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A B S T R A C T   

The damage resulting from earthquakes can result from the combination of seismic excitation and/or due to a 
build-up of excess pore pressure in the soil (liquefaction). These two effects are related since the reduction of soil 
stiffness due to a decrease in effective stress, modifies the seismic response of the soil deposit. Therefore, the 
expected level and type of damage is dependent on the amount of seismic energy reaching the ground surface 
before liquefaction. The development and validation of simplified liquefaction assessment methods to provide 
reasonable estimates of the build-up of excess pore pressure is essential for improving estimates of the level of 
seismic demand (ground shaking and permanent ground deformation) that may be experienced by a building. 
This paper presents two methods, one based on equivalent cyclic stress loading, and another based on the cu
mulative strain energy, which are used to predict the evolution of the pore pressure build up throughout time. 
The centrifuge tests performed in ISMGEO (Italy) during the LIQUEFACT project (www.liquefact.eu) were used 
as a benchmark to evaluate the predictive performance of the methods. Additionally, a series of one dimensional 
soil column effective stress and total stress analyses and single soil element simulations were run. Available 
laboratory tests were used to calibrate the parameters of the simplified methods, as well as input parameters for 
the numerical simulations. The results showed that both simplified methods had considerable bias. A direct 
comparison of the effective stress analyses, a set of effective stress analyses with limited drainage, and the 
centrifuge results, highlighted that the centrifuge experiments exhibited significant pore water flow that was not 
captured in the simplified models. Comparisons between the irregular loading in the one dimensional analyses 
compared to the uniform loading in the element tests highlighted shortfalls in the conversion from irregular to 
equivalent uniform loading. Comparisons between stress demands from total stress, effective stress and the 
simplified methods illustrated the limitations of relying on the total stress acceleration to estimate demands on a 
soil in a liquefying deposit.   

1. Introduction 

Soil liquefaction is a phenomenon in which the strength and stiffness 
of saturated, loose, frictional soils are significantly reduced by pore 
pressure build-up. Earthquake induced soil liquefaction may led to sig
nificant damage in structures and infrastructure founded on potentially 
liquefiable soils, as observed in Adapazari, Turkey, during the 1999 
Kocaeli earthquake [1], in Christchurch, New Zealand ([2,3]), in Japan 
during the 2011 Tohuko earthquake [4] and more recently in the 
Croatian earthquake in 2020. The development of significant permanent 
ground deformation has been linked to the time of liquefaction trig
gering and in particular the post-liquefaction seismic energy [5]. 

Whereas numerous studies have shown that surface ground shaking 
reduces (at least high frequency content) after liquefaction has triggered 
[6]. Furthermore [7], have recently proposed a technique to stabilize a 
building in a liquefaction susceptible zone using a compact gravel layer 
immediately below the building, but leaving the underlying soil to 
liquefy, taking advantage of the dissipated energy due to liquefaction. 
However, complete liquefaction does not occur instantly at the begin
ning of shaking (e.g. Wildlife record from the 1987 Superstition Hills 
earthquake [8]), and therefore the building can be exposed to intense 
shaking prior to liquefaction or while the soil is in a semi-liquefied state. 

Given the significant influence of excess pore pressure on building 
performance, it is essential to provide reasonable estimates of the likely 
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build-up throughout the duration of shaking. Coupled, nonlinear effec
tive stress numerical analyses are a good way to obtain that estimation 
but these approaches require the calibration of an important number of 
geotechnical parameters. Several simplified methods have been devel
oped to estimate the factor of safety in relation to liquefaction triggering 
(e.g. Refs. [9,10]), however, these methods do not directly provide pore 
pressure build up throughout time. Recently, there have been three 
simplified methods: one stress based method from Ref. [5] which only 
provides an estimate of the time of triggering and other two that provide 
estimates of pore pressure build up throughout time. These latter 
methods are the stress based proposal from Ref. [11] and a strain energy 
method from Ref. [12]. The evaluation of these methods against field 
data is challenging, particular the stress-based methods, which require 
an estimate of the acceleration time series at the ground surface for total 
stress conditions (no pore pressure development). However, the use of 
centrifuge tests combined with numerical nonlinear time histories pro
vide useful insights into the relative accuracy of these methods. 
Although it is recognized that centrifuge tests and time history analysis 
do not completely represent reality, the comparison of these methods to 
simplified procedures highlights where limits exist in the simplified 
procedures. 

This work applies the two simplified estimates for pore pressure [11, 
12] to predict the pore pressure build up and the seismic energy 
reaching the ground surface before liquefaction in a series of centrifuge 
tests. Additionally, 1D numerical analyses in FLAC2D® were performed 
and compared to the centrifuge results and simplified methods. The soil 
liquefaction resistance for each of the simplified methods and the nu
merical simulations was calibrated based on cyclic triaxial tests on the 
same soil. 

2. Simplified methods to predict liquefaction 

2.1. Background 

The prediction of pore pressure has been extensively studied in the 
past decades due to its importance in triggering liquefaction and several 
simple empirical methods have been developed. These can be divided 
into three main groups: stress based, strain based and energy based. 
Stress-based methods were the first to be developed [13] resulting from 
observations made on stress-controlled cyclic triaxial tests where a 
uniform shear stress is applied measuring the build-up of pore pressure 
with increasing number of cycles. Although stress-based methods are 
widely used, there are some known shortfalls, particularly the reliance 
on the Palmer-Miner cumulative damage hypothesis, which assumes 
elastic or near elastic behaviour (quite contrary to the softening 
behaviour observed in liquefying soils) [14]. 

A strain based method was proposed by Ref. [15] from triaxial and 
simple shear tests, assuming that the residual pore pressure is a function 
of the accumulated shear strain. Ref. [16] also proposed a strain based 
method using the damage concept introduced by Ref. [17], which was 
then transformed into a stress based method by using the cyclic stress 
ratio (CSR) to define the damage parameter. This method was later 
improved by Ref. [18] and more recently by Ref. [19]. 

To minimize some limitations of the method based on equivalent 
cyclic stress, several energy based methods have been developed 
following the assumption made by Ref. [20] that pore water pressure 
generation can be uniquely related to the cumulative absolute strain 
energy or dissipated energy per unit volume ([12,21–23]). While dissi
pated energy refers to the area of stress-strain loops in a cyclic loading, 
the strain energy is the stored elastic potential energy at each load 
reversal. Integrating all the seismic spectra using variables such as the 
dissipated energy or the strain energy, these methods avoid: 

- Instant parameters such as PGA, favouring cumulative seismic in
tensity measures (generally of less dispersion and allowing a full time 
series evaluation);  

- the conversion to a uniform equivalent loading, since energy based 
methods are considered independent of the load amplitude. 

A simplified dissipated energy-based liquefaction triggering pro
cedure was proposed by Ref. [23] and recently updated in Ref. [24], as 
dissipated energy is closely linked to soil grain movement [25] and is a 
core aspect of numerous constitutive effective stress models (e.g. 
Ref. [26]). Dissipated energy has been demonstrated to be approxi
mately constant across different amplitudes of loading and even for 
irregular loading histories [27]. However, methods that adopt dissipated 
energy have two major drawbacks. First, the estimation of the dissipated 
energy within a soil profile from a seismic shear wave is far from trivial 
as it is dependent on soil characteristics, particular the effective shear 
modulus, which changes as pore pressure increases. Secondly, the 
dissipated energy rapidly increases as the soil approaches liquefaction, 
and therefore a small change in the criteria for liquefaction triggering (e. 
g. change the limiting pore pressure ratio from 0.95 to 0.98), can have a 
large impact on the evaluated capacity. 

2.2. Method based on the equivalent cyclic stress 

[9] have provided a simple liquefaction triggering assessment 
method, where the factor of safety results from the ratio between the 
cyclic resistance ratio of the soil (CRR) and the cyclic stress ratio applied 
by the earthquake (CSR) defined as the ratio between the cyclic shear 

stress amplitude and the vertical effective stress at rest 
(

CSR = τ
σ′

v0

)

. In 

the procedure by Ref. [9] CSR is directly correlated to the peak ground 
acceleration (PGA) at the site assuming total stress conditions and a 
magnitude scaling factor adjusts the CSR to an equivalent number of 
cycles corresponding to a magnitude 7.5 earthquake. To convert the 
irregular cyclic loading provided by the earthquake into an equivalent 
uniform loading, a cyclic stress ratio of 0.65 of the maximum peak ac
celeration at the ground surface (PGA) was assumed, as indicated in 
equation (1): 

CSRM=7,5 = 0.65⋅PGA⋅
σv0

σ′
v0

rd
1

MSF
(1)  

where σv0 and σ′
v0 represent, respectively, the total and effective stress at 

rest; rd is the shear stress reduction factor, and MSF is the magnitude 
scaling factor. 

In this work, a pore pressure method was used which requires the 
following: 1) a liquefaction resistance curve (LRC), 2) an estimate of the 
number of equivalent stress cycles throughout shaking, and 3) a rela
tionship between number of cycles and pore pressure ratio. 

The LRC can be defined using just two parameters, assuming a power 
law (equation (2)), where N is the number of cycles and a and b are soil 
dependent factors. 

CRR= a⋅N − b (2) 

These two factors can be directly fitted to laboratory data, mainly 
cyclic triaxial tests or cyclic simple shear tests. Alternatively, CRR can be 
obtained by empirical correlations with in situ tests. In the case of 
equation (2), an empirical magnitude scaling factor (e.g. Ref. [9]) can be 
used to determine the slope parameter b using a relationship between 
magnitude and number of cycles (e.g. the relationships from Appendix A 
of [9] as explained in Ref. [28]). Once NM and NM = 7.5 (number of cycles 
for a given magnitude, M, and magnitude 7.5 respectively) are deter
mined then the parameter b can be determined from equation (3) for a 
given MSF. 

NA

NB
=

(
CSRB

CSRA

)1/b

⇔ MSF =
CSRM

CSRM=7.5
=

(
NM=7.5

NM

)b

(3) 

The [13] cycle counting procedure (equation (4)) is used for the 
number of cycles based on the recorded surface total stress ground 
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motion and using a magnitude-based depth correction from Ref. [9]. 
The value for Nref and the corresponding value of CRRref can be both 

taken from the LRC, typically taken at 15 cycles, which was the value 
that [29] indicates for the magnitude of 7.5. CSRi corresponds to the 
normalized peak stress amplitude for each zero crossing of the CSR time 
series defined in equation (5). 

N
NL

=
∑

(
CSRi

CRRref

)1/b

⋅
1

2⋅Nref
(4)  

CSR= |acc| ⋅
σv0

σ′

v0
⋅rd (5)  

where acc is the acceleration time series. 
In expressions (1) and (5), rd was calculated by equations (6)–(8) as a 

function of magnitude (M) and depth (z) using the expressions from 
Ref. [30]: 

rd = e[f (z)+g(z)⋅M] (6)  

f (z)= − 1.012 − 1.126⋅sin
( z

11.73
+ 5.133

)
(7)  

g(z)= 0.106+ 0.118⋅sin
( z

11.28
+ 5.142

)
(8) 

To calculate the soil resistance, the CRR for 15 cycles to liquefaction 
(CRR15) was corrected by the overburden correction factor (Kσ), defined 
by equation (9) from Ref. [9] where, Cσ is given by equation (10) 

Kσ = 1 − Cσln
(

σ′

v

Pa

)

≤ 1.1 (9)  

Cσ =
1

37.3 − 8.27(qc1Ncs)
0.264 ≤ 0.3 (10) 

In the evaluation of the centrifuge tests in this paper, a qc1Ncs of 90 
was used back calculated from a relative density of 50% (the density 
used in the centrifuge tests) using the following expression. 

DR = 0.465
(qc1Ncs

0.9

)0.264
− 1.063 (11) 

Finally, the pore pressure versus number of cycles comes from 
Ref. [31] - equation (12). 

ru =
2
π arcsin

[(
N
NL

)1/2β
]

(12)  

where the pore pressure ratio (ru) is defined as the ratio between the 
excess pore pressure generated and the vertical effective stress at rest, 
the N/NL ratio is calculated by equation (4) and β is an empirical coef
ficient which can be determined by the following proposal of [32] – 
equation (13). 

β= c1FC + c2Dr + c3CSR + c4 (13)  

where FC is the soil fines content, Dr is the soil relative density and c1, c2, 
c3 and c4 are regression constants, which vary with the fines content. For 
FC<35%: c1 = 0.01166; c2 = 0.007397; c3 = 0.01034; and c4 = 0.5058; 
while for FC ≥ 35%: c1 = 0.002149; c2 = − 0.0009398; c3 = 1.667; and 
c4 = 0.4285. 

2.3. Method based on the cumulative strain energy 

The method proposed by Ref. [12] is based on the cumulative strain 
energy (CASE, or NCASE when normalized by the vertical effective stress 
at rest) defined as the cumulative change in absolute strain energy. CASE 
can be represented as the sum of the absolute change in strain energy 
between the strain energy peaks in the response (equation (14)) where 
the average shear stress was obtained by equation (15), where τ is the 

shear stress and γ is the shear strain and j is the successive peak strain 
energy points. 

CASE =
∑npeaks

j=0

⃒
⃒τav.,j

⃒
⃒⋅
⃒
⃒γj+1 − γj

⃒
⃒ (14)  

τav.,j =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

⃒
⃒τj+1 + τj

⃒
⃒

2
τj+1⋅τj ≥ 0

⃒
⃒
⃒τ2

j+1 + τ2
j

⃒
⃒
⃒

2⋅
⃒
⃒τj+1 − τj

⃒
⃒

τj+1⋅τj < 0

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(15) 

In the estimation of the seismic demand, the NCASE demand at a 
certain depth (NCASEz=h) (equation (16)) is approximated using the 
nodal surface energy spectrum (NSES) (equation (17)). NCASEu,ξ=0 is the 
NCASE at a depth h, for a homogeneous linear soil deposit with zero 
damping; ηz=h is a reduction factor to account for damping; and Gz=h/

Ginput is the ratio of shear modulus at depth, h, compared to the shear 
modulus where the input ground motion is defined. NCASEu,ξ=0 is 
computed with equation (17) as the cumulative change in absolute ki
netic energy of the equivalent strain motion divided by the initial ver
tical effective stress, (σ′

v0) where ˙us,i is the velocity of the equivalent 
strain motion at time, i, and ρ is the mass density. The equivalent strain 
motion is computed using equation (18) as the difference between the 
upward and downward motion at depth h, which is the same motion 
shifted by a time interval, Δt, corresponding to the travel time from h to 
the surface and back. The damping reduction factor, ηz=h, is the expected 
level of reduction in amplitude at depth h, due to damping, as computed 
in equation (19), where ηtotal is the ratio of the amplitude of the upward 
going wave at the surface compared to that at the base, and tH is the 
travel time from the surface to the depth, h. Finally, ηtotal is calculated in 
equation (20), where ξ is the small strain damping, taken as the default 
of 0.03, and fe is the energy frequency of the ground motion, with a 
default value of 2 Hz. 

NCASEz=h =NCASEu,ξ=0⋅ηz=h⋅
Gz=h

Ginput
(16)  

NCASEu,ξ=0 =
ρ

σ′
v0

⋅
∑n

i=1

⃒
⃒
⃒
⃒
⃒
Δ
(
˙us,i ⋅
⃒
⃒ ˙us,i
⃒
⃒
)
⃒
⃒
⃒
⃒
⃒

(17)  

üs,i = üi − üi+Δt (18)  

ηz=h = ηtotal + (1 − ηtotal)/2⋅th/tH (19)  

ηtotal = exp( − ξ⋅tH ⋅2⋅π⋅fe)
2 (20) 

For the application of this method to the prediction of pore pressure 
build up, a simple expression was proposed by Ref. [12], although it is 
recognized that this expression may depend on the type of soil: 

ru,i =min ​

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
NCASEi

NCASEliq

√

⋅ ru,liq; 1, 0

)

(21)  

where NCASEi corresponds to the NCASE demand that arrives to a given 
soil layer due to the seismic excitation and ru,liq corresponds to the pore 
pressure ratio at the time of liquefaction triggering, generally based on 
the double amplitude shear strain, the effective vertical stress or simply 
a pre-defined value of ru (0.9, 0.95 or 0.98). NCASEliq corresponds to the 
NCASE necessary for soil liquefaction, being therefore a measure of soil 
resistance, such as CRR, with the additional advantage of being constant 
with stress amplitude but sensitive to soil properties. 

3. Liquefaction resistance from laboratory tests 

The resistance of the soil to liquefaction in terms of CRR15 and 
NCASEliq can be obtained by laboratory tests. The centrifuge tests 
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presented in the next section were performed with Ticino Sand, a well- 
known Italian sand extensively studied in the latest 40 years. It is a 
uniform medium to coarse sand, with angular and subrounded particles, 
composed by 30% Quartz, 65% Feldspar and 5% Mica [33] with the 
following index properties: emin = 0.574, emax = 0.923, Gs = 2.68, D50 =

0.53 mm and neglectable fines content. To evaluate the cyclic resistance 
of this sand the cyclic triaxial tests presented by Ref. [33] were used. 
Fig. 1 shows the CSR curves for Ticino Sand after converting the cyclic 
triaxial test data to simple shear data using the relation proposed by 
Ref. [33] based on a k0 value of 0.44: 

CSRSS = 0.63 × CSRtx (22) 

The triggering limit for liquefaction was either 5% double amplitude 
shear strain or when the soil dropped below an effective vertical stress of 
7 kPa (corresponding to ru = 0.93) calculated as follows: 

ru,liq =
σ′

v − σ′
v,liq

σ′
v

(23)  

where σ′
v,liq is 7 kPa. 

Based on this data, equation (2) was adjusted using a b value of 0.34 
as suggested by Ref. [29] for sand. This procedure returned CRRss

15 
equal to 0.097, 0.099 and 0.131 for relative densities of 49%, 54% and 
57%, respectively. A value of CRRss

15 = 0.09 was therefore taken to 
represent the soil in the centrifuge tests performed at a relative density 
close to 50%, which is similar to the value of CRRtx

15 = 0.17 obtained by 
Refs. [34,35] considering the triaxial test data not converted to simple 
shear. Therefore, the liquefaction resistance curve was established for 
CRRss

15 = 0.09 and b = 0.34, and was used for the stress based method 
and to calibrate the PM4sand parameters used in the FLAC numerical 
analysis. 

Note that for the calculation of β in the Stress based method (SBM) 
(equation (13)) zero fines content was assumed since Ticino Sand is a 
clean sand. 

For the method based on the cumulative strain energy the soil 
resistance is measured by NCASEliq, whose values were obtained from 
the [33] data. Fig. 2 shows the development of pore pressure versus 

NCASE, where the square root function proposed by Ref. [12] was fitted 
to the data using a value of NCASEliq of 0.017. To compute the NCASE 
values from laboratory data, the axial strain (εa) was converted to shear 
strain (γ) using equation (24) valid for undrained conditions where 
Poisson’s ratio can be assumed as 0.5 [36]. 

γ = 1.5 ⋅ εa (24)  

4. Physical modelling 

4.1. Description of the tests 

The centrifuge tests analysed in this work were performed during 
LIQUEFACT project (www.liquefact.eu) at the ISMGEO laboratory 
(Instituto Sperimentale Modelli Geotecnici, in Italy). The soil profiles of 
the tested models had 15 m of homogeneous saturated loose sand 
sometimes topped by an overconsolidated clay layer, where different 
seismic excitations were applied. 

The ISMGEO geotechnical centrifuge is a beam centrifuge with a 6 m 
diameter rotating arm, as explained in detail in Refs. [37,38]. The 
centrifuge is also equipped with a single degree of freedom shaking table 
fixed to the rotating arm, to simulate the seismic motion. In terms of 
model container, an Equivalent Shear Beam (ESB) box was selected 
instead of a laminar box [39]. The preparation of the sand layer 
comprised dry pluviation to the ESB container from a very small con
stant height around 3 cm, calibrated to obtain a relative density of 40% 
(which increases with the following procedures to around 50%). In some 
models, the top layer was made of Pontida clay, a low plasticity 
kaolinitic silty clay [40], previously overconsolidated in a con
solidometer and then placed above the sand layer as described by 
Ref. [38]. 

The model was geometrically scaled down by a factor of N = 50 and 
the models were subjected to a centrifugal acceleration of 50g. In dy
namic phenomena (as in excess pore pressure generation) the time scale 
factor is N while in consolidation/seepage phenomena (as in excess pore 
pressure dissipation) the time scale factor is N2. To overcome this 
problem, the models were saturated with a fluid 50 times more viscous 
than water, using a solution of water and hydroxypropyl methylcellulose 

Fig. 1. Curves CSR versus number of cycles to liquefaction for a liquefaction 
criterion of 7 kPa of effective stress, where a trend line was adjusted with b 
= 0.34. 

Fig. 2. Pore pressure development versus NCASE from the cyclic triaxial tests 
on Ticino Sand performed by Ref. [33] calculated for a liquefaction criterion 
corresponding to an effective stress of 7 kPa. 
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(HPMC) at a concentration of 2%. Saturation was performed by creating 
a vertical seepage of the fluid until the volume of percolated fluid was at 
least equal to the estimated volume of voids in the soil. 

The excitations simulated in these tests were based on representative 
earthquakes of Emilia Romana region in Italy where the LIQUEFACT 
project has performed a full scale earthquake simulation to induce 
liquefaction in free field conditions [41]. Different excitations were 
simulated to reproduce distinct levels of seismic intensity, depending on 
the return period considered (474, 975 and 2475 years), for a depth of 
15 m (height of the model at prototype scale). 

4.2. Data treatment 

The raw data of the centrifuge tests results [42] were treated in order 
to convert the units from model to prototype. The scale factor to convert 
the model units to prototype was N = 50 according to the acceleration of 
the centrifuge. Table 1 summarizes the scaling ratios for the main pa
rameters analysed. Since a fluid, more viscous than water, was used for 
the model saturation, a single scaling ratio was used for the time vari
able. This means, as indicated in Table 1, that 1 s in the model corre
sponds to 50 s in the prototype. 

On the acceleration records, a 4th order Butterworth high pass filter 
of 0.1 Hz and a low pass filter of 20 Hz were used. The first aims at 
removing problems related with sensor inclination during the test and 
the second removes any high frequency noise related with the mea
surement device. The records were also cut to leave only the portion 
where shaking occurred together with 10 s before and 20 s after. As the 
record had a faint oscillating background acceleration, this trimming 
caused a bias acceleration at the start resulting in a non-zero average 
velocity. This was removed by calculating the acceleration, and then 
removing it over a 2 s window at the start of the record with an initial 
acceleration of zero. The data presented herein always refers to the 
prototype units converted as indicated above. 

From the set of centrifuge tests performed in LIQUEFACT, a group 
was selected for being representative of free field conditions and without 
liquefaction mitigation measures such as drains or air injection devices. 
Table 2 summarizes the tests conditions of that selected group. 

4.3. Data analysis 

4.3.1. Seismic excitation 
The generation of excess pore water pressure and liquefaction can 

dramatically change the dynamic response of a soil deposit due to the 
change in soil stiffness [8]. It is thus interesting to compare the energy 
arriving at the surface, using Arias Intensity, with the pore pressure 
build up inside the soil deposit. Arias Intensity [43] is an intensity 
measure related to the energy induced by the earthquake as defined in 
equation (25). It can incorporate the cumulative effects of ground mo
tion duration and intensity on the response of structural and geotech
nical systems [44] therefore a useful proxy for damage induced at the 
surface. Fig. 3 shows, for different depths, the Arias Intensity (Ia) time 
series (Fig. 3a), as well as the pore pressure ratio (Fig. 3b), and the base 
acceleration record (Fig. 3c). The centrifuge test selected for this com
parison is a 15.5 m depth model with one layer of Ticino sand 14 m high 
topped by 1.5 m layer of Pontida clay where liquefaction develops at 
about 19 s (test 11 indicated in Table 2). Fig. 3a) shows that initially the 
rate of increase in Ia is similar for all depths, however, post-liquefaction, 

the energy arriving at shallower depths (2.5 m) is significantly lower 
than the one arriving at the bottom part of the sand layer (at 7.5 m 
deep). This means that liquefaction in the lower part of the deposit has 
reduced the demand arriving at the surface. 

Table 1 
Scaling ratios of the main parameters analysed.  

Parameter Model Prototype 

Time (s) t t x N 
Acceleration (m/s2) a a/N 
Stress (kPa) σ σ 
Displacement (m) d d x N  

Table 2 
Conditions of the selected tests (ground motion properties from Ref. [39].  

Test 
number 

Soil profile GMID PGA 
(g) 

d90 (s) IA,max (m/ 
s) 

1 Ticino sand 17 0.215 15.09 0.348 
2 Ticino sand 34 0.222 24.23 0.451 
3 Ticino sand 31 0.198 18.63 0.601 
10 Ticino sand + Pontida 

clay 
34 0.222 24.23 0.451 

11 Ticino sand + Pontida 
clay 

31 0.243 21.76 0.673 

15 Ticino sand + Pontida 
clay 

31+ 0.292 22.48 1.844 

GMID = Ground motion ID; PGA = peak ground acceleration; d90 = duration 
calculated on the base of Arias Intensity; IA,max = maximum Arias Intensity. 

Fig. 3. Arias Intensity (a), pore pressure ratio (b) for different depths as well as 
corresponding base acceleration (c) – data from test 11 indicated in Table 2. 
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Ia =
π
2g

∫

acc2(t) dt (25)  

where acc is the acceleration time series and g is gravitation accelera
tion. 

4.3.2. Ascending seepage 
To understand whether the centrifuge tests suffered from seepage, 

the pore pressures measured in sensors positioned at different depths of 
the same vertical line were analysed. Test 11 used in the previous section 
4.3.1 (Fig. 3) was also selected for this analysis. Fig. 4 show the excess 
pore pressure (Δu) evolution along the soil profile for the different time 
instants:  

- 19 s: start of the seismic excitation (hydrostatic condition);  
- 21.6 s: point of maximum acceleration;  
- 24 s: start of maximum excess pore pressure;  
- 45 s: point of high pore pressure ratio;  
- 56 s: end of seismic excitation 

From Fig. 4 for 21.6 and 24 s the change in excess pore pressure with 
depth is higher in the upper part of the model than in the lower part. This 
can be explained by ascending seepage in the model, which can be 
confirmed by calculating the hydraulic heads in the top and bottom. It is 
interesting that the hydraulic head loss given by the difference between 
those values is much higher than the vertical distance between the two 
points, indicating a hydraulic gradient higher than 1 (equation (26)). In 
this case the hydraulic gradient gave 2.1 m/m between the top and the 
base. 

i=
Δh
l
=

(
ubase − utop

)
+
(
ybase − ytop

)

(
ybase − ytop

) (26)  

where u is the pressure and y is the point depth. 
On the other hand, Fig. 4 show that at 56 s the excess pore pressure 

(and consequently the pore pressure ratio) has decreased on the lower 
part of the model but it is still high in the upper part, most likely due to 

the ascending seepage. 

5. Numerical analysis 

5.1. Numerical element tests to calibrate constitutive parameters 

As will be described in section 5.2, the centrifuge tests were 
numerically simulated using 1D analyses in FLAC2D®, a numerical 
modelling software for advanced geotechnical analysis of soil developed 
by Itasca Consulting Group Inc [45]. Within the LIQUEFACT project 
(www.liquefact.eu) a large effort has been dedicated to compare the 
performance of several constitutive models and different computational 
codes in predicting the experimental behaviour observed in these 
centrifuge models. Ref [46], for instance, compared the performance of 
three different constitutive models (PM4Sand, UBC3D-PLM and 
PDMY02) in terms of numerical prediction of the engineering demands 
parameters (e.g. ru,max) measured in the centrifuge tests. Since these 
results show a good approximation between numerical and centrifuge 
tests results, PM4Sand [47] was used to simulate the liquefiable soils 
behaviour in this work. The parameters were calibrated using the lab
oratory tests described in section 3. 

The PM4Sand is a sand plasticity model specially developed for 
geotechnical earthquake engineering applications following basically 
the framework of the stress-ratio controlled, critical state compatible, 
based on the bounding surface plasticity model for sand from Ref. [48] 
with modifications by Ref. [47] to improve its ability to approximate 
stress-strain responses pre and post liquefaction. 

The calibration of PM4Sand was based on [33] having a relative 
density (Dr) of 50%, a maximum void ratio (emax) and minimum void 
ratio (emin) of 0.923 and 0.574 respectively. 

Additionally, the shear modulus was considered stress dependent 
according to equation (27), where, G0 was taken as 624 according to 
Ref. [34], patm is the atmospheric pressure and p’ is the mean effective 
stress. 

G=G0⋅patm⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
p′
/patm

√
(27) 

The contraction rate parameter (hpo) was calibrated as 0.2, to best 
capture the fitted liquefaction resistance curve, as shown in Fig. 5 for ru 
= 0.93 or double amplitude strain of 5%. The PM4sand parameters are 
summarised in Table 3 while all remaining secondary parameters were 
left at their default values. 

Fig. 4. Evolution of excess pore pressure, Δu, with depth for different time 
instants: 19 s, 21.6 s, 24 s, 45 s, and 56 s – data from test 11 indicated 
in Table 2. 

Fig. 5. Calibration of hpo parameter comparing element tests from FLAC and 
from laboratory. 
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5.2. Description of 1D numerical analysis 

Nonlinear effective stress one dimensional analyses (ESA) were used 
to simulate the centrifuge test. The mesh consisted of a single column of 
zones, and laterally adjacent grid points were attached to move together 
in both horizontal and vertical displacements. The zones in each layer 
were sized to be equal or less than 0.5 m. The liquefiable Ticino sand was 
modelled with the PM4Sand model as indicated above in section 5.1. 
The non-liquefiable Pontida clay was modelled with the Mohr-Coulomb 
model and the hysteretic damping option, to match the expression from 
Ref. [49] for a plasticity index of 30. An additional 1.5% Rayleigh 
damping was specified at 0.2 Hz and 5Hz to mitigate numerical insta
bility. The base of the soil profile was modelled as a rigid base to 
represent the base of the centrifuge box. The recorded base motions from 
the centrifuge tests were applied to the rigid base of the numerical 
analyses. 

Additionally, nonlinear total stress analyses (NLTSA) were per
formed where the bulk modulus of the water was set to zero to avoid the 
build-up of pore pressure, whereas for the effective stress analyses it was 
set to 2.2 GPa. 

The effective stress analysis were also repeated using a lower 
permeability for the liquefiable layer which was set to k = 5 × 10− 5 m/s 
(ESA_low_k) which reduced the more extreme effects of drainage, while 
the benchmark analyses were performed with k = 5 × 10− 4 m/s (ESA) to 
best match the water flow behaviour observed in the tests (consistent 
with permeability coefficient back calculated by Ref. [35] from these 
tests). 

5.3. Comparison of 1D numerical analysis with centrifuge results 

Fig. 6 shows a comparison of the simulated and centrifuge test sur
face accelerations for the same test 11 presented before. In terms of the 
seismic energy arriving at the surface, the non-linear effective stress 
analysis (ESA) and the non-linear total stress analysis (NLTSA) were 
compared to the acceleration measured at the surface in the centrifuge 
test. Fig. 6 shows a good agreement between measured and non-linear 

effective stress values indicating that the numerical model could 
reasonably capture the behaviour of the centrifuge test. The total stress 
analysis had higher spectral acceleration at low periods as a conse
quence of not having liquefaction. 

The centrifuge data was compared to ESA in terms of the pore 
pressure ratio obtained at different heights in the model (Fig. 7), where a 
good agreement was observed except for the top sensor. 

Table 3 
PM4sand parameters for Ticino sand.  

Parameter Description Value 

G0 Shear modulus coefficient 624 
hpo Contraction rate parameter 0.2 
pa Atmospheric pressure 101.3 kPa 
emax Maximum void ratio 0.923 
emin Minimum void ratio 0.574 
ϕ′

cv Critical state friction angle 34 
υ Poisson’s ratio 0.3  

Fig. 6. Surface acceleration obtained in the numerical analysis (in total stresses – NLTSA and effective stress analysis – ESA) and in the centrifuge test in terms of 
acceleration time series (a) and spectral acceleration (b) – data from test 11 indicated in Table 2. 

Fig. 7. a) Comparison of the pore pressure ratio evolution measured in the 
centrifuge test (solid lines) with the same values obtained in the ESA analysis 
(dashed lines); b) base seismic excitation – data from test 11 indicated 
in Table 2. 
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6. Comparison between simplified methods, centrifuge tests and 
numerical analysis 

6.1. Input motions for the simplified methods 

Since the simplified methods make use of an equivalent surface 
motion under total stress conditions (no pore pressure build up) but the 
centrifuge tests always considered pore pressure build up, the demand 
could not be directly determined. Instead the surface ground motion 
from the FLAC total stress analyses was used for computing the demands 
for the simplified methods. An alternative approach where the base 
motion was used to compute the demands was explored in Refs. [11,50]. 
However, this required the development of scale factors to account for 
the change in the location of the input motion, which had considerable 
uncertainty. 

6.2. Comparison of liquefaction demand 

To better understand the differences between the simplified 
methods, liquefaction demand in terms N/NL ratio (for the stress based 
method – SBM described in section 2.2) and NCASE/NCASEliq (in terms 
of strain energy based method – SEBM – described in section 2.3) was 
computed with the corresponding simplified method and three sets of 
simulation results (ESA, ESA_low_k and NLTSA). Fig. 8a) presents the N/ 
NL ratio while Fig. 8b) the NCASE/NCASEliq, both at a time of 24 s (on 
the precipice of liquefaction). At the surface, the SBM provided similar 
estimates to the NLTSA, whereas the SEBM differed substantially from 
the NLTSA results. In both graphs the NLTSA is quite different from ESA, 
especially at higher depths, due to soil softening and energy dissipation 
as a result of pore pressure build up. However, for NCASE the ESA de
mand is only less than the NLTSA demand below 6 m, while near the 
surface it is higher. 

6.3. Comparison of pore pressure 

Fig. 9 presents a comparison between pore pressure values measured 
in the centrifuge tests with the ones estimated by the simplified 
methods, together with the numerical analysis presented above. The 
same centrifuge test 11 used in section 5.3 was considered in this 
analysis. Fig. 9a) shows the sensor located in the upper part of the sand 
layer (at 5.0 m of depth), while Fig. 9b) shows ru for the sensor placed in 
the middle of the liquefiable layer (at 7.5 m of depth). Although both 
simplified methods have different theoretical assumptions to estimate 
demand and capacity, they can provide reasonable estimates of pore 
pressure development. 

Fig. 8. N/NL (a) and NCASE (b) profile with depth at 24 s obtained with different methods: Simplified method with surface motion obtained in FLAC NLTSA, 
ESA_low_k, ESA and NLTSA – data from test 11 indicated in Table 2. 

Fig. 9. Comparison of the pore pressure ratio evolution estimated by the 
simplified methods with the ru values obtained in the centrifuge tests and nu
merical analysis for two different depths: a) at 5 m (upper zone of the sand 
layer); b) at 7.5 m (middle of liquefiable layer) – data from test 11 indicated 
in Table 2. 
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As demonstrated above the system suffers from significant ascending 
seepage which can increase or decrease ru depending on the hydraulic 
gradient, leading to some differences between real and estimated ru 
values. This is demonstrated in Fig. 10 where the pore pressure is far 
greater at a depth of 4–8 m (region of greatest demand) for the low 
permeability analysis (ESA_low_k), compared to the ESA where pore 
pressures are more uniform due to drainage. Drainage can clearly have 
two significant effects, as high pore pressure flows to low pore pressure 
regions this causes an increase in pore pressure in the lower region 
beyond what is caused by the contraction of the soil in that region. 
Furthermore, the high pore pressure region may not reach full lique
faction if the rate of dissipation exceeds the rate of pore pressure build 
up due soil contraction. This is more evident in the cases where lower 
pore pressure values were observed in centrifuge tests (Fig. 10a). 

7. Comparison of results 

7.1. Sensors and parameters for comparison analysis 

To facilitate a fair comparison between the simplified methods and 
the centrifuge tests only a subset of the pore pressure transducers were 
used. The sensors near the surface were excluded, due to difficulties in 
obtaining the capacity at very low confining stresses and sensors near 
the surface exhibited significant vertical water seepage as mentioned 
above. Additionally, sensors located in the clay layer or that did not 
register pore pressure due to technical problems were excluded. This 
selection resulted in 21 sensors that were used in the following analysis. 

8. Results 

A comparison of all 21 selected sensors was performed to evaluate 
the performance of the two prediction models. Since many tests did not 
reach liquefaction, and others suffered from rapid drainage, the evalu
ation was split into two categories. Category A consisted of all sensors 
where ru > 0.7 (10 sensors), and Category B contained the remainder (11 
sensors). In Category A the amount of seismic energy (Arias Intensity) 
released at the base motion sensor before reaching ru = 0.7 was 
compared between the centrifuge and the two models (example shown 
in Fig. 11a). Input Arias intensity at ru = 0.7 was considered an indic
ative proxy for a comparison between the estimated and actual amount 
of energy reaching the surface at that point, rather than using the ab
solute time which contains an arbitrary length of no shaking at the start. 
For Category B, the maximum ru value from the centrifuge test is 
compared against the ru from each model at the same time instance 
(example shown in Fig. 11b). 

Fig. 12 presents the comparison of the centrifuge tests with the 
simplified methods, for the two categories identified above, respectively 

in Fig. 12a) for the cases where the sensor ru > 0.7, and in Fig. 12b) for 
the cases where the sensor ru < 0.7. It becomes clear from the graphs 
that the SBM (blue colour) tends to over predict pore pressure build up 
while the SEBM (green colour) tends to underpredict. SBM correctly 
estimates liquefaction in most cases, but it tends to predict liquefaction 
in cases where it does not happen. The opposite occurs for the SEBM. 

A comparison of the ESA results (orange colour) versus the centrifuge 
results shows a reasonable match, with all results except one predicting 
the pore pressure ratio or Ia within the 1:2 and 2:1 bounds. In evaluating 
the observed errors, it should be noted that in many cases pore pressure 
builds up rapidly over less than 3 s with a large release of Ia, and 
therefore small errors in time result in significant changes to the Ia re
ported in the model (Fig. 12a). Whereas for Category B, peak pore 
pressure is probably affected by drainage, as indicated by the difference 
between ESA and ESA_low_k (brown colour) results, where in many 
cases, ESA_low_k tended to reach slightly higher ru values since the 
lower permeability prevented the dissipation of pore pressure. 

To better understand the results and provide insights into how the 
simplified methods can be improved, the following two sections eval
uate the assumptions of each method against the FLAC results. 

8.1. Evaluation of assumptions of the stress based method 

The different assumptions of the simplified stress based method as 
outlined below were evaluated based on the results of test 11 using 
Figs. 8a), 9 and 13a): 

I. Assumption: The total stress cyclic stress demand can be approxi
mated using the surface acceleration and a rigid body assumption with 
a correction (rd factor) for deformation. From Fig. 8a), a compari
son of the number of cycles computed using the surface acceler
ation with the correction for deformation (denoted as SBM in the 
figure) provided an excellent match to the NLTSA for the top 6 m 
and then overpredicts at greater depth.  

II. Assumption: The total stress demand can be used to estimate the 
effective stress demand. From Fig. 8a), the number of equivalent 
cycles from the ESA was considerably less than that from NTLSA 
and SBM, therefore this assumption led to an overprediction.  

III. Assumption: An irregular loading can be converted to an equivalent 
uniform loading using the Palmer-Miner cumulative damage hypoth
esis and the liquefaction resistance curve as the amplitude equivalence 
function. From Fig. 13a), the behaviour of the PM4Sand model at 
several depths versus the equivalent number of stress cycles is 
plotted against the assumption adopted in the SBM using the [31] 
relationship. Remarkably the irregular loading requires about 
three times more equivalent loading cycles to reach liquefaction 
than what was predicted. While the PM4Sand model is only a 

Fig. 10. Comparison of the pore pressure (Δu) profile with depth at 24 s estimated by the numerical analysis with two different permeability values together with the 
centrifuge tests results: a) data from test 10 indicated in Table 2; b) data from test 11 indicated in Table 2. 
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surrogate for the behaviour of real soil, the strong match between 
the centrifuge results and ESA results suggests that the equivalent 
loading assumption is causing a significant overprediction in the 
development of pore pressure.  

IV. Assumption: The development of pore pressure assumes undrained 
conditions. As demonstrated in Fig. 10 the influence drainage can 
both increase and decrease the level of pore pressure, typically 
reducing it in regions of higher seismic demand and increasing it 
in regions of lower demand. The smoothing out of pore pressure 
caused by drainage is not accounted for in the SBM. Furthermore 

near a free-draining surface the pore water can escape reducing 
pore pressure in the surrounding soil. 

Overall the overprediction caused by both the total stress assumption 
(II) and equivalent loading (III) led to a significant overprediction in 
pore pressure compared to the centrifuge results, even though signifi
cant drainage occurred which generally reduced pore pressure in the 
centrifuge compared to an undrained assumption. The improvement in 
demand from total stress through some accounting of energy loss due to 
soil softening may improve estimates from (II). Meanwhile, research by 
Ref. [14] provides an alternative to the Palmer-Miner hypothesis for 
computing equivalent cycles, potentially overcoming the significant 
overprediction observed in (III). 

8.2. Evaluation of assumptions of the strain energy based method 

The different assumptions of the simplified strain energy based 
method as outlined below were evaluated based on the results of test 11 
using Figs. 8b), 9 and 13b):  

I. Assumption: The total stress cyclic stress at depth can be computed 
using the nodal surface energy spectrum with corrections for energy 
loss (damping) and changes in soil stiffness. From Fig. 8b), a com
parison of the NCASE demand from SEBM versus that from 
NLTSA, it is clear that the demand is underestimated in the top 6 
m and overpredicted in the lower part of the deposit. This dif
ference is largely attributed to the variation in shear stiffness of 
the soil that [12] recognise as not being properly addressed 
within the procedure.  

II. Assumption: The total stress demand is equivalent to the effective 
stress demand. From Fig. 8b), the NLTSA clearly shows signifi
cantly lower demand versus the ESA results in the top 6 m and the 

Fig. 11. Example of Category A sensors (ru ≥ 0.7) (a) and Category B sensors (ru < 0.7).  

Fig. 12. Comparison between simplified methods, centrifuge tests and nu
merical analysis in terms of: a) Arias Intensity, for sensors where ru ≥ 0.7 in the 
centrifuge tests, b) for ru,max for sensors where ru < 0.7 in the centrifuge tests. 

Fig. 13. Analysis of pore pressure with NL/N (a) and NCASE (b) estimated by the simplified methods with the numerical analysis (ESA).  
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opposite for the lower part of the deposit. This leads to a further 
overprediction and underprediction of demand at different 
depths.  

III. Assumption: The build up of pore pressure is independent of the 
amplitude of loading. This assumption appeared to be consistent 
with observations from the element tests in Fig. 3. Furthermore, 
the FLAC element tests were also examined in Fig. 14, where pore 
pressure appears to be independent of load amplitude. However, 
Fig. 14 highlights that FLAC element tests build up pore pressure 
more rapidly than the prediction function that was calibrated to 
the experimental test – detailed examination found that this was 
due to the higher effective stiffness for a given ru compared to the 
experimental data. This suggests that a calibration procedure that 
targets not only the cyclic resistance curve, but also the rate of 
change of effective stiffness may improve consistency between 
the energy based prediction and the results from FLAC. Further
more, the strain energy based capacity obtained from the element 
tests may not directly correspond to the capacity under free-field 
seismic loading as the capacity relied on a conversion from 
triaxial loading to equivalent direct simple shear loading.  

IV. Assumption: The development of pore pressure assumes undrained 
conditions. The conclusions here are the same as for the SBM. 

Overall the underprediction in demand from assumptions (I) and (II) 
resulted in an underprediction of pore pressure, while the inconsistency 
in the calibration suggests that the NCASEliq may have been too high, or 
the effective stiffness in the FLAC analyses may have been too high, and 
improved calibration focusing on strain development as well as match
ing the liquefaction resistance curve may yield improved results. 

The SEBM shows promising results but it should be noted that at 
present there is not a way to estimate SEBM capacity (NCASEliq) from in 
situ data compared to the widely established procedures for the SBM. 
Furthermore, there is no ground motion prediction equation available to 
obtain the nodal surface energy spectrum needed for predicting demand 
from a future event. 

9. Conclusions 

Earthquake induced structural damage is very dependent on both the 
extent of and timing of liquefaction. The increase in pore pressure (even 
leading only to partial liquefaction) decreases the stiffness properties of 
the soil, affecting the seismic response of the soil and consequently the 
seismic excitation arriving at the surface that shakes the structures. 
Therefore, it is very important to develop methods that may improve the 
estimate of the seismic energy arriving at the surface in liquefiable soil. 

In this work, two simplified methods for estimating pore pressure 
development are evaluated against a series of centrifuge tests performed 
at ISMGEO, Italy. One of the methods was based on the equivalent cyclic 
stress following the ideas of [13] and others (e.g., Ref. [9]). The other 
method was based on the accumulated strain energy as proposed by 
Ref. [12]. As most centrifuge tests were performed on Ticino Sand, the 
cyclic resistance of this sand was evaluated by the interpretation of cy
clic triaxial tests performed by Ref. [33]. In addition, 1D numerical 
simulations of the centrifuge tests were performed using the PM4sand 
model, where the input parameters were calibrated with the laboratory 
tests, showing a good agreement between the results. 

Although a limited number of ground motions and soil conditions 
were used in the study, the bias of the simplified methods in comparison 
to the centrifuge data and numerical analysis were discussed with 
reference to the assumptions of each method. The stress based method 
tended to overpredict the excess pore pressure compared to the centri
fuge recordings. Meanwhile the strain energy based method tended to 
underpredict pore pressure. In the stress based method the issues were 
attributed to the difficultly of estimating demand in a liquefying deposit, 
the conversion of irregular loading to uniform loading, and pore water 
flow not being considered in the simplified model. For the strain energy 

based method, the estimation of the demand did not accurately account 
for the variation in soil stiffness or change in demand due to liquefac
tion, as well as issues with capacity related to calibration and converting 
triaxial test data to equivalent simple shear data may have resulted in 
biases. 
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