour). 
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(a) (b) 

 

(c) 

Figure 103 – Variation of normalized liquefaction potential (qmin/p'0)/qIS with: (a) state parameter 

Ψ(0), (b) pressure index Ip(0), and (c) modified state parameter Ψm(0) for Ticino silty sand (fc<fthre). 
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(fc < fthre), the initial state parameter Ψ(0) is able to better capture the undrained 

monotonic behaviour. 

 

  

(a) (b) 

 

(c) 

Figure 104 – Variation of phase transformation stress ratio ηPT with: (a) state parameter Ψ(0), 

(b) pressure index Ip(0), and (c) modified state parameter Ψm(0) for Ticino silty sand (fc<fthre). 
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by the following equation: qCS/p'0=A·exp(B·Ψ), where A and B are fitting parameters. 

This relationship generally showed good predictive ability; this has been confirmed by 

the results obtained in this study, see Figure 105a. If the initial pressure index or the 

initial modified state parameter are used (in lieu of Ψ(0)) in correlations with qCS/p'0 

(Figure 105b, c), the relationship varies from a power relationship to a linear 

relationship while maintaining a high degree of approximation for all the three initial 

state indexes, as can be observed in Figure 105. 

 

  

(a) (b) 

 

(c) 

Figure 105 – Variation of normalized critical state resistance qCS/p'0 with: (a) state parameter 

Ψ(0), (b) pressure index Ip(0), and (c) modified state parameter Ψm(0) for Ticino silty sand (fc<fthre). 
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6.3 Critical state-based interpretation of the undrained cyclic 

resistance of silty sands 

The critical state theory has been found useful to characterize the liquefaction 

resistance of sands (e.g. Yang and Sze 2011a, b; Jefferies and Been 2016).  

The concept of state parameter, Ψ, proposed by Been and Jefferies (1985), was found 

useful to characterize the undrained cyclic behaviour and cyclic liquefaction resistance 

of sands. If it is assumed that the initial state in terms of void ratio and mean effective 

stress is the same for sands with different fc, then, because of the different positions of 

the CSLs in e-log(p') plane due to the different fc, the initial state parameter of the sand-

silt mixtures are different. To be more specific, the mixture TS+30.fc has the highest 

state parameter whereas the clean TS has the lowest one. The higher is the initial state 

parameter, the more contractive is the behaviour. This results in a faster build-up of 

excess pore water pressure for TS+30.fc compared to the clean sand and thus a lower 

cyclic resistance should be expected. Similarly, decreasing e0 and decreasing p'0 will 

lead to lower state parameters and thus more dilative response with higher cyclic 

resistance. It is interesting to inspect whether the cyclic resistance ratio of TS, both 

alone and in mixture with non-plastic silt, can be analyzed in terms of the traditional 

state parameter with different initial static shear stress applied. For this purpose, 

initially, the cyclic resistance ratio CRRN=15 of clean TS specimens having different void 

ratios (e0=0.60-0.82), initial vertical effective stresses (σ'v0=50-100 kPa), and initial 

static shear stresses (α=0-0.30) has been plotted as a function of Ψ(0) in Figure 106. 

 

 
Figure 106 – Clockwise rotation of the CRRN=15-Ψ(0) correlation of Ticino clean sand with 

increasing initial static shear stresses ratios. 
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In that plot the effects of packing density and confining pressure are unified by Ψ(0) and 

the effect of the initial static stress is evidenced by the several curves. The correlation 

between CRRN=15 and Ψ(0) can be characterized fairly well by an exponential trend line 

for a given α level. These trend lines rotate clockwise with increasing α, as shown in 

Figure 106; the same behaviour was observed for Toyoura sand in a previous work of 

Yang and Sze (2011a, b) using undrained cyclic triaxial tests.  

The CRRN=15-Ψ(0) data of silty sands with fc < fthre are plotted in Figure 107 to compare 

with the trend lines fitting the clean sand data in Figure 106. 

 

  

(a) (b) 

  

(c) (d) 

Figure 107 – CRRN=15-Ψ(0) correlations of Ticino sand with fines (< fthre) under different α levels: 

(a) α=0; (b) α=0.10; (c) α=0.20; and (d) α=0.30. 

 

-0.4 -0.3 -0.2 -0.1 0 0.1

Ψ(0)

0

0.05

0.1

0.15

0.2

0.25

0.3

C
R

R
N

=
1

5

TS

fc=10%

fc=20%

α=0

Trendline of clean TS

CRRN=15=0.113.exp(-2.255.Ψ(0))

Trendline of all fc

-0.4 -0.3 -0.2 -0.1 0 0.1

Ψ(0)

0

0.05

0.1

0.15

0.2

0.25

0.3

C
R

R
N

=
1

5

TS

fc=10%

fc=20%

α=0.10

Trendline of clean TS

CRRN=15=0.081.exp(-3.473.Ψ(0))

Trendline of all fc

-0.4 -0.3 -0.2 -0.1 0 0.1

Ψ(0)

0

0.05

0.1

0.15

0.2

0.25

0.3

C
R

R
N

=
1

5

TS

fc=10%

fc=20%

α=0.20

Trendline of clean TS

CRRN=15=0.065.exp(-4.404.Ψ(0))

Trendline of all fc

-0.4 -0.3 -0.2 -0.1 0 0.1

Ψ(0)

0

0.05

0.1

0.15

0.2

0.25

0.3

C
R

R
N

=
1

5

TS

fc=10%

fc=20%

α=0.30

Trendline of clean TS

CRRN=15=0.05.exp(-5.406.Ψ(0))

Trendline of all fc



 

169 
 

The new data of silty sands fall in the near vicinity of the trend lines, implying that, for 

a given value of α, the correlation between CRRN=15 and Ψ(0) is almost fc-independent. 

In addition, it is found that the α-induced clockwise rotation of the CRR-Ψ(0) curves is 

also applicable to silty sands, which is accordance with Wei and Yang (2019b). 

In the present study, the critical state framework was also used considering other state 

indices, as previously done for the interpretation of the undrained monotonic 

behaviour. In particular, Figure 108 and Figure 109 show the correlations obtained 

considering the initial pressure index Ip(0) and the initial modified state parameter Ψm(0), 

respectively.  
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(c) (d) 

Figure 108 – CRRN=15-Ip(0) correlation of Ticino sand with fines (< fthre) under different α levels: 

(a) α =0; (b) α =0.10; (c) α =0.20; and (d) α =0.30. 
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As can be concluded from Figure 108, the variation of the undrained cyclic simple 

shear strength with Ip(0), for given values of initial static shear stress applied, can be 

defined by a unique correlation irrespective of the fines content of the mixtures with a 

scatter slightly greater than in case of the usual state parameter Ψ(0). 
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(c) (d) 

Figure 109 – CRRN=15 - Ψm(0) correlation of Ticino sand with fines (< fthre) under different α levels: 

(a) α =0; (b) α =0.10; (c) α =0.20; and (d) α =0.30. 
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for given values of α. For all fines contents below fthre, the use of Ψm(0) led again to 

unique correlations with the undrained cyclic resistance; nevertheless, the comparison 
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with the corresponding correlations in terms of Ψ(0) (Figure 107) reveals that the latter 

one worked better in nearly all of the four cases.  

Analysis of results presented in Figure 107, Figure 108, and Figure 109 showed that 

the state indices defined in terms of void index e, particularly Ψ, Ip and Ψm, were more 

or less capable of predicting the undrained cyclic resistance of the sandy soils with 

different fines contents (below the threshold fines content) and subjected to different 

initial static shear stress. The traditional state parameter Ψ turned out to be the more 

reliable one compared to the others. 
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Chapter 7 

Application of equivalent granular void ratio to 

interpret the experimental results 

7.1 Interpretation using equivalent granular void ratio 

In the previous chapters, the void ratio (e) was considered to be a fundamental 

parameter capable to represent in a reliable way the effects that the density state of 

non-plastic sand-fines mixtures exert on the undrained monotonic and cyclic 

responses of these materials. The state parameter (Ψ), the pressure index (Ip) and the 

modified state parameter (Ψm) used to analyse the undrained response of such soils 

were all based on the void ratio (e). However the interpretation of the test data showed 

that as the fines content increased, similar values of initial global void ratio (e0) did not 

correspond to similar soil response. Undrained soil strength appeared to decrease at 

higher soil fines contents, for fc < fthre, when using void ratio. The difference in response 

of non-plastic silty sands at similar values of (e0) can be explained by the fact that the 

global void ratio doesn’t provide a differentiation between the sand and the fines-sized 

particles within the soils (Rees 2010). All particle sizes are assumed to contribute to 

the overall force-chain of the soil when using this parameter (Thevanayagam and 

Mohan 2000), but this assumption may not be true from the standpoint of physics, 

especially when silty soils are mixed with sand. With the aim to differentiate the 

contribution of the sand particles from that of the non-plastic silt particles 

Thevanayagam et al. (2002) introduced the concept of the equivalent granular void 

ratio e*. The equation defining the equivalent granular void ratio is Eq. (18); it includes 

a parameter, b, which can be thought of as an influencing factor that quantifies the 

fraction of the silt-sized particles participating in the soil force-chains during the 

undrained loading. The usefulness of the equivalent granular void ratio for 

interpretating the undrained monotonic and cyclic responses of the Ticino sand-silt 

mixtures is discussed in the following sections. 

 

7.1.1 The equivalent granular void ratio concept  

The equivalent granular void ratio e* was proposed (Thevanayagam et al. 2002) as an 

improvement to the intergranular/skeleton void ratio (Mitchell 1976), eg, by allowing for 
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some fines to participate in the soil force-chains. This concept is based on the 

consideration of a binary mixture, in which one component is constituted by the sand-

sized particles and the other one by the silt-sized particles that interact with the former 

ones. The sand is still considered the dominant particle size, but the fines are 

considered to sit in between sand grains, as well as within the sand void space. This 

creates a soil structure whereby some fines participate in load transfer, and others do 

not, remaining inactive. Figure 110 illustrates this concept using a schematic of 9 sand 

particles and 32 fines particles. In this schematic, 12 fines particles actively participate 

in the soil force-chains, while 20 fines particles are shown as being inactive, or sitting 

in the sand void space. 

 

 

Figure 110 – Explanatory image of the equivalent granular void ratio concept. Sand particles 

are represented by higher solid blue circles, inactive fines are represented by smaller solid 

yellow circles, and active fines are represented by smaller solid blue circles (Rahemi 2017). 

 

The equivalent granular void ratio, e*, allows the active fines particles to be included 

in the density state measure through the introduction of the fines influence factor, b. 

As it can be seen in Eq. (18) this factor adjusts the fines content fc of a binary mixture 

to take into account that a portion of the total fines is considered to be active in the soil 

force-chains. In the case of Figure 110, this portion would be b = 12 / 32 = 0.375 (the 

fraction of active grains). The Eq. (18) defining the equivalent granular void ratio e* has 

been re-written below for readers' convenience: 

E∗ = E + ]1 − ^_ ∙ -.1 − ]1 − ^_ ∙ -.  

According to the definition suggested by Rees (2010) the fines influencing factor b is a 

“factor accounting for all the combined effects of different parameters on the undrained 
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response of sand due to the addition of fines below threshold fines content”. Then, it is 

evident that the mechanisms in which the presence of fines plays a role are quite 

complex and depend on many factors. Earlier studies claimed that the factor b is 

influenced by several factors such as: grading features of sand-silt mixtures 

represented by the particle size ratio χ=D10/d50 (Ni et al. 2004b; Mohammadi and 

Qadimi 2015), fines content (generally normalized to the threshold value, fc/fthre) 

(Rahman and Lo 2008; Lashkari 2014) or angularity and mineralogy of particles (Rees 

2010; Lahkari 2014). Only a few authors have considered the influence of the loading 

type (monotonic vs. cyclic) on b as a result of the different pattern of the force chains 

(Reese 2010). 

It should be noted that the equivalent granular void ratio concept is only relevant for 

mixtures of sand and fines below the threshold fines content fthre. As discussed in 

section 5.2.4, the soil structure fundamentally changes from being sand-dominated to 

fines-dominated as the threshold fines content is exceeded. There is however another 

density state parameter, the equivalent interfine void ratio (Thevanayagam et al. 2002), 

that can be used to describe the soil state when fc > fthre, but soils with high fines content 

soils are outside the scope of this study. 

In the present study the fines influence factor (b) has been assumed firstly to be 

constant for a given mixture of sand and non-plastic fines, regardless of fines content. 

At a later stage, the fines influence factor values have been assumed to vary with the 

fines content. The validity of one assumption against the other is discussed. The 

notation bCSL refers to the fines influence factor derived through an approach based on 

back analysis of experimental data concerning the critical state line (CSL) while bCRR 

refers to the fines influence factor derived through an approach based on back analysis 

of experimental data concerning the undrained cyclic resistance (CRR). 

 

7.1.2 Determination of fines influence factor b 

The prediction of b factor is a critical aspect for the application of the e*-based 

approach for sand-fines mixtures with fc < fthre. Some methods have been proposed to 

estimate the value of b for non-plastic binary mixtures basing on material properties 

(Thevanayagam et al. 2003; Rahman et al. 2008), but the most accurate way to 

determine b is to back-calculate it based on the observed soil response. As such, a 

back-calculation procedure for determining b is detailed below for a given mixture of 

sand and fines. It should be noted that the fines influence factor values bCSL and bCRR 
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are calculated separately: this is due to the difference in fines activity between 

monotonic and cyclic soil response observed in previous studies in literature (Rees 

2010; Cubrinovski et al. 2010). 

The back analysed b value reported in the literature for practical purposes is generally 

a constant value irrespective of fines contents. This is because a back analysis process 

of a large amount of data for different fines contents was adopted to increase the 

reliability of the averaging process. In this study a back-analysis considering the 

variation of fines content has been also considered. 

The objective of the back-calculation procedure is to determine a value of b that makes 

the soil response similar for constant e* values, regardless of the fines content of the 

soil. The procedure that is based on the consideration of Eq. (18) is reported in the 

following: 

1) The first step in the back-calculation procedure is to define the clean sand 

benchmark response curve. For monotonic tests, the benchmark curve is the 

clean sand critical state line CSL whereas for cyclic tests, it is the curve showing 

the variation of the undrained cyclic resistance ratio CRRN=15 of clean sand with 

the initial global void ratio. A preliminary choise of the mathematical equation is 

needed to fit the experimental data points using a method of least squares to 

generate the response curves. Eq. (8) is used for the critical state line and a 

power function of the type shown in Figure 84 is used for the undrained cyclic 

resistance curve. The power function was chosen based on observation of the 

cyclic resistance data presented in Figure 84. The procedure described below 

is valid for bCSL but it can be easily extended to bCRR; more details about the 

method adopted for determining bCRR and the results obtained are given in 

paragraph 7.1.4. 

2) Tentative values of the equivalent granular void ratio e* = f(b) are calculated for 

each specimen by introducing in Eq. (18) b values ranging from 0 to 1 in 

increments of 0.001, given that e and fc are known. This covers the fines activity 

range from fully active to fully inactive, meaning that all potential values of e* for 

the soils are calculated. 

3) For all points in the plane e*- log(p') obtained by introducing in Eq. (18) and Eq. 

(8) a given tentative value of b and the fc values of any specimen the distance 

d of these points from the benchmark response curve (corresponding to CSL of 

clean sand ) as illustrated in Figure 111a, is measured. Note that the equivalent 
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granular void ratio values of the benchmark curve are defined as e*b. Therefore, 

to calculate d, e* is subtracted from e*b, or d = e*b – e*. The obtained values of 

d are then squared → d2 = (e*b – e*)2. 

4) The squared distances d2 are summed up for all points corresponding to a given 

value of b, and divided by the total number of test specimens, NS, and after that 

a root square is applied. This calculation gives the root mean squared deviation 

value, RMSD obtained from the e* data of all specimens evaluated with the 

considered tentative value of b. Since in the procedure the same value of b is 

adopted for all specimens, it turns out that the approach is implicitly based on 

the assumption that b has a constant value irrespective of the fines contents. 

The procedure is repeated for other values of b and a curve RMSD vs. b is 

drawn as shown Figure 111b. The lowest RMSD is identified, and the 

corresponding b is chosen as the best fit for the fines influence factor. This final 

step is graphically shown for the bCSL associated to Ticino silty sand with fc = 

20% in Figure 111b. 

 

 
 

(a) (b) 

Figure 111 – (a) Definition of distance d, from the clean sand benchmark response curve and 

(b) determination of the best fit bCSL for TS+20%·fc. 

 

The aforementioned procedure was repeated identifying a value of b for each fc, 

instead of assuming a constant b for all fc. This was performed by considering different 

series of specimens each one being characterised by a single mixture (i.e. the same 

value of fc) prepared at different global void ratios. Once the best fit b has been 
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determined, other response curves (e.g. the undrained cyclic resistance curves or 

other) of all mixtures can be plotted together using, as density state measures, the 

equivalent granular void ratio values that correspond to the best fit b obtained with the 

previously described procedure. These response curves should, in principle, be 

located in close proximity to one another, indicating that similar values of e* give similar 

soil response, regardless of the fines content. 

The aforementioned back-calculation procedure was performed for all mixtures of sand 

and fines presented in this chapter. Specimens with fines contents equal to or above 

24.5% were not included in the back-calculations, as fc=24.5% is retained to be or to 

closely approximate the threshold fines content of Ticino silty sands. 

 

7.1.3 Interpretation of the effects of fines content on the critical state line using the 

equivalent granular void ratio 

Section 6.1 presented and discussed the effects of fines on the critical state line using 

the global void ratio as density state measure. In that case, increasing the fines content 

of sand appeared to make the soil response more contractive up to the threshold fines 

content, and, after that, more dilative. This section instead uses the equivalent granular 

void ratio e* as density state measure, with the fines influence factor values, bCSL, being 

derived using the procedure outlined in Section 7.1.2, and the equivalent granular void 

ratio values being calculated using Eq. (18). The equivalent critical state line EG-CSL 

of the Ticino sand-silt mixtures drawn as best fit curve of all points shown in Figure 

109 is presented in the same figure together with the critical state line CSL of the Ticino 

clean sand for comparison. In Figure 112a the bCSL value was considered constant 

with the fines content, while in Figure 112b the bCSL value was considered variable 

with the fines content. Both approximations lead to a very similar coefficient of 

determination R2, i.e. a similar quality of approximation, since the bCSL values derived 

for the different fines contents are quite similar. 

Figure 112 firstly shows that the critical state points, when using the equivalent 

granular void ratio allowed to obtain a unique critical state line denominated equivalent 

critical state line EG-CSL regardless of the fines content. This is not surprising given 

that the values of a constant bCSL = 0.237 (Figure 112a) or a variable bCSL=0.236-0.241 

(Figure 112b) were purposely back-calculated just to fit the experimental CSL data. 

The back-calculated value of the fines influence factor, that in the two approaches is 

about bCSL=0.24, also provides insight into the actual effect of increasing the soil fines 
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content on the soil response. It suggests that approximately 24% of the fines added to 

the Ticino clean sand actually participate in the soil force-chains, and 76% of the fines 

simply sit in the soil without contributing to load resistance. The inactive fines however 

do decrease the global void ratio; this is the reason why the critical state lines are found 

to be characterized by a smaller global void ratio as the fines content increases, for fc 

< fthre. The information that 24% of the fines are participating in the soil force-chains is 

important as it means that the fines are having a significant effect on the overall soil 

response, and that the effect needs to be accounted for if the fines content of the soils 

is altered. 

 

  

(a) (b) 

Figure 112 – Critical state line of TS-fines mixtures using the equivalent granular void ratio as 

the state measure: (a) interpretation based on a constant bCSL=0.237 and (b) interpretation 

based on bCSL variable with fines content (=0.236-0.241). 

 

The central challenge in adopting the presented approach is how to determine the 

values of bCSL in a simple and straightforward manner. Minimizing the amount of 

experimental data required to predict the behaviour of sand–fines mixtures through the 

presented approach would hinge upon determination of b using a minimum amount of 

experimental data. In the following section, the possibility of predicting or easily 

determining it in terms of some factors affecting this parameter will be investigated. Ni 

et al. (2004b) suggested that the b value could be a function of the particle size ratio χ 

= D10/d50. The possibility of relating the b factor to the grading characteristics of the 

mixture is examined in Figure 113a. In Figure 113a literature data regarding bCSL 
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processed by Rees (2010), as well as the values derived in the present study of Ticino 

sand-fines mixtures and data on Toyoura and Fujian sand-fines mixtures reported in 

Yang and Wei (2012), were plotted together versus the ratio of the particle size 

diameters. For the case of Yang and Wei (2012), in default of bCSL back-analyzed 

value, critical state data were processed in the present study. Figure 113a suggests 

that the value of bCSL can be well predicted for any sand–silt mixture as a linear function 

of χ, and two distinct relationships can be found for mixtures with angular to sub-

angular particles of sand and for mixtures with rounded to sub-rounded particles of 

sand. The bCSL – χ relationship could be improved and generalized by adding other 

bCSL data determined experimentally for different types of sand–fines mixtures and 

different χ ratios. 

 

  

(a) (b) 

Figure 113 – Correlation of the fines influence factor values bCSL with: (a) particle size disparity 

ratio χ and the angularity of the sand particles (i.e. R-SR=rounded to sub-rounded, A-

SR=angular to sub-rounded, A-SA= angular to sub-angular), and (b) with fines content ratio 

fc/fthre, and comparison with Rahman and Lo (2008) correlation. 

 

In addition to the particle size ratio and the shape of grains, the percentage of fines in 

the mixture is another factor that could affect the b value (Rahman and Lo 2008; 

Rahman et al. 2008). The determination of a reliable value for bCSL based on a back-

analysis of the data by trial and error, as employed in paragraph 7.1.2, considering the 

effect of fines content, seems to require a large number of experimental data at 

different percentages of fines. To solve this problem Rahman and Lo (2008), basing 
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on the binary packing studies of McGeary (1961), and considering the factor b as a 

function of fc, fthre and particle size ratio (χ), proposed a semi-empirical equation to 

predict the b value from simple input parameters, see Eq. (20). Based on calibrations 

with published datasets, values of the empirical parameters of the equation were 

suggested by Rahman and Lo (2008). The origins, justifications and physical meanings 

of this methodology and its details can be found in their work.  

To clarify the influence of fc on the value of b, the values obtained by back-analysing 

the raw data of the present study at different fines contents were plotted in Figure 

113b. The bCSL value reported for each fc is the value giving the best coincidence 

between the clean sand data and the data for the available fc. Figure 113b clearly 

shows that the values of bCSL in the present study are almost independent of the fines 

content of the mixtures (fc ˃ 0). In other words, the fraction of the fines actively 

participating in the force structure of the mixture is quite equal for different values of 

fines content. 

Rahman and Lo (2008) highlighted that, at low χ ratios (below 7), the b value should 

change rapidly with fc. Nevertheless, in the case of the present study the use of a single 

b value for each mixture with different fines contents was found sufficient, probably 

because the value of χ is higher than 7 for the studied mixtures (χ =17). Furthermore, 

the capability of Eq. (20) to predict the bCSL value is evaluated here and despite the 

different tendency the agreement in the absolute values is good, with a difference 

between the calculated and back-analyzed values not exceeding 0.08. In spite of the 

interesting findings derived from this evaluation, its generalization to other non-plastic 

sand-fines mixtures would still require more verification. 

Basing on Figure 112, the critical state line of any Ticino sand-silt mixtures with fc < 

fthre could be estimated using the EG-CSL as a benchmark response curve, that is very 

similar to the CSL of the clean sand. This is an important advantage since the CSL of 

the clean sand can be used as EG-CSL of any non-plastic sand–silt mixture with fines 

content fc < fthre. Their corresponding CSL in e-log(p') plane will then be determined by 

simply converting the equivalent granular void ratios (e*) of the unique EG-CSL into 

the global void ratios (e) of the specific mixture using Eq. (18). This will allow one to 

avoid the execution of an extensive number of triaxial tests (namely a set for each fines 

content) that are needed if the traditional approach based on the consideration of the 

global void ratio (e) as density state index is followed. 
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Using the concept of a unique EG-CSL, the CSL for one fc can also be used to infer 

the CSL at another fc as demonstrated in Rahman et al. (2010) and briefly summarized 

here for the sake of completeness. As illustrated in Figure 114, the CSL at a particular 

fc can be transformed into the EG-CSL by using Eq. (18) to convert e to e*. Since the 

conversion between e and e* is dependent on both b and fc, the EG-CSL thus obtained 

can then be used to infer the CSLs at a different fc. The above figure highlights an 

excellent opportunity to estimate the CSL for sand with a particular fines content from 

a known CSL either for clean sand or for a sand with another fines content. 

 

 

Figure 114 – Inferred CSL for unknown fc using a CSL of known fc. 

 

7.1.4 Interpretation of the effects of fines content on the undrained cyclic resistance 

using the equivalent granular void ratio 

The effects of fines on the liquefaction resistance (CRRN=15) of sandy soils were also 

interpreted using the equivalent granular void ratio concept as the density state 

measure. As a first approximation, a constant value of bCRR, i.e., b independent of fines 

content, was determined for the TS-fines mixtures considering a given consolidation 

vertical effective stress (σ'v0=100 kPa) and different magnitudes of initial static shear 

stress ratio (α varying from 0 to 0.30). 

According to the description made in paragraph 7.1.2, the values of bCRR were inferred 

through a best fit procedure in which a power relationship was assumed to hold 

between CRRN=15 and e*; then b was varied iteratively up to minimizing the root mean 
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f(e*) and the reference CRRN=15 vs. e curve of the clean sand. The best-fit CRRN=15 - 

e* curves for the different α values are shown in Figure 115 (dashed lines).  

 

  

(a) (b) 

  

(c) (d) 

Figure 115 – Cyclic resistance ratio for Nf=15 cycles versus equivalent granular void ratio (e*) 

for TS-fines mixtures at constant initial vertical effective stress (σ'v0=100 kPa) and variable 

void ratio (interpretation based on a constant value of bCRR) for: (a) α=0; (b) α=0.10; (c) α=0.20 

e (d) α=0.30. 

 

The relevant coefficients of determination are R2=0.95, 0.90, 0.89, 0.65 for Figure 

115a, Figure 115b, Figure 115c and Figure 115d, respectively). The curves are 

expressed by the following equations: 
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�����y = 0.090 ∙ ]E∗_��.x�	     ]� = 0.00_ (34a) 


�����y = 0.065 ∙ ]E∗_�(.��y     ]� = 0.10_ (34b) 


�����y = 0.051 ∙ ]E∗_��.	�(     ]� = 0.20_ (34c) 


�����y = 0.038 ∙ ]E∗_��.�(	     ]� = 0.30_ (34d) 

Figure 115 suggests that for a given α similar values of e* correspond to similar cyclic 

resistance ratios for the TS-silt mixtures, regardless of fines content and global void 

ratio. It can be concluded that a unique correlation between CRRN=15 and e* can be 

established for the TS-fines mixtures reconstituted by the same method (i.e. having a 

given fabric). This correlation is here defined as the equivalent granular cyclic 

resistance ratio line, EG-CRRL. 

Figure 116a illustrates, from data concerning moist tamped specimens reported in the 

literature and results obtained in the present study, that sand particle angularity has a 

similar effect on bCRR values as previously found for bCSL (Figure 113a).  

 

  

(a) (b) 

Figure 116 – Correlation of the fines influence factor values bCRR with (a) particle size disparity 

ratio χ and angularity of the sand particles (Rees 2010) (i.e. R-SR=rounded to sub-rounded, 

R=rounded; SA-SR=sub-angular to sub-rounded, A=angular) for MT specimens tested with 

α=0; (b) magnitude of initial static shear stress α≠0. 

 

Sandy soils with more angular sand particles tend to have lower bCRR values for a 

similar particle size disparity ratio χ. The effect that the presence of an initial static 

shear stress exerts on the factor bCRR has also been studied in the present research 

(Figure 116b) and it has been observed that it is not substantially influenced by this 
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factor. Within the considered range of α, bCRR varies between 0.285 and 0.369 with an 

average value of 0.327. 

It is interesting to examine the difference between the fines influence factor bCSL 

derived from undrained monotonic triaxial tests and the fines influence factor bCRR 

calculated based on undrained cyclic simple shear tests. Their values are respectively 

0.28 in the former tests and 0.36 in the latter ones, suggesting that approximately 28% 

of the fines participate in the soil force-chains during monotonic loading, and 36% 

participate during cyclic loading. Since the specimens were prepared using the same 

method the observed difference would suggest that the participation of the fines in the 

soil force-chains varies with the loading features. 

The reliability of the equivalent granular void ratio approach in evaluating bCRR can be 

improved by considering b values depending on the fines content. Thus, for a given 

mixture, the value of bCRR, according to Eq. (18), was determined by back-analysis of 

the data available for each specific fines content. The evaluation was made using the 

same iterative procedure described in paragraph 7.1.2. The calculations were repeated 

for each fc, and Figure 117 presents the values of bCRR obtained (filled circles) as a 

function of the fines content (normalized to the threshold value). As it can be seen bCRR 

increases with fines content evidencing a higher contribution of the fines in the force 

transmission chains of the mixtures. For example, the data in Figure 117a would 

suggest that for fc=20%, approximately 40% of the fines particles actively participate in 

the force transmission. 

Rahman et al. (2008) developed the semi-empirical equation (20) for predicting b 

values where simple input parameters are required. The capability of this equation was 

evaluated by comparing the trend line of bCRR derived from the CRRN=15 measured in 

the undrained cyclic tests with the corresponding ones obtained from Eq. (20) (dashed 

line in Figure 117).  

Figure 117 shows that in most cases the experimentally based b-values are higher 

than the corresponding ones calculated from Eq. (20) and the overestimation increases 

with increasing fines content. Nevertheless, when the calculations were conducted 

using values of the empirical parameters μ and n calibrated on the basis of the data 

set of the present study (solid line in Figure 117), the experimentally based points and 

the curve determined by Eq. (20) appeared to have a similar trend. 
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(a) (b) 

  

(c) (d) 

Figure 117 – Relationship between bCRR and fc/fthre for: (a) α=0; (b) α=0.10; (c) α=0.20 e (d) 

α=0.30, and comparison with the semi-empirical correlation of Rahman et al. (2008). 

 

The CRRN=15 - e* data in Figure 118 are based on variable, fc dependent, bCRR values. 

The best-fit CRRN=15 - e* relationships for all data (dashed lines in Figure 118) have 

coefficient of determination R2=0.98, 0.91, 0.93, 0.88 respectively for Figure 118a, 

Figure 118b, Figure 118c and Figure 118d). Their trends can be described by the 

following equations: 


�����y = 0.089 ∙ ]E∗_��.���     ]� = 0.00_ (35a) 


�����y = 0.065 ∙ ]E∗_�(.���     ]� = 0.10_ (35b) 


�����y = 0.049 ∙ ]E∗_��.(��     ]� = 0.20_ (35c) 
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�����y = 0.033 ∙ ]E∗_��.(��     ]� = 0.30_ (35d) 

It is evident that the differences between the EG-CRRL of the sand-silt mixtures and 

the benchmark response of the clean sand (CRRL) are in general smaller in Figure 

118, based on a variable b value, than in Figure 115, based on a constant one. 

 

  

(a) (b) 

  

(c) (d) 

Figure 118 – Cyclic resistance ratio for Nf=15 cycles versus equivalent granular void ratio (e*) 

for TS-fines mixtures at constant initial vertical effective stress (σ'v0=100 kPa) and variable 

void ratio (interpretation based on bCRR variable with fines content) for: (a) α=0; (b) α=0.10; (c) 

α=0.20 e (d) α=0.30. 
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The performance of the two approaches based on back-analysis, using, namely: (1) a 

constant b irrespective of fines content (Figure 115); and (2) b increasing with fines 

content (Figure 118), can be compared through the values of the determination 

coefficient R2 of the best fit curves. As can be inferred from the data reported before, 

the smaller R2 concerns the variable b approach. As conclusive remark, it can be stated 

that the equivalent granular void ratio concept in combination with the consideration of 

the undrained cyclic resistance (CRRN=15) of the clean sand can be reliably used for 

predicting the liquefaction resistance of the same sand mixed with different non-plastic 

fines content in the range fc < fthre, provided that reliable values of b are adopted. Note 

that in case of clean sand (fc = 0%), e* is equal to e. 

 

7.2 Interpretation using equivalent granular state indices 

7.2.1 The concepts of equivalent granular state parameter, equivalent pressure index 

and equivalent modified state parameter 

According to the critical state soil mechanics, sand behaviour in shearing is controlled 

by its corresponding position in e-p' space. In other words, it is the combination of 

stress level (p') and relative density (as a function of e), not density alone, that 

determines the sand behaviour. Stress level modifies the behaviour of the material in 

a way that even dense samples, when consolidated under sufficiently high confining 

pressures, can behave similarly to loose samples tested at lower pressures (Been and 

Jefferies 1985). “State” is defined as the corresponding position of the soil in the e-p' 

space. In the previous chapter (chapter 6) the effectiveness of the critical state soil 

mechanics in interpreting the behaviour of non-plastic sand-silt mixtures was verified 

for fines contents lower than the threshold fines content (sand controlled behaviour). If 

e* is used instead of e, this definition of state can be generalized to e*-p' space, where 

in addition to the e and p', the value of fc controls the location of the soil state, and thus 

plays the role of a state variable. 

Using e* and e*CS (the void ratio related to EG-CSL) in lieu of e and eCS respectively, 

it is possible to redefine the distance with respect to the critical state. Following this 

approach, a revised form of the state parameter Ψ, named equivalent granular state 

parameter Ψ* was defined by Rahman (2012) as: 

Ψ∗ = E∗ − E=>∗  (36) 

to be used for sands containing fines. Recently, various authors (Rahman et al. 2011; 

Huang and Chuang 2011; Rahman and Lo 2012; Rahman and Sitharam 2020; Porcino 
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et al. 2019b; Porcino et al. 2021) correlated the undrained monotonic and cyclic 

resistance of non-plastic silty sands with different fines contents below the threshold 

value, with Ψ*. Baki et al. (2012) found that the results of monotonic and cyclic tests 

performed on samples with the same Ψ* were well correlated to each other. Using EG-

CSL as reference line, instead of CSL, for sands containing fines also the pressure 

index can be converted in an equivalent pressure index (revised form of the pressure 

index Ip defined by Klotz and Coop (2001)): 

W�∗ = A
 A=>
⁄  (37) 

where p'CS is the mean effective stress on the EG-CSL at the current e*. This state 

parameter was used recently to interpret the monotonic and cyclic triaxial test results 

for sand containing non-plastic silt (Qadimi and Mohammadi, 2014) but further 

verification is needed.  

Combining Ψ* and Ip*, it is possible to introduce the equivalent modified state 

parameter Ψ*m (revised form of the modified state parameter Ψm defined by Bobei et 

al., 2009) as: 

ΨH∗ = Ψ∗ ∙ �1 − �1 W�∗⁄ �� ∙ E∗ (38) 

This state parameter was also used recently to interpret the monotonic and cyclic 

triaxial test results for sand containing non plastic silt (Qadimi and Mohammadi 2014); 

once again more efforts are required to confirm the obtained results.  

The state parameter Ψ, the pressure index Ip, and the modified state parameter Ψm 

are the most commonly used state indices to describe the behaviour of sandy soils 

(Been and Jefferies 2004; Bobet et al. 2009; Coop 2003; Coop et al. 2005; Qadimi 

2005; Stamatopoulos 2010). The state indices are capable of combining the effect of 

fines content, density and stress level on the soils’ behaviour and can be used to 

predict the monotonic and cyclic strength of sands with different amounts of fines 

(Huang and Chuang 2011; Stamatopoulos 2010). However, employing these state 

indices for sands with different fines contents would require a large number of triaxial 

tests in order to ascertain the critical state lines of all mixtures, owing to the fact that 

any state index, according to the original definition, should be referenced to the CSL 

of the specific material investigated. Previous studies conducted in literature have 

demonstrated that the state indices defined in terms of e*, similarly to the 

conventionally defined state indices, are capable of predicting the soil behaviour at 

different fines contents, densities and stress levels. In other words, defining the state 

indices in terms of e* does not meaningfully influence their effectiveness in 
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characterizing soil behaviour. Nevertheless using the equivalent state indices instead 

of the traditional ones has an important advantage from the practical point of view since 

they allow  to minimize the required experimental work. The reference line that the 

equivalent indices are linked with, at every fc, is the EG-CSL (Figure 112b). 

Considering the coincidence between the EG-CSL and the CSL of clean sand, the 

latter one can be used as reference line for the sand- silt mixtures at every fc (lower 

than fthre). This leads to a significant reduction in the required experimental data. The 

capability of Ψ*, Ip* and Ψ*m to reduce the amount of the experimental data needed for 

predicting the relevant parameters of sands with different fines contents will be further 

discussed in the following. In the next paragraphs their capability to predict the 

undrained monotonic and cyclic behaviour of the materials investigated in this study is 

presented.  

 

7.2.2 Prediction of undrained monotonic behaviour of Ticino silty sand  

The results derived from processing the data of undrained monotonic triaxial tests are 

illustrated in Figure 119, Figure 120 and Figure 121. Figure 119a, b, c and d show 

the trends of the instability stress ratio, the normalized liquefaction potential, the 

transformation phase stress ratio, and the normalized critical state resistance against 

Ψ*(0), respectively. The relevant values for b taken to calculate the initial e* of the 

samples for each mixture are the same as the ones previously used to identify the EG-

CLS in Figure 112b. The R2 values given in the figures resulted from the regressions 

analyses conducted on all the data together. It is evident that the use of Ψ*(0) instead 

of Ψ(0) doesn’t meaningfully improve the scatter in the data, so that a unique correlation 

can be considered appropriate for both cases. 

The results obtained in this section prove that the relationships between the undrained 

monotonic soil behaviour indices and the equivalent state parameter for clean sand 

can be considered representative even for mixtures with fines contents below fthre, 

providing that the b value is selected correctly. The same conclusion applies to the 

equivalent pressure index I*p(0) and to the equivalent modified state parameter Ψ*m(0) 

as it can be inferred from the data reported in Figure 120 and  Figure 121 respectively. 

If a comparison is made among the performances of the equivalent granular indexes 

taken into account in the analyses described above, the equivalent granular state 

parameter is the index that exhibits the highest values of R2 in most of the correlations 

shown in the previous figures (Figure 119 to Figure 121). 
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(a) (b) 

 

(c) (d) 

Figure 119 – Variation of (a) ηIS, (b) (qmin/p'0)/qIS, (c) ηPT and (d) qCS/p'0 for non-plastic Ticino 

sand–silt mixtures with equivalent granular state parameter Ψ*(0). 

 

For this reason, in the following paragraph the prediction of the undrained cyclic 
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state parameter Ψ*. 

In Figure 122 the initial states (i.e. the states just prior to shearing) of the undrained 

monotonic triaxial tests conducted on TS sand-silt mixtures were plotted in e* - p'0 

space. As it can be seen the data points that clearly lie below the EG-CSL (Ψ*(0)<0) all 

correspond to non-flow (NF) type behaviour while those located above the EG-CSL 

(Ψ*(0)˃0) mainly belong to limited flow (LF) and flow (F) type behaviour with the latter 
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ones occupying the upper part of the diagram. Some small deviations from this trend 

should be ascribed to the fact that differentiating flow and non-flow behaviour can be 

sometimes complicated. 

 

 

 

(a) (b) 

 
 

(c) (d) 

Figure 120 – Variation of (a) ηIS, (b) (qmin/p'0)/qIS, (c) ηPT and (d) qCS/p'0 for non-plastic Ticino 

sand-silt mixtures  with equivalent pressure index I*p(0). 

 

It turns out that values of Ψ*(0) tend to increase (from negative to positive) moving from 
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confirmed by the curves reported in Figure 123. This figure depicts the stress paths 
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and the stress strain curves obtained in undrained monotonic triaxial tests carried out 

on some specimens represented by points in Figure 122. 

 

(a) (b) 

  

(c) (d) 

Figure 121 – Variation of (a) ηIS, (b) (qmin/p'0)/qIS, (c) ηPT and (d) qCS/p'0 for non-plastic Ticino 

sand- mixtures with the equivalent modified state parameter Ψ*m(0). 
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7.2.3 Prediction of the undrained cyclic resistance of Ticino silty sand using Ψ*(0) 

In this section the equivalent granular state parameter Ψ*(0) was used to predict the 

undrained cyclic resistance of Ticino silty sand. In Figure 124, CRRN=15 is plotted 

versus Ψ*(0), for different values of the initial static shear stress (α varying from 0 to 

0.30). 

 

 

Figure 122 – EG-CSL for Ticino sand-silt mixtures and the initial states of the undrained 

monotonic tests. 

 

  

(a) (b) 
Figure 123 – Various forms of undrained monotonic behaviour: (a) effective stress-path, and 

(b) stress-strain behaviour. 
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sand. In particular the scatter is significantly smaller than that exhibited by the CRRN=15 

– Ψ(0)  plot in Figure 107. The best-fit relationships describing the experimental data 

in Figure 124 are expressed by the following exponential equations: 


�����y = 0.109 ∙ EbA�−2.282 ∙ �]	_∗ �     ]� = 0.00_ (39a) 


�����y = 0.094 ∙ EbA�−2.992 ∙ �]	_∗ �     ]� = 0.10_ (39b) 


�����y = 0.074 ∙ EbA�−3.988 ∙ �]	_∗ �     ]� = 0.20_ (39c) 


�����y = 0.060 ∙ EbA�−4.923 ∙ �]	_∗ �     ]� = 0.30_ (39d) 

 

(a) (b) 

(c) (d) 
Figure 124 – Variation of undrained cyclic resistance CRRN=15 for non-plastic Ticino sand-silt 

mixtures (fc<fthre) with equivalent granular state parameter Ψ* for different initial static shear 

stresses: (a) α=0, (b) α=0.10, (c) α=0.20 and (d) α=0.30. 
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The corresponding determination coefficients R2 are 0.96, 0.89, 0.88 and 0.89, 

respectively. The trends of the curves in Figure 124 show that CRRN=15 increases as 

Ψ*(0) becomes more negative. This is consistent with the fact that more negative values 

of Ψ*(0) are indicative of a more dilative soil behaviour. The slope of the curves is more 

pronounced as the value of the initial static shear stress ratio (α) increases. Figure 

125 summarises this feature evidencing the existence of a clockwise rotation of the 

best fit curves around a value of the equivalent state parameter equal to Ψ*0 = - 0.225, 

that identifies those initial states for which the undrained cyclic resistance CRRN=15  is 

unaffected by the initial static shear stress. 

 

 

Figure 125 – Clockwise rotation of the CRRN=15-Ψ*(0) correlation of Ticino clean sand under 

different values of α. 

 

In the present research the tests in which the equivalent granular state parameter took 

positive values (Ψ*(0) > 0) were relatively few and all corresponded to high fines 

contents. The trend of the curves in the positive range of Ψ*(0) should be more precisely 

defined by performing more tests on specimens reconstituted at high fines contents. 

Recently, a number of investigations involving cyclic triaxial tests have demonstrated 

the suitability of the state parameter Ψ and its revised form Ψ*, for predicting the 

undrained cyclic strength of sands with different fines contents, densities, and stress 

levels. However, all these studies involved cyclic triaxial tests while, in the present 

study, the approach was for the first time investigated basing on cyclic simple shear 

tests which better represent the conditions in the ground before and during an 

-0.4 -0.3 -0.2 -0.1 0 0.1

Ψ*(0)

0

0.05

0.1

0.15

0.2

0.25

0.3

C
R

R
N

=
1

5

α=0

α=0.10

α=0.20

α=0.30

CRRN=15 

decreasing 
with α
increasing

CRRN=15 

increasing 
with α
increasing

Ψ
* (

0
),

th
re

 =
 -

0
,2

2
5



 

197 
 

earthquake. Furthermore, this approach has been successfully applied, once again for 

the first time, taking into account the presence of an initial static shear stress. 

The analysis of literature data, restricted to the symmetrical loading condition (i.e. α=0), 

along with the data gathered from the present study, evidenced that the CRR-Ψ*(0) 

correlation is dependent on the properties of the host sand and the fines, the fabric (or 

sample preparation method), and the type of test or loading path. This is apparent in 

Figure 126 where the CRR-Ψ*(0) relationships derived from previous studies (Jefferies 

and Been 2006; Huang and Chuang 2011; Rahman and Sitharam 2020) are shown 

together with the data obtained in the present study.  

 

 

Figure 126 – Relation between CRR and Ψ*(0): comparison between data from the present study 

(α=0)  and published data from Jefferies and Been (2006), Huang and Chuang (2011), and 

Rahman and Sitharam (2020). 
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data by Rahman and Sitharam (2020) but predicts lower CRRN=15 values than those 

measured by Jefferies and Been (2006) and Huang and Chuang (2011). 
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In the following an attempt has been made to use the EG-CSL to predict the undrained 

cyclic failure pattern observed in DSS tests taking also into account the effect of an 

initial static shear stress. It is well known that liquefaction of clean sands under 

undrained cyclic loading can occur in two different patterns, cyclic mobility and cyclic 

instability, the latter being also termed flow liquefaction or limited flow liquefaction. 

When there is the presence of an initial static shear stress, plastic strain accumulation 

can be also observed. In silty sands, the type of behaviour can be affected by the 

presence of fines. The parameter Ψ* enables an estimate of the failure type to be 

expected. 

Firstly, the results of the undrained cyclic simple shear tests, without an applied initial 

static shear stress, were examined in terms of the equivalent granular state parameter 

Ψ*. A cyclic mobility type behaviour is expected for the samples tested with initial 

conditions well below the EG-CSL, i.e., Ψ*(0)<0, whereas a cyclic instability (in this case 

limited flow liquefaction) type behaviour, is anticipated for initial states above the EG-

CSL, i.e., Ψ*(0)>0. Further, it is hypothesized that soil specimens with an identical initial 

fabric, but different combinations of the initial void ratio, initial mean effective stress, 

and fines content, will exhibit a similar type of behaviour under undrained cyclic 

loading, provided that the state parameter Ψ*(0) is the same. The initial conditions (e*0, 

p'0) of all specimens with fc < fthre (24.5%) tested in the present study in undrained cyclic 

DSS tests with α=0 relative to the EG-CSL are presented in Figure 127. Evidently, 

almost all points fall well below the EG-CSL (Ψ*(0)<0), which means that a cyclic 

mobility type behaviour should be expected for most of the specimens, while a limited 

flow liquefaction behaviour should be observed only in a few tests. Figure 128 presents 

the normalized shear stress (τ/σ'v0) versus shear strain (γ) response and the 

normalized effective stress path regarding two pairs of undrained cyclic DSS tests 

having clearly negative Ψ*(0) values. In particular, the test pair with Ψ*(0)= - 0.168 ± 

0.008 concerns clean TS sand and  a silty sand mixture with fc = 10% (Figure 128a) 

and the test pair with Ψ*(0) = - 0.185 ± 0.006 concerns  silty sand mixtures with fc = 10% 

and 20% respectively (Figure 128b). In all cases, the observed behaviour can be 

categorized as cyclic mobility. Thus, the equivalent granular state parameter Ψ*(0) 

appears to be a suitable measure for predicting the type of behaviour in undrained 

cyclic DSS tests on silty sands. It enables a unified description of the response of sand 

with fines within the context of the CSSM theory, provided that fc < fthre. 
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Figure 127 – Initial positions of the specimens tested in undrained cyclic simple shear tests 

with α=0, relative to EG-CSL. 

 

  

(a) (b) 

  

(c) (d) 

Figure 128 – Shear stress-shear strain relationship and effective stress paths from DSS tests 

on TS-fines mixtures with similar initial conditions (Ψ*(0)<0). All tests show cyclic mobility in 

their final phase. 
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The same procedures can be applied for tests conducted in the presence of an initial 

static shear stress. Besides the position of the initial state with respect to the equivalent 

granular critical state line, an important parameter, in this case, is the ratio between 

the applied cyclic shear stress and the applied initial static shear stress. In Figure 129a 

the initial state conditions (e*0, p'0) of all specimens with fc < fthre investigated in 

undrained cyclic DSS tests with α varying between 0.05 to 0.30 are superimposed on 

the EG-CSL, while in Figure 129b the cyclic stress ratios CSR applied on specimens 

with α ≠0 are plotted as a function of α. As it can be seen from Figure 129a almost all 

points fall well below the EG-CSL (Ψ*(0)<0), but, in this case, contrary to what was 

observed in tests without initial static shear stress,  not only cyclic mobility (CM) but 

also plastic strain accumulation (PSA) and an intermediate (INT) behaviour between 

cyclic mobility and plastic strain accumulation are observed. Flow liquefaction was 

observed only in the test with Ψ*(0)>0. 

 

  

(a) (b) 

Figure 129 – (a) Initial positions of the specimens tested in undrained cyclic simple shear tests 

relative to EG-CSL with different initial static shear stresses: α=0.10, α=0.20 and α=0.30 and 

(b) magnitude of applied cyclic shear stress ratio against initial static shear stress with zones 

of observed failure patterns. 
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aim to establish an approximate criterion for identifying the occurrence of the various 

failure patterns, the internal space of Figure 129b has been divided in regions each 

one corresponding to a given behaviour. Each limiting straight line is defined by a given 

value of the ratio between the static and the cyclic shear stresses applied. The lowest 

line corresponds to a value of this ratio equal to 0.71 while the uppermost one 

corresponds to a value equal to 0.36. Therefore it can be concluded that if the 

magnitude of the initial static shear stress is higher than 0.71·CSR the behaviour 

observed is PSA, while if the magnitude of the initial static shear stress ratio is less 

than 0.36·CSR the observed behaviour is CM. An intermediate behaviour is expected 

for samples sheared with an initial static shear stress ratio between 0.36·CSR and 

0.71·CSR. 
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Chapter 8 

Prediction of seismic pore water pressures in 

silty sands 

The generation, dissipation, and redistribution of excess pore water pressures (PWP) 

under cyclic loading within the layers of a soil deposit can significantly influence the 

seismic response of that deposit. The modeling of cyclic pore water pressure 

generation in non-linear site response analysis has seen an extensive development 

based on the results of field measurements (Matasovic and Vucetic 1993) and 

laboratory tests (Ishihara et al. 1976), including the effects of multi-directional shaking 

(Seed et al. 1978).  

Relevant previous studies have focused mainly on clean sand (Seed et al. 1975; 

Hazırbaba 2005; Polito et al. 2008) although natural soil deposits, as well as artificial 

soil deposits, often contain a considerable amount of fines. Although several models 

have been proposed in the literature to predict the development of excess pore water 

pressure under cyclic loading for silt (Wijewickreme and Sanin 2010; Verma and 

Wijewickreme 2015) and silty sand (Hazirbaba and Rathje 2009; Baziar et al. 2011; 

Porcino and Diano 2016; Porcino and Diano 2017), only limited studies take into 

account the presence of an initial static shear stress such as that acting on the 

horizontal plane in soil deposits under sloping ground conditions or in the near 

proximity of shallow foundations (Pan and Yang 2018; Pan et al. 2020). Furthermore, 

this limited number of studies have been conducted on clean sand or sand with a small 

percentage of fines in the triaxial apparatus.  

For this reason, in this study a series of undrained non-symmetrical cyclic simple shear 

tests were performed to study the effect of the initial static shear stress acting on the 

horizontal plane of the specimens on pore water pressure generation of non-plastic 

Ticino sand-silt mixtures. In particular, this chapter analyses: a) the differences in terms 

of residual pore water pressure development without and in the presence of an initial 

static shear stress; b) the applicability of pore water pressure generation models 

proposed for silty sands and the accuracy of their prediction; and c) new revised 

models that consider the presence of initial static shear stress based on the results of 

the undrained cyclic simple shear tests performed in the present study. 
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8.1 Excess pore water pressure generation in presence of an initial 

static shear stress 

During undrained cyclic loading, the excess PWP generated in the saturated soils can 

be divided into two components: transient and residual PWPs (Polito et al. 2008). The 

former is equal to the change in the total stress at the real-time cycling; thus it hardly 

affects the effective stresses acting on the soil. Conversely, the latter is the value that 

holds at the end of each stress cycle when the cyclic deviatoric stress comes back to 

its initial value and it directly alters the effective stress of the soil (Kammarer et al. 

2005). Figure 130 shows typical test results gathered from undrained cyclic SS tests 

carried out on Ticino silty sand both in the absence and in the presence of an initial 

static shear stress. These figures show, the excess pore pressure ratio (Ru), defined 

as the ratio of the excess PWP to the initial vertical effective stress, and the cyclic 

shear strain (γ) versus the number of cycles. 

 

  

(a) (b) 
Figure 130 – Variation of excess pore water pressure ratio and shear strain of Ticino silty sand 

(fc=10%, e0=0.60) with number of cycles: (a) α=0, CSR=0.14; and (b) α=0.20; CSR=0.14. 
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Figure 130a presents the results for a specimen consolidated without an initial static 

shear stress (α=0) and subjected to a cyclic stress ratio CSR = 0.14. The residual pore 

pressure ratio Ru,res increased stepwise with the number of cycles, along with the 

gradual increase in the cyclic shear strain. As it usually happens for symmetrical tests 

the pore pressure ratio reached the limiting value of Ru,res =0.95 at N = 45, just at the 

end of the cyclic loading. The cyclic shear strain increased slowly in the early portion 

of the curve while the trend became more abrupt after a certain number of cycles 

reaching a final value of 3.75% in single amplitude. As shown in Figure 130b, for the 

companion sample that was subjected to an initial static shear stress (α=0.20, 

CSR=0.14), the residual pore pressure ratio and the cyclic shear strain increased 

sharply in the early cycles and more gradually at a later stage. A value of Ru,res =0.51 

was rapidly approached at N = 5 and it increased very slowly in the remaining cycles 

reaching a final value of 0.56. The shear strain continued to moderately increase until 

reaching the failure criterion of 3.75% when N = 10. 

Clearly, the residual pore pressure ratio patterns observed in the presence and in the 

absence of an initial static shear stress were significantly different. From a general 

point of view, when the tests are carried out in the absence of an initial static shear 

stress, the pore water pressure increases up to a value very close to unity; 

correspondingly the vertical effective stress reaches a value near to zero causing 

failure. Conversely when an initial static shear stress is applied, the excess pore water 

pressure approaches a limiting value (Ru,lim), the magnitude of which depends on the 

value of the static shear stress; generally the failure is pinpointed at a conventionally 

assumed limiting value of the shear strain (in this study γSA=3.75%). 

Figure 131 shows Ru,lim (γSA=3.75%), i.e. the residual excess pore water pressure 

detected in correspondence of the assumed liquefaction criterion (γSA=3.75%), 

recorded during the undrained cyclic simple shear tests performed with various CSR, 

e0, fc and σ'v0, plotted against α. For α varying in the range α=0-0.30 considered in this 

study, Ru,lim (γSA=3.75%) decreases with the increase in α. The maximum value (Ru,lim 

≈ 1) is obtained for α = 0, i.e. when a cyclic mobility failure pattern dominates. The 

decreasing trend of Ru,lim with increasing α has been consistently observed in other 

studies on clean sands such as the ones conducted by Vaid and Chern (1983), and 

Pan and Yang (2017), among others. A possible explanation can be found in the fact 

that the horizontal distance between the initial stress state and the CSL of the tested 

specimens becomes increasingly shorter with the increase in the values of α. 
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Figure 131 – Relationship between limiting pore water pressure ratio (Ru,lim) and initial static 

shear stress ratio (α). 

 

8.2 Pore pressure prediction models 

8.2.1 Stress-based models 

In this paragraph, firstly, the development of excess pore water pressure observed in 
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considering the effect of an initial static shear stress in stress-based models. 
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��,fD� = 2� ∙ sin�� � �� 
]� ("⁄ _! (40) 

A value of β ranging from 0.6 to 1 was proposed by the authors and a value equal to 

0.7 is traditionally assumed and recommended by Seed et al. (1975) for clean sands. 

Figure 132a shows the comparison of the test results obtained in the present work 

with the trend predicted by Eq. (40) considering the recommended range of β values 

suggested for clean sands (solid curves).  

 

  

(a) (b) 

  

(c) (d) 

Figure 132 – Residual excess pore water pressure ratio versus normalized number of cycles 

for clean sand during cyclic loading: (a) α=0; (b) α=0.10; (c) α=0.20, and (d) α=0.30. 
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Although the model proposed by Booker et al. (1976) can be qualitatively used to 

obtain the general trend in the pore pressure development, the discrepancy is apparent 

as the predicted trend is located below most of the test data obtained in this study. For 

this reason, for the moist tamped Ticino sand specimens considered in this study, the 

following range of variation of β seems to be more appropriate: β = 0.77-1.78 (dashed 

curves) with a best fit value equal to 0.92 (red curve). 

With the intention of verifying the applicability of stress-based models originally 

developed for clean sands to sands tested in presence of an initial static shear stress, 

plots of residual pore water pressure ratio, Ru,res, versus cycle ratio N/Nf are given in 

Figure 132b, 132c and 132d for Ticino sand with different magnitudes of the initial 

static shear stress (α=0.10-0.30). While for clean sands without an applied initial static 

shear stress the shape of Seed’s (1975) model was shown to agree well with the 

measured build-up of pore pressure, the performance of the model was unsatisfactory 

when applied to clean sand specimens tested with non-zero values of α. Thus, to better 

fit the test data reported in the aforementioned figures, a modified equation is proposed 

in this study as follows: 

��,fD� = � ∙ � �� !�
 (41) 

Here, a and b are two empirical parameters that need to be determined by back 

analysis of undrained cyclic tests results. 

An analysis of the tests data reported in Figure 132 allows to evidence some 

interesting features of the excess pore pressure development of the silty sand 

specimens subjected to initial static shear stress (α ≠ 0). The corresponding curves do 

not exhibit the typical biconcave trend shape in the normalized plots: the residual pore 

pressure ratio increases rapidly during the early stage of the tests, and subsequently, 

it approaches the limiting values gradually. This trend was satisfactorily predicted using 

the modified model defined by Eq. (41) with the two sets of parameters a and b labeled, 

respectively, as lower and upper that are summarized in Table 11. The corresponding 

curves are shown in Figure 132. 

It is interesting to analyse how the presence of the fines influences the pore water 

pressure generation and if the models defined for clean sands are still applicable in 

that case. For symmetrical loading conditions, different pore water pressure models 

have been proposed in the literature to consider the presence of non-plastic fines 

(Polito et al. 2008; Baziar et al. 2011; Porcino and Diano 2017). For Ticino sand-silt 
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mixtures, by analyzing the experimental data, Porcino and Diano (2017) showed that 

for percentages of fines lower than the threshold fines content fthre, the typical inverted 

S-shape exhibited by clean sands was maintained. Referring to Seed’s model, only a 

variation in terms of parameter β was observed; with β increasing as the percentage 

of fines increases. Towards higher percentages of fines, the trend of residual excess 

pore pressure (Ru,res) data tends to become monotonically increasing with the number 

of normalized cycles and this is well observed for percentages of fines greater than fthre 

(Porcino and Diano 2017; Porcino et al. 2018b). 

 

Table 11 – Empirical parameters of Eq. (41) used to draw the excess pore water pressure curves 

for clean sands reported in Figure 132.  

α alower/upper blower/upper abest fit bbest fit 

0.10 0.68-0.87 0.27-0.66 0.72 0.46 

0.20 0.57-0.66 0.12-0.36 0.63 0.29 

0.30 0.41-0.47 0.05-0.13 0.42 0.10 

 

In the present study the effects induced by the fines content on the excess pore water 

pressures developed under cyclic loading were investigated taking also into account 

the presence of an initial static shear stress. This will provide an advancement in the 

state of knowledge of these materials. 

In Figure 133 the experimental results for different magnitudes of the initial static shear 

stress, α, are reported. In the same figure the upper and lower bound curves obtained 

for clean sands were superimposed. It is possible to observe that the presence of fines 

does not significantly modify the trend of the data points in the Ru,res vs. N/Nf plots 

drawn for the complete range of fines content investigated. The experimental data 

were processed through the model defined by Eq. (41) and the a and b parameters for 

silty sands were calculated. The majority of the calculated parameters fall inside the 

range proposed in Table 11 for Ticino clean sand. As shown in Figure 133 the 

calculations gave satisfactory results except for few tests with fc=10% and α=0.30 in 

which the model predictions overestimated the experimental data. A further goal of the 

research was to define possible correlations between the empirical parameters a and 

b appearing in Eq. (41) and the main factors that, according to the analyses made in 

the previous paragraphs, could affect the development of the cyclic excess pore water 

pressures. 
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In Figure 134, Figure 135, Figure 136, Figure 137 and Figure 138 the parameters a 

and b adopted to process the experimental data are plotted against, respectively, the 

initial void ratio (e0), the initial effective vertical stress (σ'v0), the initial static shear stress 

(α), the fines content (fc) and the cyclic stress ratio (CSR). 

 

  

(a) (b) 

 

(c) 

Figure 133 – Effect of fines content on excess pore water pressure ratio versus normalized 

number of cycles during cyclic loading: (a) α=0.10, (b) α=0.20, and (c) α=0.30. The solid curves 

represents the upper and the lower bounds for Ticino clean sand. 

 

The best fit relationships obtained for the following variables: initial global void ratio e0, 

initial vertical effective stress σ'v0, initial static shear stress α and cyclic stress ratio 

CSR were linear, while a parabolic function proved to be adequate for the fines content 
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fc. In some cases, the choice of a linear trend was a necessary option due to the limited 

data available, or an extrapolation of the trend observed in tests performed under 

similar conditions for which more data existed. 

 

  

(a) (b) 
Figure 134 – Variation of parameters a (a) and b (b) of Eq. (41) with e0. 

 

  

(a) (b) 

Figure 135 – Variation of parameters a (a) and b (b) of Eq. (41) with σ'v0. 

 

  

(a) (b) 
Figure 136 – Variation of parameters a (a) and b (b) of Eq. (41) with α. 
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(a) (b) 
Figure 137 – Variation of parameters a (a) and b (b) of Eq. (41) with fines content fc. 

 

  

(a) (b) 
Figure 138 – Variation of the parameters a (a) and b (b) of Eq. (41) with CSR. 

 

Basing on the trends of the curves observed in the previously discussed figures, a 

multivariable regression analysis was carried out to correlate the parameters a and b 

to all other factors. The relationships obtained were the following: 

a = 1.476 − 0.565 ∙ E	 − 0.00145 ∙ ��	
 − 1.983 ∙ � + 0.000224 ∙ -.( − 0.00804 ∙ -. + 0,629 ∙ 
5� (42a) 

b = −0.543 + 1.269 ∙ E	 + 0.00192 ∙ ��	
 − 1.616 ∙ � − 0.000462 ∙ -.( + 0.0187 ∙ -. + 0.122 ∙ 
5� (42b) 

with a coefficient of determination R2 equal to 0.94 and 0.71, respectively. 

 

8.2.2 Strain-based models 

In order to verify the applicability of strain-based models to non-plastic silty soils in the 

presence of an applied initial static shear stress, the approach proposed by Dobry 

(1985) was revisited in the present study. 

Dobry (1985) proposed an upper and a lower boundary curve in the Ru versus γ 

domain, on the basis of the results of strain-controlled cyclic triaxial tests (solid lines in 

0 10 20 30
Fines content, fc (%)

0

0.4

0.8

1.2
C

a
lib

ra
ti
o

n
 p

a
ra

m
e

te
r,

 a

e0=0,68

σ'v0=100 kPa

CSR=0.08-0.22

0 10 20 30
Fines content, fc (%)

0

0.4

0.8

1.2

C
a
lib

ra
ti
o
n
 p

a
ra

m
e
te

r,
 b

e0=0,68

σ'v0=100 kPa

CSR=0.08-0.22

0.06 0.08 0.1 0.12 0.14
Cyclic stress ratio, CSR

0

0.2

0.4

0.6

0.8

1

C
a
lib

ra
ti
o
n
 p

a
ra

m
e

te
r,

 a

e0=0,68

fc=10%

α=0,10

σ'v0=100 kPa

0.06 0.08 0.1 0.12 0.14
Cyclic stress ratio, CSR

0

0.2

0.4

0.6

0.8

1
C

a
lib

ra
ti
o
n
 p

a
ra

m
e
te

r,
 b

e0=0,68

fc=10%

α=0,10

σ'v0=100 kPa



 

213 
 

Figure 139). Dobry’s boundary curves correspond to a specific case in which only Ru 

values achieved after 10 shear strains cycles are considered.  

More recently Cetin and Bilge (2012) observed significant differences between stress 

and strain controlled tests in triaxial conditions; for the sake of brevity this has not been 

taken into account in the following considerations. In Figure 139a the excess pore 

water pressures of the sand-silt mixtures investigated in the present research, in SS 

tests without an applied initial static shear stress, for various global void ratios and 

fines content (fc<30%), are compared with the boundary curves proposed by Dobry 

(1985) for clean sand. As it can be seen the points inferred from the tests on silty sand 

carried out in the present research lie in a relatively narrow band on the right-hand side 

of the lower boundary curve for clean sand. In this figure (as well as in the companion 

ones) the symbol γmax refers to the highest value of shear strain reached in a given 

cycle (in this case N = 10) while Ru,res is the residual excess pore pressure ratio 

evaluated at the same stage of the given cycle. These findings are consistent with 

those reported by other researchers from undrained cyclic triaxial tests on silty sands 

(Cetin and Bilge 2012; Dash and Sitharam 2009). 

In Figure 139b, Figure 139c and Figure 139d the same boundary lines proposed by 

Dobry (1985) are compared with the experimental data obtained in tests performed on 

the Ticino sand-silt mixtures in presence of an initial static shear stress. Once again 

the experimental data ly on the right-hand side of the Dobry’s lower boundary curve 

with the distance from this latter increasing with the increase of α. It is interesting to 

note that the experimental data corresponding to the same value of α lie in a quite 

narrow band irrespective of the fc and e0 values of the mixtures. 

In Figure 139 with red dashed line are indicated the best fit curves of the experimental 

data drawn based on the results of a regression analysis conducted using the 

relationship proposed by Vucetic and Dobry (1986): 

��,fD� = A ∙ - ∙ � ∙ r ∙ �s − s�����
1 + - ∙ � ∙ r ∙ �s − s����� (43) 

where γ is the cyclic shear strain, N is the number of loading cycles, and f is set to 1 or 

2 for 1-D and 2-D cyclic loadings, respectively. p, F, and s are curve-fitting parameters. 

The volumetric threshold shear strain (γtvp) is defined as the shear strain below which 

no residual pore pressure is generated. The suggested range of values for γtvp is 

0.01%–0.02% for most soils (Dobry et al. 1982). In the present study a value of γtvp 

equal to 0.01% has been considered. The regression analyses conducted through Eq. 
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(43) provided the best fit curves shown, as red dashed lines, in Figure 139, each one 

relative for a given value of α. The corresponding p, f, F parameters are given in the 

internal captures of the figures. The good agreement between the trend of these curves 

and the experimental data, suggests that Eq. (43) can be reliably adopted for the 

prediction of the cyclic excess pore water pressures of non-plastic silty sands in 

presence of an initial static shear stress. 

 

  

(a) (b) 

  

(c) (d) 

Figure 139 – Trend of residual pore water pressure ratios with maximum shear strains obtained 

in the present study compared with the upper and lower bound curves proposed by Dobry 

(1985) for clean sands: (a) α=0, (b) α=0.10, (c) α=0.20, and (d) α=0.30. 
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Chapter 9 

Conclusion and recommended future works 

A laboratory experimental research program was undertaken to improve the current 

knowledge on the combined effects of fines content and an applied initial static shear 

stress on the cyclic undrained response of non-plastic silty sands. Ticino sand (TS) 

with different percentage of non-plastic fines (up to 40%) was used as a test material 

for this study. The cyclic simple shear device in operation at the Geotechnical Testing 

Laboratory at the University Mediterranea of Reggio Calabria, Italy, was used to 

conduct the experimental activity of this study. Furthermore, undrained monotonic 

triaxial tests performed in a previously research conducted on the same material were 

re-analyzed. 

The main results and conclusions drawn from this thesis are summarized below: 

• The typical cyclic failure patterns are identified to be flow liquefaction, limited 

flow liquefaction, cyclic mobility, and plastic strain accumulation. There seems 

to be a strong state dependence of failure patterns. With increasing void ratio 

or increasing initial effective confining pressure, the cyclic failure patterns of the 

specimens may change from non-flow type (cyclic mobility or plastic strain 

accumulation) to flow-type (flow liquefaction or limited flow liquefaction). 

• The number of cycles at failure increases with decreasing cyclic stress ratio. 

When the cyclic stress ratio (CRRN) is normalized by the cyclic resistance at 15 

cycles (CRRN=15), a unified correlation exists between the normalized cyclic 

stress ratio, magnitude correction factor (MSF), and the number of cycles to 

failure Nf, irrespective of initial global void ratio e0, vertical effective stress σ'v0, 

fines content fc, and applied initial static shear stress (factor α). 

• At the same initial void ratio e0 and effective vertical stress σ'v0, the addition of 

non-plastic silt reduces the cyclic resistance (CRRN=15) of silty sands for all initial 

shear stress levels (i.e. α values) up to the threshold fines content fthre. 

• A range for the threshold fines content fthre between 21% and 28% could be 

identified from cyclic simple shear test results at different applied initial static 

shear stresses with an average value equal to 24.5%; the comparison of the fthre 

values predicted by analytical relationships (Polito 1999; Harzibaba 2005; 

Rahman and Lo 2008) provided inconsistent results among them with fthre 
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values varying between 23% and 36%. fthre calculated from the relationship by 

Hazirbaba (2005) (fthre = 23%) slightly underestimates the experimental average 

value, while fthre derived from Polito’s relation (fthre = 30%) tends to overestimate 

the experimental value. Rahman and Lo (2008) provides a value of fthre = 36% 

being substantially higher than the experimental value. 

• The effects of α on the cyclic resistance of non-plastic silty sands can be 

beneficial or detrimental depending on the initial global void ratio e0, the initial 

vertical effective stress σ'v0, and fines content fc. The concept of threshold α was 

verified for Ticino sand with a fines content fc=10% and an effective vertical 

stress ranging from 50 to 100 kPa. The threshold α is affected by the initial state 

and decreases as the initial state parameter Ψ(0) increases. 

• The addition of fines leads to a shift of the critical state line (CSL) towards lower 

void ratios in the e - log(p') space. The direction of shift reverses at higher fc. 

This reversal in the direction of shift occurs approximately at the threshold fines 

content, fthre. 

• The main features of the undrained monotonic behaviour and the undrained 

cyclic resistance of silty sands, at different α, can be correlated to the initial state 

parameter Ψ(0), initial pressure index Ip(0), and initial modified state parameter 

Ψm(0). The CRRN=15 - Ψ(0) curves rotate clockwise with increasing α, as 

previously reported in the literature for silty sands. 

• For TS-fines mixtures with fc ≤ fthre, the application of the equivalent granular 

void ratio-based approach to undrained DSS and undrained monotonic triaxial 

tests required the assessment of the equivalent granular void ratio e*= f(e; fc; b) 

where b is the fines influence factor. Different values of b were found  depending 

on whether they were back-calculated using as benchmark the critical state line 

(bCSL) or the undrained cyclic resistance (bCRR) of the clean sand. The adopted 

e*-based approach was found to be effective in predicting the undrained 

monotonic and cyclic behaviour of sands with non-plastic fines. 

• A unique equivalent granular critical state line (EG-CSL) for all TS-fines 

mixtures with fc ≤ fthre was identified in the e*- log(p') plane from undrained 

monotonic triaxial tests results. This approach enables the behaviour at critical 

state of silty sands to be unified, regardless of the fines content (provided fc ≤ 

fthre) and void ratio. 
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• EG-CSL was used as a reference line to define, together with using e* instead 

of e, the equivalent granular state parameter, Ψ*, the equivalent pressure index 

Ip*, and the equivalent modified state parameter Ψm*. Among them Ψ* appeared 

to be the most effective index for predicting, in the framework of the CSSM 

theory, the undrained monotonic and cyclic failure patterns to be expected for 

non-plastic sand-silt mixtures with different values of fines contents (lower than 

fthre), void ratios, vertical effective stresses, and initial static shear stress. As a 

matter of fact the results showed that cyclic simple shear tests characterized by 

different combinations of the initial void ratio, initial effective vertical stress, initial 

static shear stress, and fines content (lower than fthre), exhibit a similar type of 

failure under undrained cyclic loading, provided that Ψ*(0) takes the same value. 

• The cyclic resistance ratio CRRN=15 was found to be strongly correlated with 

both the conventional state parameter, Ψ(0), and the equivalent granular state 

parameter, Ψ*(0), through simple exponential functions. The cyclic resistance 

ratio considerably decreased with an increase in either Ψ(0) or Ψ*(0). When the 

equivalent granular state parameter, instead of the traditional one, was 

considered, an improved coefficient of correlation R2 was obtained for these 

relationships. 

• From a practical point of view, the main advantage of using a relationship 

between CRRN=15 and Ψ*(0) lies the fact that it allows to assess the undrained 

cyclic strength of a sand with a given non-plastic fines content (lower than fthre) 

and initial static shear stress on the basis of the undrained cyclic strength of the 

clean sand. Furthermore the approach does’nt need to determine the CSLs for 

all the mixtures, because this information is implicitly incorporated in the fines 

influence factor b appearing in the equation defining e*. Nevertheless, the 

incorporation of CRR-Ψ or CRR-Ψ* relationships into the simplified procedures 

for predicting the liquefaction potential that are based on in situ tests results 

(SPT, CPT, etc.) would require to establish realiable relationships between the 

state variables Ψ or Ψ* and the in situ test results. 

• The residual pore pressure generated in the saturated non-plastic silty sands 

may reach a limiting value Ru,lim during the undrained cyclic loading depending 

on the value of α. The Ru,lim decreases when α increases, with the largest value 

being close to unity at α = 0.  
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• The relationship between the normalized residual pore pressure ratio and the 

normalized number of loading cycles is not affected by the amplitude of the 

cyclic stress, but it is significantly influenced by the static shear stress and 

slightly influenced by the initial state. Thus, a modified pore pressure generation 

model has been proposed in this study, which can be used to appropriately 

quantify the pore pressure development of the non-plastic silty sands under 

various static shear stress conditions. 

The conclusions gathered in this study are based on specific materials (Ticino sand 

and TS with non-plastic fines), sample preparation method (moist tamping), testing 

apparatus (constant volume DSS), testing procedure conditions (stress-controlled 

cyclic loading) and initial states (e0, σ'v0, α) of tests used for the experimental 

investigation. 

Further research is required in order to analyze the effects of other factors not taken 

into account in the present study but that are known to have an influence on the 

undrained monotonic and cyclic behaviour of granular soils such as grains shape and 

angularity, particle crushability, grading characteristics, fines plasticity and soil fabric 

(reconstitution method). An aspect that needs to be more deeply investigated is the 

undrained behaviour of non-plastic silty sand with fc ˃ fthre. This should be another goal 

of the future research.  
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Appendix 

Undrained cyclic simple shear tests 

• Ticino sand 

• Sand-silt mixture (fc=5%) 

• Sand-silt mixture (fc=10%) 

• Sand-silt mixture (fc=20%) 

• Sand-silt mixture (fc=30%) 

• Sand-silt mixture (fc=40%) 
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A0_14                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.63 - DR= 86% -  σ'v0= 100 kPa  -  α= 0 - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A0_15                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.63 - DR= 86% -  σ'v0= 100 kPa  -  α= 0 - CSR = 0.23
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A0_16                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.63 - DR= 86% -  σ'v0= 100 kPa  -  α= 0 - CSR = 0.25
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A0_17                                                      
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0 - CSR = 0.23
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A0_18                                                      
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0 - CSR = 0.26
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_1                                                                   
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_2                                                                   
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_3                                                                   
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.12

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

263 
 

 

 

 

 

0 2 4 6
N

-40

-20

0

20

40
τ 

[k
P

a
]

0 2 4 6
N

0

20

40

60

80

100

∆u
 [
k
P

a
]

0 2 4 6
N

-8

-4

0

4

8

γ  
[%

]

0 20 40 60 80 100 120

σ'
v
 [kPa]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

20

40

60

80

100

∆u
 [
k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_4                                                                   
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_5                                                                   
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 71% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_6                                                                 
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 71% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_7                                                                 
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 71% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.22
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_8                                                              
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.23
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_9                                                            
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.25
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A1_10                                                            
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.28
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A2_1                                                                   
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A2_2                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A2_3                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 71% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A2_4                                                                 
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 71% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.20

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

274 
 

 

 

 

 

0 20 40 60 80 100
N

-60

-40

-20

0

20

40

60

τ 
[k

P
a

]

0 20 40 60 80 100
N

0

20

40

60

80

100

∆u
 [
k
P

a
]

0 20 40 60 80 100
N

-8

-4

0

4

8

γ  
[%

]

0 20 40 60 80 100 120

σ'
v
 [kPa]

-60

-40

-20

0

20

40

60

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-60

-40

-20

0

20

40

60

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

20

40

60

80

100

∆u
 [
k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A2_5                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A2_6                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.26
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A2_7                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.28
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A3_1                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A3_2                                                                 
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.78 - DR= 43% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.12

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

279 
 

 

 

 

 

0 10 20 30
N

-50

-40

-30

-20

-10

0

10

20

30

40

50
τ 

[k
P

a
]

0 10 20 30
N

0

20

40

60

80

100

∆u
 [
k
P

a
]

0 10 20 30
N

-8

-4

0

4

8

γ  
[%

]

0 20 40 60 80 100 120

σ'
v
 [kPa]

-50

-40

-30

-20

-10

0

10

20

30

40

50

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-50

-40

-30

-20

-10

0

10

20

30

40

50

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

20

40

60

80

100

∆u
 [
k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A3_3                                                                  
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 71% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A3_4                                                                 
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 71% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.18

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

281 
 

 

 

 

 

0 20 40 60 80 100
N

-60

-40

-20

0

20

40

60
τ 

[k
P

a
]

0 20 40 60 80 100
N

0

20

40

60

80

100

∆u
 [
k
P

a
]

0 20 40 60 80 100
N

-8

-4

0

4

8

γ  
[%

]

0 20 40 60 80 100 120

σ'
v
 [kPa]

-60

-40

-20

0

20

40

60

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-60

-40

-20

0

20

40

60

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

20

40

60

80

100

∆u
 [
k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A3_5                                                                 
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.22
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Undrained Cyclic Simple Shear test: C_SS_TS0_S100_A3_6                                                                 
Ticino sand (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 94% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.28
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Sand-silt mixture (fc=5%) 
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Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_1                                                                  
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.73 - DR= 37% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_2                                                                  
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.73 - DR= 37% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_3                                                                 
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.73 - DR= 37% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_4                                                                  
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 52% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_5                                                                  
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 52% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_6                                                                  
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.61 - DR= 74% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

290 
 

 

 

 

 

0 2 4 6 8 10
N

-40

-20

0

20

40

τ 
[k

P
a

]

0 2 4 6 8 10
N

0

20

40

60

80

100

∆u
 [
k
P

a
]

0 2 4 6 8 10
N

-8

-4

0

4

8

γ  
[%

]

0 20 40 60 80 100 120

σ'
v
 [kPa]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

20

40

60

80

100

∆u
 [
k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_7                                                                  
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.61 - DR= 74% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS05_S100_A0_8                                                                  
Ticino sand + 5% fc (Reconstitution method: Moist Tamping)

 e0= 0.61 - DR= 74% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.22
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293 
 

 

 

 

 

0 4 8 12 16
N

-20

-10

0

10

20
τ 

[k
P

a
]

0 4 8 12 16
N

0

10

20

30

40

50

∆u
 [
k
P

a
]

0 4 8 12 16
N

-8

-4

0

4

8

γ  
[%

]

0 10 20 30 40 50 60

σ'
v
 [kPa]

-20

-10

0

10

20

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-20

-10

0

10

20

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

10

20

30

40

50

∆u
 [
k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A0_1                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A0_2                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0 - CSR = 0.15

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

295 
 

 

 

 

 

0 2 4 6 8
N

-20

-10

0

10

20
τ 

[k
P

a
]

0 2 4 6 8
N

0

10

20

30

40

50

∆u
 [
k
P

a
]

0 2 4 6 8
N

-8

-4

0

4

8

γ  
[%

]

0 10 20 30 40 50 60

σ'
v
 [kPa]

-20

-10

0

10

20

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-20

-10

0

10

20

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

10

20

30

40

50

∆u
 [
k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A0_3                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0 - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A0_4                                                                  
Ticino sand + 10 % fc (Reconstitution method: Moist Tamping)

 e0= 0.60 - DR= 62% -  σ'v0= 50 kPa  -  α= 0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A0_5                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.60 - DR= 62% -  σ'v0= 50 kPa  -  α= 0 - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A1_1                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0.1 - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A1_2                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0.1 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A01_3                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0.1 - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A2_1                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0.2 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A2_2                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0.2 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A3_1                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0.3 - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS10_S50_A3_2                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 50 kPa  -  α= 0.3 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_1                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_2                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_3                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_4                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_5                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_6                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_7                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_8                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_9                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_10                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_11                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.53 - DR= 82% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS010_S100_A0_12                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

 e0= 0.53 - DR= 82% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.19
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A05_1                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.05  - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A05_2                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.05  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A05_3                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.05  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_1                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_2                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_3                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_4                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_5                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_6                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.19
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_7                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.17
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A1_8                                                                   
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.22
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A2_1                                                                
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A2_2                                                                 
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A2_3                                                                 
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A2_4                                                                 
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.14

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

332 
 

 

 

 

 

0 1 2 3 4 5
N

-40

-20

0

20

40

τ 
[k

P
a

]

0 1 2 3 4 5
N

0

20

40

60

80

100

∆u
 [

k
P

a
]

0 1 2 3 4 5
Nc

-8

-4

0

4

8

γ  
[%

]

0 20 40 60 80 100 120

σ'
v
 [kPa]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

20

40

60

80

100

∆u
 [

k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A2_5                                                                 
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A2_6                                                                 
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A2_7                                                                 
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.23
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A3_1                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.03
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A3_2                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.06
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A3_3                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A3_4                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A3_5                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.60 - DR= 62% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A3_6                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS10_S100_A3_7                                                                  
Ticino sand + 10% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 76% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_1                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 50% -  σ'v0= 50 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_2                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 50% -  σ'v0= 50 kPa  -  α=0 - CSR = 0.15
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_1                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 26% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_2                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 38% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_3                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 26% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_4                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 50% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_5                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 50% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_6                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 50% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_7                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_8                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_9                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_10                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.51 - DR= 67% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_11                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.51 - DR= 67% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_12                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.51 - DR= 67% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A0_13                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

 e0= 0.51 - DR= 67% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.19
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_1                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 26% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.04
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_2                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 26% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.07
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_3                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 26% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_4                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 48% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_5                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 48% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_6                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_7                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A1_8                                                                   
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A2_1                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 48% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.08

1 10 100

N

0

0.2

0.4

0.6

0.8

1

R
u

1 10 100

N

-8

-4

0

4

8

γ [
%

]



 

367 
 

 

 

 

 

0 4 8 12 16 20
N

-40

-20

0

20

40
τ 

[k
P

a
]

0 4 8 12 16 20
N

0

20

40

60

80

100

∆u
 [

k
P

a
]

0 4 8 12 16 20
Nc

-8

-4

0

4

8

γ  
[%

]

0 20 40 60 80 100 120

σ'
v
 [kPa]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

-40

-20

0

20

40

τ 
[k

P
a

]

-8 -4 0 4 8

γ [%]

0

20

40

60

80

100

∆u
 [

k
P

a
]

Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A2_2                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 48% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A2_3                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.13
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A2_4                                                                 
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A3_1                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS20_S100_A3_2                                                                  
Ticino sand + 20% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 57% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS30_S50_A0_1                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 50 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS30_S50_A0_2                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 50 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS30_S50_A0_3                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 50 kPa  -  α=0 - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS30_S50_A1_1                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 50 kPa  -  α= 0.1 - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS30_S50_A1_2                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 50 kPa  -  α= 0.1 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_1                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_2                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_3                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_4                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 28% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_5                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 51% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_6                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 51% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_7                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.58 - DR= 51% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.18
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_8                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_9                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_10                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.49 - DR= 72% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.20
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_11                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.49 - DR= 72% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.22
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A0_12                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

 e0= 0.49 - DR= 72% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.24
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A1_1                                                                   
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 28% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.06
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A1_2                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.68 - DR= 28% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A1_3                                                                   
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 49% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A1_4                                                                   
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 49% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A1_5                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A1_6                                                                   
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α= 0.1  - CSR = 0.19
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A2_1                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 49% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.08
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A2_2                                                                 
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.59 - DR= 49% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.10
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A2_3                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A2_4                                                                 
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α= 0.2  - CSR = 0.16
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Undrained Cyclic Simple Shear test: C_SS_TS30_S100_A3_1                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS30_A3_2                                                                  
Ticino sand + 30% fc (Reconstitution method: Moist Tamping)

e0= 0.55 - DR= 58% -  σ'v0= 100 kPa  -  α= 0.3  - CSR = 0.14
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Sand-silt mixture (fc=40%) 
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Undrained Cyclic Simple Shear test: C_SS_TS40_S100_A0_1                                                                  
Ticino sand + 40% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 60% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.12
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Undrained Cyclic Simple Shear test: C_SS_TS40_S100_A0_2                                                                 
Ticino sand + 40% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 60% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.14
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Undrained Cyclic Simple Shear test: C_SS_TS40_S100_A0_3                                                                 
Ticino sand + 40% fc (Reconstitution method: Moist Tamping)

 e0= 0.68 - DR= 60% -  σ'v0= 100 kPa  -  α=0 - CSR = 0.16
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