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Abstract 

 

The paper provides insight into factors affecting the prediction of seismic pore-water 
pressure build up in clean sands and sand-silt mixtures for modeling purposes. Laboratory 
pore pressure measurements were conducted using stress-controlled undrained cyclic 
simple shear (CSS) tests carried out on both reconstituted and undisturbed specimens of 
silty sands under different initial conditions (density state, effective vertical stress, initial 
fabric and fines content). Test results were interpreted by using a damage concept-based 
model which is actually implemented for clean sands in non-linear time domain site 
response analysis codes. In the present work, such a model was properly modified for 
sands having fines contents higher than 35%. The general applicability of the modified 
procedure for predicting pore water pressure response of silty sands under irregular shear 
stress loading using data from stress-controlled CSS tests was also verified and all factors 
affecting calibration parameters of the model were throughly analyzed. 
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1. Introduction 
 

The simultaneous generation, dissipation, and redistribution of excess pore pressures 

within the layers of a soil deposit can significantly alter the stiffness and seismic response 

of the deposits. The importance of predicting pore water pressure induced by seismic 

events has been well recognized and the features of pore pressure generation for clean 

sands and silty sands have been extensively studied based on laboratory tests (Ishihara et 

al. 1976; Seed et al. 1978; Chang et al. 1981; Hazirbaba 2005; Derakhshandi et al. 2008; 

Dash and Sitharam 2009; Belkhatir et al. 2014; Konstadinou and Georgiannau 2014; 

Porcino and Diano 2016) and results of field measurements (Matasovic and Vucetic 1993; 

Chang 2002; Hazirbaba and Rathje 2004; Rathje et al. 2005; Chang et al. 2007). 

Pore pressure generation models can generally be categorized into stress-based, strain-
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based, and energy-based models; whereas initial models for sands were primarily based 

on the results of cyclic stress-controlled tests (Lee and Albaisa 1974; Seed et al. 1975; 

Booker et al. 1976; Polito et al. 2008; Bazier et al. 2011), other research demonstrated 

improved correlation with the level of shear strain (Youd 1972; Martin et al. 1975; Mulilis 

et al. 1977; Dobry et al. 1985; Byrne 1991; Derakhshandi et al. 2008; Cetin and Bilge 

2012) or the energy dissipated within the soil deposit (Berrill and Davis 1985; Figueroa et 

al. 1994; Green et al. 2000; Davis and Berrill 2001; Green 2001; Hashash et al. 2010; 

Polito et al. 2013). Stress-controlled tests apply uniform shear stresses and measure 

incremental build-up of pore pressure with the increase in the number of loading cycles. 

In the 1970s, Seed et al. (1975) developed an empirical model for predicting residual 

excess pore pressure ratio (Ru,res), which is defined as the ratio of the residual excess 

pore pressure to the initial effective vertical stress (’
vo) acting on the soil (Ru,res=u/’

vo). 

Ru,res is a function of the cycle ratio, which is the ratio of the number of applied uniform 

cycles of loading (N) to the number of cycles required to cause liquefaction in the soil (Nf), 

and of an empirically determined parameter (. Later, Booker et al. (1976) proposed an 

alternative, somewhat simplified version of this equation: 

                                                             Ru,res =
2

π
∙ arcsin (

𝑁

Nf
)

1/2β

                 (1) 

 

A value of =0.7 is recommended by Booker et al. (1976) for clean sands. Since the 

equations are identical in shape, both will be denoted as Seed model in this paper.  

Based upon the results of approximately 150 cyclic triaxial (CTX) tests carried out on 

moist-tamped reconstituted  specimens of sand with different non-plastic fines contents, a 

correlation relating  to relative density (Dr), cyclic stress ratio (CSR) and fines content 

(FC) was proposed by Polito et al. (2008) for sands with non-plastic fines, expressed as:  

                                       𝛽 = 𝑐1 ∙ 𝐹𝐶 + 𝑐2 ∙ 𝐷𝑟 + 𝑐3 ∙ 𝐶𝑆𝑅 + 𝑐4                 (2) 

where FC and Dr are expressed as a percentage, CSR is the cyclic shear stress ratio 
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imposed in CTX loading, and c1, c2, c3, and c4 are regression constants (dimensionless).  

For FC<35% regression coefficients determined by Polito et al. (2008) resulted: 

c1=0.01166; c2=0.007397; c3=0.01034; and c4=0.5058. On the other hand, for FC≥35% the 

regression coefficients were: c1=0.002149; c2=−0.0009398; c3=1.667; and c4=0.4285. 

Despite its simple form, the application of the relationship (1) is difficult as it requires that 

the earthquake motion be converted into an equivalent number of uniform loading cycles. 

Recently, there has been a development and application of the stress-based model 

based on damage parameter which uses the accumulated stress measurements from 

stress-controlled tests for predicting pore water pressure of sandy soils (Park and Ahn 

2013; Park et al. 2015). The damage concept initially proposed by Finn and Bhatia (1982) 

is essentially a variable which contains parameters defining the strain and/or stress 

history, and can uniquely relate to build-up of pore pressure for a given soil (Ivši´c 2006). 

It is worth mentioning what is the main advantage of the model: since “damage” is an 

incremental parameter which increases with each time step, the model is suitable for use 

in incremental coupled (or uncoupled) effective stress dynamic analyses (Chiaradonna et 

al. 2015). Furthermore, the model can very easily be applied since all the input 

parameters can be selected from regular conventional cyclic stress or strain-controlled 

tests. Following the approach proposed by Park et al. (2015), the damage parameter 

relates the accumulated stress to residual pore pressure. The stress based damage 

parameter is defined as follows: 

                                                   𝐷 = (𝜂 𝐶𝑆𝑅⁄ ) ∙ (𝐶𝑆𝑅 − 𝐶𝑆𝑅𝑡)𝛼                 (3) 
 

where  CSR = shear stress ratio (shear stress normalized to initial effective vertical stress), 

CSRt is the threshold shear stress ratio, separating conditions according to whether pore 

pressure rise can or cannot occur, and  is a curve fitting parameter. Threshold stress-

strain level is a parameter with a clear physical meaning (e.g. Dobry et al. 1982; 
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Burghignoli et al. 1991; Vucetic 1994; Sagaseta 1995)  and both laboratory and in situ 

testing results reflected a threshold strain (Hazirbaba and Rathje 2004). 

An alternative to the stress history of the sample is the length of the stress path (). This 

variable was defined as:  𝜂 = ∫
|𝑑𝜏|

𝜎𝑣𝑜
′ , where  is the shear stress induced by seismic motion 

in the time domain. In particular, for a uniform regular loading history, can be re-written 

as: = 4 N CSR. The relationship between the pore pressure ratio and the damage 

parameter was defined as the best fitting function through the available laboratory results. 

Traditionally, for clean sands or sands with low fines contents, the following modified 

equation based on the model proposed by Seed et al. (1975) is adopted (Park and Ahn 

2013): 

                                                            Ru,res =
2

π
∙ arcsin(

D

Df
)1/2β       (4) 

where Df is the value of damage parameter at the onset of liquefaction and it is defined 

for a uniform cyclic stress history as follows:  

                                                       𝐷𝑓 = 4 ∙ 𝑁𝑓 ∙ (𝐶𝑆𝑅 − 𝐶𝑆𝑅𝑡)𝛼       (5) 

In the present work, the procedure followed for the determination of the model’s 

parameters is  described below:  

1) The adopted equation of the laboratory liquefaction curve is the following: 

                                                                 (
CSR−CSRt

CSRref−CSRt
)

α

= (
Nref

N
)         (6) 

 

where CSRref is the CSR value at a reference number of loading cycles, and the 

parameter α describes the steepness of the (N, CSR) curve. 

The selection of (Nref, CSRref) point can be arbitrary; in the present study, for simplicity, 

Nref= 15 was assumed as a reference number of cycles. 

2) In the absence of specific tests, a value of the first parameter “CSRt”, corresponding to 

a high number of loading cycles (i.e. N=500) of the CSR-N curve was assumed. The 

appropriateness of this selection procedure was validated and it was verified that such a 
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value can be reasonably assumed for practical applications, providing a value close to an 

“optimum” CSRt, i.e. corresponding to the lowest coefficient of variation (COV) of, 

according to the procedure suggested  Park et al. (2015) However, in the present study 

it was verified that this optimum CSRt value does not always exist and, in these cases, an 

alternative simple method has to be adopted. 

3) the second parameter “” was determined by Eq. (6) by fitting the curve to 

experimental data using “Least Square Method”. 

In case of silty sands with higher percentage of fines, Eq. (4) has some limitations and 

should be properly revised, as will be discussed in the following sections. 

This paper sheds light on the key factors controlling the induced cyclic pore water 

pressure generation of clean sands and silty sands for modeling purposes. Therefore, a 

large database of high quality stress-controlled cyclic simple shear (CSS) tests were 

conducted on several materials: four clean sands, non-plastic sand-silt mixtures (FC 

ranging from 0 to 40%) and undisturbed samples of  low plasticity sandy silts (FC from 40 

to 70%). The pore water pressures were expressed directly as a monotonically increasing 

function of the damage parameter to verify the applicability of the model for a wide range 

of soils, and to derive representative calibration parameters, which encompass the effect 

of cyclic stress ratios (CSR), relative density (Dr), initial fabrics and fines content.  Finally, 

for sands with a high percentage of fines (FC>35%), a modified relationship of the model 

was herein proposed based on CSS tests performed on undisturbed samples of sandy 

silts.  

2. Materials and test program 
  

Stress-controlled cyclic simple shear tests were performed on three clean silica sands 

with different grain-size features, namely: Ticino sand (TS), Ticino fine sand (TSF), Emilia 

sand (ES). In the present study, various reconstitution methods resulting in different 



 

7 

 

fabrics and a wide variety of densities were adopted for preparing sand specimens, 

namely water sedimentation (WS), dry air deposition (AP) and moist tamping (MT). 

Specimens of silty sands (0≤FC≤40%) were prepared by mixing Ticino sand with different 

percentage of non-plastic fines and moist-tamped at a prefixed (global) void ratio 

(e0=0.68). The maximum and minimum void ratios of soils were determined in 

accordance with ASTM D 4254-00 and  ASTM D 4253-00, respectively. 

 In order to investigate the excess pore water pressure build-up of sands with high fines 

contents  (40≤FC≤70%), good-quality undisturbed samples of low plasticity sands+silt 

recovered by an Ostenberg sampler from a site in the Emilia Romagna region after the 

2012 earthquake in Italy (Tonni et al. 2015; Porcino and Diano 2016) were tested in cyclic 

SS apparatus. Physical properties of all tested sandy and silty soils are reported in Table 

1, while Figure 1 reports their grain size-distribution curves. 

Table 1 – Main properties of tested materials. 

 

Soil type FC [%] D50 [mm] D10 [mm] Cu Gs emin emax 

Gioia Tauro sand (GTS) 0.66 2.00 1.00 2.15 2.69 0.45 0.69 

Ticino sand (TS) 0.43 0.56 0.42 1.45 2.66 0.56 0.91 

Emilia sand (ES) 4.15 0.32 0.12 2.80 2.70 0.54 0.93 

Ticino fine sand (TSF) 2.40 0.18 0.11 1.91 2.69 0.61 0.98 

Emilia silty sand (ESS) 40 0.096 0.005 24.00 2.77 - - 

Emilia sandy silt (ESs) 70 0.034 0.002 17.00 2.77 - - 

Silt 100 0.025 0.004 7.82 2.72 - 0.80 

Testing was performed using a modified cyclic simple shear NGI (Norwegian 

Geotechnical Institute) apparatus (Porcino et al. 2006). The specimens are 80 mm in 

diameter and 20 mm in height, and they are laterally confined by a reinforced rubber 

membrane, capable of assuring conditions of zero horizontal deformation (K0 

consolidation). In this type of apparatus the undrained tests are of the constant volume 

type: the changes in vertical stress to maintain constant volume are equivalent to the 
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changes in pore-water pressure in the corresponding undrained test (Finn 1985; Dyvik et 

al. 1987). Thus, membrane compliance problems which could otherwise affect the pore 

pressures measurements during undrained tests are avoided. 

 

Fig. 1 – Grain size-distribution curves of tested materials 

Sand specimen prepared by air pluviation method was deposited through a funnel in air. 

During pluviation, the funnel was traversed laterally to maintain an approximately levelled 

surface of the deposit. After filling the cavity, the excess sand over the final grade was 

siphoned off by applying a small vacuum. Samples prepared by the above pluviation 

methods  were in the loosest state. Higher initial densities, when required, were obtained 

by tapping the base of the apparatus while the specimen was confined under a small 

seating load. When preparing SS specimens by water sedimentation method, the sand 

was spooned gently into the water layer by layer, until the height was just above the top of 

the mould. In this way, density index values Dr= 35-40% were initially achieved, regardless 

of the drop height. Higher densities were obtained by “tapping” on the lateral surface of the 

mould while maintaining a small seating load on the sample cap and keeping drainage 

lines open. When preparing SS specimens by moist tamping method, the under-

compaction technique (Ladd 1978) of wet soil in two layers was used. Water content was 

calculated in order to achieve a degree of saturation equal to 50%. Due to the limited 
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height of the specimen (only 2cm), the effects of inhomogeneity along its height can be 

neglected. It is worth mentioning that CSS tests were stopped when shear strains in single 

amplitude (SA) reached 3.75%, which was assumed as liquefaction “triggering” criterion in 

all tests as recommended by several authors (Seed et al. 2003; Wu et al. 2004). 

Therefore, in the present study, Nf represents the number of cycles necessary to reach 

3.75% shear strains (in single amplitude) under applied shear stress. The test program 

comprised 72 cyclic simple shear (CSS) tests; some additional cyclic triaxial tests carried 

out on undisturbed frozen sand samples of Gioia Tauro sand in previous research 

(Ghionna and Porcino 2006) was compared with that exhibited by the corresponding 

reconstituted TX specimens of the same sand. As far as cyclic triaxial tests are concerned, 

more details about apparatus and test procedure are reported in Ghionna and Porcino 

(2006).  A summary of the testing program and initial test conditions are reported in Table 

2. 

Table 2 – Summary of the testing program 

Soil type Test type Reconstitution method e0 Dr [%] ’vo [kPa] CSR Tests 

GTS CTX UNDIST.(frozen)/ WS 0.58 - 0.60 36 - 45 40 0.17 - 0.46 10 

TS CSS AP / MT / WS 0.61 - 0.78 37 - 83 100 0.10 - 0.25 29 

ES CSS WS 0.68 - 0.68 62 - 65 100 0.13 - 0.25 4 

TSF CSS AP / WS 0.73 - 0.76 58 - 67 100 0.12 - 0.18 7 

TS+5%Silt CSS MT 0.68 52 100 0.14 - 0.20 3 

TS+10%Silt CSS MT 0.68 38 100 0.10 - 0.16 4 

TS+20%Silt CSS MT 0.68 26 100 0.10 - 0.12 3 

TS+30%Silt CSS MT 0.68 28 100 0.08 - 0.14 4 

TS+35%Silt CSS MT 0.68 39 100 0.10 1 

TS+40%Silt CSS MT 0.68 56 100 0.10 - 0.16 4 

ESS CSS UNDIST. 0.53 - 0.84 - 130 - 150 0.17 - 0.26 9 

ESs CSS UNDIST. 0.67 - 1.10 - 100 0.17 - 0.25 4 
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3. Prediction of cyclic pore water pressure (PWP) in clean sands by the damage-
based concept 

 

Pore water pressure model based on damage parameter requires a proper selection of 

the calibration parameters (CSRt, , ) (from Equations 3 to 6). Test results were initially 

analyzed to verify the dependence of the empirical parameter  of the modified Seed’s 

pore pressure model (Eq. 4) from initial fabric induced by sand reconstitution method (i.e. 

moist tamped, air pluviation and water sedimentation). In fact, such an aspect was not 

throughly investigated in previous research and needs further verifications (Cetin and 

Bilge 2012). Figure 2 reports experimental data in Ru,res versus D/Df domain and, for 

comparison purposes, the upper and lower bounds suggested for clean sands by Seed et 

al. (1975), corresponding to  values ranging from 0.6 to 1.0.  

Plots in Figure 2 reveal that pore water pressure generated in undrained CSS tests 

performed at various cyclic stress ratios (CSR=cyc/
’
v0) and relative densities, can be well 

interpolated by Eq. (4) indicating a monotonically increasing function of the pore water 

pressure with a normalized damage parameter. The original boundary curves of pore-

water pressure generation proposed by Seed et al. (1975) cannot, however, encapsulate 

all the data points because the suggested upper limit (=1) does not serve as an upper 

cap for the observed PWP response. This is clearly evident for sand specimens 

reconstituted by water sedimentation method (Figure 2c).  

The values of empirical parameter (lower, upper, and best-fit), are reported in Table 3 

for all tested sands and sample preparation methods. 

Accordingly, values corresponding to the lower and upper boundary curves of Seed’s 

model  should be revised also taking into account the strong influence exercised by the 

initial fabric of natural soil deposits. 
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(a) (b) 
 

  
 

(c) (d) 
 

Fig. 2 – Comparison of test results with Seed et al. (1975) boundary curves for clean sands: a) air pluviation 
(AP); b) moist tamping (MT); c) water sedimentation (WS) and d) undirsturbed (in-situ frozen) samples. 

  

Table 3 – Empirical parameter  (Equ. 4) for clean sands tested at several reconstitution methods 

Sample Preparation 

method 

Sand lower/upper best fit R
2
 

AP TS/TSF 0.53 – 1.29 0.75 0.93 

MT TS 0.50 – 1.50 0.78 0.91 

WS TS/GTS/TSF/ES 0.70 – 1.55 1.24 0.91 

UNDISTURBED (frozen) GTS 0.69 – 1.60 0.99 0.90 
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This aspect can also explain to some extent the discrepancies observed between values 

gathered in the present research from clean sands and those recommended by Polito et 

al. (2008) through Eq. (2) for FC=0.  

Experimental best fit β for clean sands reconstituted by WS are higher than those 

estimated from Eq. (2), whereas the predicted and measured values are quite similar to 

each other for sands prepared by moist-tamping, which was precisely the method  adopted 

by Polito et al. (2008) .  

Previous laboratory studies performed by the authors (Porcino and Marcianò 2008) 

demonstrated that modeling water deposited in-situ sands, such as those formed by the 

marine water environment, or fluvial soils, by their WS equivalent may be appropriate if the 

sands are uncemented and unaged. 

A direct comparison of the cyclic pore water pressure pattern for WS and undisturbed 

samples of Gioia Tauro sand recovered by in-situ ground freezing (Ghionna and Porcino 

2006) (Figure 2d and Table 3), supports such evidence. 

A correlation relating  to relative density (Dr), cyclic stress ratio (CSR), mean grain size 

(D50) and fines content (FC) for clean sands is presented through the following general 

mathematical form: 

                                                𝛽 = a + b ∙ FC + c ∙ Dr + d ∙ CSR + e ∙ 𝐷50            (7) 
 

where a, b, c, d and e are regression constants (dimensionless), Dr and FC are expressed 

in percent. 

To account for the effect of initial fabric, different regression coefficients resulted from 

analysis of tests carried out by AP, WS and MT sand preparation methods. Except for 

AP, the correlation coefficient R2 values of the regressions were found to be greater than 

0.70, so that the predictability is expected to be acceptable. 

In particular, for moist tamping (R2= 0.78), Eq.(7) may be re-written as: 
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                                                 β = −0.18281 + 0.00802 ∙ Dr + 3.8322 ∙ CSR    (8) 

For water sedimentation (R2= 0.70): 

β = 1.67909 − 0.15238 ∙ FC + 0.0013 ∙ Dr − 1.50202 ∙ CSR − 0.18186 ∙ d50           (9) 

The pore water pressure model based on the concept of damage parameter cannot be 

used in default of measured CSR-Nf curves. The suggested procedure to derive 

calibration parameters (CSRt, ) was based on cyclic SS test results, considering that the 

stress path imposed by a simple shear test better represents actual soil response under 

vertically propagating shear waves. The procedure was verified for a wide range of sands 

with different grain-sizes, relative densities and initial fabrics. The calculated calibration 

parameters, CSRt and α, are listed in Table 4 for all clean sands tested in the present 

paper. 

Table 4 – Empirical damage parameters recommended for clean sands tested  in the present study 

Material Specimen 
 CSRt CSRref R

2
 

L M D L M D L M D  L M D  

GTS WS 1.228 - - 0.175 - - 0.229 - - 0.99 - - 

GTS UND 0.989 - - 0.184 - - 0.215 - - 0.99 - - 

TS AP 2.490 2.684 2.577 0.064 0.079 0.070 0.110 0.127 0.152 0.98 0.96 0.99 

TS MT 2.080 2.517 2.730 0.097 0.093 0.119 0.154 0.168 0.211 0.99 0.94 0.98 

TS WS 2.080 - - 0.062 - - 0.133 - - 0.99 - - 

TSF AP - 2.850 - - 0.072 - - 0.133 - - 0.98 - 

ES WS - 2.950 - - 0.077 - - 0.157 - - 0.92 - 

TSF WS - 2.430 - - 0.049 - - 0.139 - - 0.98 - 

Note: 
L = loose (relative densities range from 36 to 45 %) 
M = medium dense (relative densities range from 62 to 66 %) 

D = dense (relative densities range from 75 to 83%) 

 

Figure 3a reports experimental data of clean Ticino sand prepared at various density 

states from cyclic SS tests, together with the corresponding CSR-Nf curves calculated 

from the model based on damage parameter (Eq. 6). 
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(a) (b) 

Fig. 3 – Liquefaction resistance curves obtained by damage-based model for Ticino sand tested at: a) different 

relative densities (AP) b) different reconstitution methods (loose). 

 

  
(a) (b) 

 
Fig. 4 – Liquefaction resistance curves calculated by damage-based model for  clean sands: a) Gioia 
Tauro coarse sands, b) fine sands. 
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number of loading cycles (i.e. 500) in experimental CSR-Nf curve; in any case, Figures 3 

and 4 evidence that the curves constructed by the suggested methodology match the 

experimental data points well, regardless of grain size of tested sand and adopted 

sample preparation method (R2 values greater than 0.92). It is worth mentioning that the 

1 10 100 1000

Nf (SA=3.75%)

0

0.1

0.2

0.3

0.4
C

S
R

 =
 

c
y
c
l 
/

' v
o

TS (Dr=48%)

TS (Dr=66%)

TS (Dr=75%)

Model TS (Dr=48%)

Model TS (Dr=66%)

Model TS (Dr=75%)

1 10 100 1000

Nf (SA=3.75%)

0

0.1

0.2

0.3

0.4

C
S

R
 =

 
c
y
c
l 
/

' v
o

TS (MT)

TS (WS)

TS (AP)

Model TS (MT)

Model TS (WS)

Model TS (AP)

1 10 100 1000

Nf (DA=5%)











C
S

R
 =

 2


' d
 /

' c

GTS (WS)

GTS (UND)

Model GTS (WS)

Model GTS (UND)

1 10 100 1000

Nf (SA=3.75%)

0

0.1

0.2

0.3

0.4

C
S

R
 =

 
c
y
c
l 
/

' v
o

TSF (AP) Dr=62%

TSF (WS) Dr=66%

ES (WS) Dr=62%

Model TSF (AP) Dr=62%

Model TSF (WS) Dr=66%

Model ES (WS) Dr=62%



 

15 

 

accuracy in the prediction of the model, evaluated through comparisons with measured 

data, can be improved if data points at large number of cycles are also available (see 

Figures 3b and 4a). In particular, for loose to medium dense sands with 

0.18mm≤D50≤0.56mm the resulting  values (ranging from 2.080 to 2.95) and CSRt 

values (ranging from 0.049 to 0.097) lie in a narrow band  for different initial fabrics (Table 

4). 

As previously outlined, the class of so-called “damage parameter models” cannot be used 

in the absence of measured CSR-Nf curve. Figure 5 reports the range of normalized 

resistance curves against liquefaction (where CSR was normalized by CSRN=15.) including 

all data points of clean sands tested in the present study. The CSR-Nf relations, shown in 

Figure 5, are nearly linear on a log-log plot and a band of normalized results from these 

simple shear tests is reported for different sample preparation methods. As can be argued, 

the band of the normalized recommended curves depends on the relative density, and 

intrinsic factors such as gradation/angularity of sand.  

 

Fig. 5 – Normalized cyclic liquefaction resistance curves to be used for pore pressure prediction by “stress-

based” models. 

In order to investigate the correspondence between “stress and strain controlled tests”, the 

upper and lower boundaries proposed by Dobry (1985) on the basis of strain-controlled 
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cyclic tests,  are given in Figure 6, in the Ru,res vs. max domain.  

 

 

Fig. 6 – Comparison of experimental test results with Dobry (1985) boundary curves. 

 

In the same plot, experimental data gathered from stress-controlled CSS tests performed 

on clean sands in the present study, are also superimposed. In particular, the data refer 

to Ru,res values measured after 10 cycles of applied shear stress (stress-controlled) or 

applied shear strains (strain-controlled) and max is the maximum double-amplitude cyclic 

shear strain. Even though strain paths followed during the two test types are different,  

the experimental data are very close to the lower boundary suggested  by Dobry (1985)  

(Figure 6). Additionally, a unique relation Ru,res vs. max can be tentatively attempted, 

regardless of sample reconstitution method.  

 

4. Prediction of cyclic pore water pressure (PWP) in silty sands by the damage-

based concept 

In the present section, data from stress-controlled CSS tests carried out on silty sands to 

sandy silts were analyzed for modeling purposes. A plot of the residual excess pore 

pressure build-up for Ticino sand + silt mixtures (e0=0.68) with respect to the normalized 
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damage parameter is given in Figure 7a. As may be seen, even for sands with non-plastic 

fines less than 35%, Eq. (4) can still successfully be applied for predicting pore water 

pressure under cyclic loading based on damage parameter. 

Also displayed in Figure 7a are the upper and lower bounds of measured residual Ru 

according to Eq. (4) for silty sands (FC<35%). The values of obtained by regression 

analysis for various fines contents are listed in Table 5 (best-fit). 

Although some scatter is observed, there is a clear dependence of the model parameter 

on fines content (Figure 8a), in agreement with the findings suggested by other authors 

(i.e. Polito et al. 2008) on the basis of cyclic TX tests conducted on sand-silt mixtures 

(FC<35); however, the experimental β values are generally higher than those predicted 

from the Polito’s relationship, regardless of percentage of fines. 

 

Table 5 – Empirical damage parameters recommended for silty sands (FC ≤35%) and best-fit values of 

Seed et al. (1975) (Eq. 4) 

Material Specimen 

 CSRt CSRref 
R

2
 best fit R

2
 

L M D L M D L M D 

TS MT - 2.517 - - 0.093 - - 0.168 - 0.94 0.77 0.91 

TS+5%Silt MT - 3.315 - - 0.081 - - 0.160 - 0.86 0.78 0.93 

TS+10%Silt MT 2.580 - - 0.065 - - 0.128 - - 0.98 1.06 0.93 

TS+20%Silt MT 2.370 - - 0.052 - - 0.105 - - 0.99 0.84 0.94 

TS+30%Silt MT 2.390 - - 0.046 - - 0.100 - - 0.99 1.15 0.97 

Note: Tests performed at a constant (globalo) void ratio e0=0.68 

L = loose (relative densities range from 26 to 39 %) 

M = medium dense (relative densities range from 52 to 65 %) 
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(a) (b) 

Fig. 7 – Comparison of: (a) measured data and predicted pore pressure; b) measured and predicted CSR-Nf 

curves for silty sands (FC ≤35%). 

The role of non-plastic fines on liquefaction susceptibility of silty sands is apparent from 

Figure 7b, where cyclic stress ratios are plotted against the corresponding number of 

loading cycles to initial liquefaction. It is worth noticing that, when the comparison is made 

at a constant (global) void ratio value, an increase of non-plastic fines entails a decrease 

of a cyclic shear strength until a limiting fines content (LFC) is achieved. This value of LFC 

was estimated to be 30% for the tested sand-silt mixtures.Figure 7b also compares the 

predicted CSR-Nf curves with the experimental data. It is evident that the recommended 

procedure for selecting model calibration parameters (CSRt, ) (Table 5 and Figure 7b) 

provides an accurate prediction of cyclic liquefaction resistance curves also for sand-silt 

mixtures (R2>0.86), with values of CSRt ranging from 0.046 to 0.093 and ranging from 

about 2.3 to 3.3. It should be noted that the Seed et al. model has its limitations when 

applied to sands with a fines content higher than 35%, since the pattern of PWP response 

changes for sands having FC less than and greater than 35% (see Figures 9a and 9b). 
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(a) (b) 

 

(c) 

Fig. 8 - Variation of the parameters CSRt and best fit with fines content for silty sands  at a (global) void 

ratio e0=0.68. 

 

It is not altogether surprising, as it is consistent with the limiting silt content concept (Polito 

1999; Polito and Martin 2001; Green et al. 2006). For this reason, in the present study for 

soils with FC>35%, a new simple relationship between the residual pore water pressure 

ratio and the damage parameter was proposed: 

                                                                   Ru,res = a ∙ (
D

Df
)

b

      (10) 

 

where a and b are the two parameters controlling the shape of the curve, obtained from 

the best fitting through the available CSS laboratory results.   
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(a) (b) 

Fig. 9 – Pore water pressure ratio vs. normalized damage parameter for silty soils and application of the 

new model proposed in the present study for FC>35% (Eq. 10). 

 

  

(a) (b) 

Fig. 10 – Cyclic resistance curves calculated by the new damage-based model for Emilia silty soils. 

 

An application of the new simple relationship for predicting excess pore water pressure 

rise during cyclic loading has been presented in Figures 9(a) and 9(b) for Emilia 

undisturbed samples (ESS and ESs) recovered after the 2012 earthquake, in Italy. It may 

be argued that Eq. (10) fits data points with greater overall accuracy and, therefore, it is 
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suitable for soils with FC>35%. 

Definitively, the revised damage-based model through Equations (3), (5), (6) and (10) is 

capable of interpreting the measured CSR-Nf data (Figure 10) and predicting the 

experimental pore water pressure generation (Figure 9) of low plasticity silty materials 

having 40%<FC<70% very well.  

All parameters necessary for the assessment of normalized damage parameter are 

reported in Table 6 for the tested soils. 

 

Table 6 – Empirical damage parameters recommended for sands with FC>35% and empirical parameters a 

& b of Eq. (10) 

Material Specimen  CSRt CSRref R
2
 abest fit bbest fit R

2
 

TS+40%Silt MT 2.193 0.093 0.133 0.99 0.86 0.35 0.95 

ESS - FC=40% Undisturbed 2.557 0.082 0.190 0.99 0.93 0.49 0.93 

ESs - FC=70% Undisturbed 3.315 0.115 0.202 0.89 0.88 0.43 0.98 

 

The pore water pressure model based on damage parameter and accumulated stress is 

nowadays implemented in DEEPSOIL seismic analysis code (Hashash et al. 2016) and 

the applicability of the model was validated for sandy soils through comparisons with 

laboratory data mostly of which came from cyclic triaxial tests (Park and Ahn 2013; Park et 

al. 2015). 

However, definitive conclusions on the proper choice of calibration parameters and the 

limitations of the suggested procedure require more systematic investigation, as 

discussed in depth in the present research.  

In order to verify the generality of the new procedure based on the proposed relationship 

for Ru=F(D/Df) (Eq. 10) in the case of low plasticity silty sandy soils (FC>35%), some 

decoupled analyses were carried out for the irregular stress histories by the 2012 Emilia 

earthquake in Italy (M
w
=6.1), shown in Figure 11. Since no acceleration records were 
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available at the site of Scortichino, the procedures adopted for selection and scaling the 

input ground motion are reported in previous studies (Tonni et al., 2015). Only one 

reference input motion was adopted in the following  analysis for simplicity (Fig. 11b). Soil 

deposits constitute a river bank at the site of Scortichino, where significant evidences of 

soil deformation and building damages were observed after the main seismic event 

(Tonni et al. 2015). 

Figure 11a shows the soil profile and the related shear wave velocity profile obtained 

from borehole logs and geophysical tests, respectively. The normalized shear modulus 

and damping ratio curves, obtained from resonant column and cyclic simple shear tests 

(Tonni et al., 2015) are also shown in Figure 11c. 

 

 

 
(b) 

 
(a) (c) 

 
Fig. 11 – Soil profile and Vs profile (a),reference input motion (b); variation of the normalized shear modulus 

and damping with the  shear strain () (c).  

 

In the decoupled approach, the shear stress-time history, as computed at specific depths 

by a total stress seismic response analysis (DEEPSOIL), was then transformed to values 
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of the damage parameter D and the magnitude of pore water pressure was determined 

directly from Eq. (10).  

The pore water pressure resulting from the application of the new analytical function 

through Eq. (10) at 7 m depth, i.e. in the silty sand, was applied by using a and b 

parameters selected from Table 6 for soils with FC=40%. Pore water pressure history is 

given by the curve labeled “New Model” (Figure 12) and, for comparison purposes, the 

pore water pressure prediction computed by Eq. (4), associated with Polito et al. 

correlation for (Eq. 2), was plotted in the same Figure. 

Marked differences can be found in PWP responses since the application of Eq. (4) leads 

to an apparent underestimation of PWP response if compared with the “New model”. This 

implies that  the formulation of damage-based models should be modified to account for 

the effect of high fines contents when it is implemented in a seismic site analysis. 

 

Fig. 12 – Shear stress and excess pore pressure ratio histories for Emilia silty sands (FC=40%) and  

application of the new relationship (Eq. 10) suggested in the present study. 
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Conclusions 

In the present study, following the work developed by Park and Ahn (2013) and Park et 

al. (2015), an extensive experimental investigation was carried out on four clean sands, 

and silty soils of very low plasticity (both FC<35% and FC>35%) in order to predict the 

accumulation of pore water pressure build up to the initial liquefaction under irregular 

loading through the results of undrained simple shear tests. Pore water pressure was 

simply expressed as a monotonically increasing function of a single variable called 

“Damage parameter”, which requires for its determination only CSR-Nf data from high 

quality cyclic undrained tests. A suitable and simple link between laboratory and field 

behaviour may be provided through the use of such a damage concept, since there is no 

longer any need to run additional analysis to convert the irregular stress history to 

equivalent uniform loading cycles before using data from laboratory tests. However, the 

tests for determining model parameters and the procedure followed for deriving them 

require considerable care and consideration of the main factors affecting PWP response 

of sandy soils. The main conclusions which can be drawn by the present study are the 

following: 

- The pore water pressure model based on damage parameter for sands with 

FC<35% requires a proper selection of the calibration parameters (CSRt, 𝛼, β) 

(Equations 3-6) which can be derived from undrained cyclic SS tests in a 

satisfactory way. The recommended parameters of the model (CSRt, 𝛼, β) can be 

properly selected in effective stress analysis, taking into account the influence of 

several factors such as: density state, grain size, sample preparation method and 

fines content.  

- For FC>35%, modification to Ru=f(D/Df) relationship is needed for estimating pore 

water pressure build-up in an accurate way. In this case, the proposed relationship 

between Ru and (D/Df) ratio (Eq. 10) is defined as the best fitting function of the 
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available laboratory results carried out on undisturbed silty specimens, and it 

requires only two empirical parameters to be defined. The obtained empirical values 

for the two parameters of the proposed model lie in a narrow range for tested soils. 
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