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Abstract

This paper proposes a procedure for the calibration of a simplified pore water pressure model implemented in 1D effective stress
dynamic analyses. The calibration procedure is based on the cyclic strength of the soils as quantified using empirical correlations with
in-situ tests, CPT and SPT. Specific relationships have been directly defined among the parameters of the pore water pressure model and
the results of in-situ tests. All the steps for the definition of these relationships are described in detail.

The proposed calibration procedure has been used to simulate the seismic response of two well-documented reclaimed sites where
widespread liquefaction occurred: Port Island, in Kobe (Japan) and Treasure Island in California (US), struck by the 1995 Kobe and
the 1989 Loma Prieta earthquakes, respectively. The results of the analyses have been compared to the actual site response as recorded
by downhole acceleration arrays, showing that the proposed approach leads to a good estimate of the site response. Guidelines for cal-
ibration of the proposed model are finally provided, and the advantages and limitations of its use are discussed in detail.
� 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Liquefaction has caused significant damage to engi-
neered structures and lifelines during recent earthquakes
(2011 Christchurch, New Zealand earthquake; 2012 Emil-
ia, Italy earthquake; 2018 Palu, Indonesia earthquake).
An accurate prediction of excess pore pressure build-up
induced by seismic action is therefore a fundamental
requirement for assessing the seismic safety and resilience
of structures and infrastructures in saturated soils.
https://doi.org/10.1016/j.sandf.2019.12.010
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A reliable prediction of liquefaction usually requires
effective-stress site response analyses to be performed.
Within this framework, two distinct approaches can be
adopted to predict earthquake-induced pore pressures:

(1) a ‘loosely coupled’ approach in which pore water
pressure, pwp, generation is calculated using semi-
empirical models and the effects of pwp generation and cyc-
lic degradation are included by degradation of soil strength
and stiffness; (2) a ‘fully coupled’ approach in which the
formulation of the constitutive law is developed in
effective-stress space, and pwp is computed as the difference
between effective-stresses and total stresses in the domain
of interest (Matasovic and Hashash, 2012).

Following the ‘fully coupled’ approach, various nonlin-
ear elastoplastic soil constitutive models have been devel-
oped by several researchers, e.g., Prevost, 1985; Beaty
and Byrne, 1998; Elgamal et al., 2002; Dafalias and
Manzari, 2004; Boulanger and Ziotopoulou, 2015. These
models require a number of parameters to characterize
Japanese Geotechnical Society.
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the response of granular soils undergoing elastic or elasto-
plastic deformations as well as common features in soils
susceptible to liquefaction, e.g., accumulation of volumet-
ric strains under cyclic shear, dilation at large shear strains,
excess pore-pressure generation, and dependency of dila-
tancy on fabric history (Ramirez et al., 2018).

Although widespread in research, the use of these
advanced constitutive models in geotechnical engineering
practice is currently limited because most of them require
a rigorous calibration of a relatively large number of
parameters (Ramirez et al., 2018). There are, however,
some recently developed models designed to capture the
broad range of responses through a relatively easy calibra-
tion. The ‘loosely coupled’ approach adopts semi-empirical
pore pressure generation models and is implemented for
one-dimensional effective stress dynamic analyses. This
model is frequently implemented in 1D codes suitable for
effective stress analyses (e.g., DESRA-2 (Lee et al., 1978);
D-MOD2000 (Matasovic and Ordonez, 2011); DEEPSOIL
(Hashash et al., 2016)).

This second approach is definitely simpler and more
accessible to practitioners than the ‘fully coupled’ one.
However, for most of the pore water pressure models, the
major limitation is the need to use the cyclic resistance
curve requiring the need to define an equivalent number
of cycles to represent earthquake shaking (Hashash et al.,
2010).

In this framework, Chiaradonna et al., 2018 proposed a
simplified pore water pressure model which permits to syn-
thetically express the seismic demand relevant to an irregu-
lar time-history of shear stress, and to compare it to the
cyclic strength of liquefiable soils, as measured in stress-
controlled cyclic laboratory tests, thus avoiding the evalu-
ation of the number of equivalent uniform stress cycles.
This simplified model is already implemented in the 1D
non-linear code SCOSSA (Tropeano et al., 2016;
Chiaradonna et al., 2016) and validated on centrifuge tests
and well-instrumented test sites, as detailed in Tropeano
et al. (2019) and Chiaradonna et al. (2018b). Currently,
the pore water pressure model is based on the cyclic resis-
tance of liquefiable soils as obtained in the laboratory
through cyclic triaxial or simple shear tests (Chiaradonna
et al., 2018).

In order to extend the applicability of the model to
large-scale studies, where laboratory data are often not
available, in this paper it is shown that the the parameters
of the model can be directly calibrated from the results of
conventional in-situ testing (i.e., CPT and SPT).

To do so, after a brief description of the adopted
methodology for effective stress analysis (Section 2), the
procedure for defining the cyclic strength of soils using
empirical correlations with in-situ testing is described
(Section 3).

The described procedure is then applied to two well-
documented liquefaction cases histories, and the results
are compared with acceleration time histories recorded at
both sites (Section 4). The results are then discussed and
final recommendations are provided (Section 5).

2. The simplified pore pressure model for effective stress

analysis

A simplified pore water pressure model, here called
‘PWP model’ (Chiaradonna, 2016; Chiaradonna et al.,
2018; 2019) was implemented in the non-linear code
SCOSSA which models the soil profile as a system of con-
sistent lumped masses, connected by viscous dampers and
springs with hysteretic behaviour (Tropeano et al., 2016;
2019). The non-linear shear stress-strain relationship is
described by the MKZ model (Kondner and Zelasko,
1963) and the modified Masing rules (Phillips and
Hashash, 2009). The code permits to select both options
of total and effective stress analyses. In this latter case,
the effective-stress site response analysis is carried out fol-
lowing a ‘‘loosely coupled” approach where a soil constitu-
tive model in total stress is adopted in combination with a
semi-empirical model for the prediction of pore pressure
build-up and dissipation.

To take into account the pore pressure build-up, the
stress-strain relationship of the MKZ model is modified
according to the suggestion proposed by Matasovic and
Vucetic (1993). The resulting backbone curve is described
as follows:

F bb cð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� ru

p
G0 c

1þ b c
cr

ffiffiffiffiffiffiffi
1�ru

p
1�rul

� �s0 ð1Þ

where c is the shear strain level, G0 is the initial shear mod-
ulus, cr is the reference shear strain, b and s’ are two dimen-
sionless factors, ru is the excess pore water pressure ratio
(i.e., the excess pore water pressure normalized by the ini-
tial effective vertical stress) and l is an exponential constant
which expresses the sensitivity of the backbone curve to
pore water pressure changes, generally ranging between
3.5 and 5. The same relationship between shear modulus
and excess pore water pressure is also frequently used in
other codes suitable for effective stress analyses (e.g.,
Matasovic and Ordonez, 2011; Lee and Finn, 1978).

In perfectly undrained conditions, the excess pore pres-
sure build-up is predicted by the ‘PWP model’
(Chiaradonna et al., 2018), which makes it possible to com-
pare the irregular time-history of shear stress induced by an
earthquake with soil liquefaction resistance, as evaluated in
stress-controlled cyclic laboratory tests. The comparison is
expressed through the so-called ‘damage parameter’, j,
which is a function of the undrained cyclic strength curve
and is defined as an increasing variable of the applied load-
ing history. Cyclic strength is expressed in terms of a cyclic
resistance curve, which univocally relates the number of
cycles at liquefaction, NL, to the cyclic resistance ratio,
CRR (the ratio between peak shear stress amplitude, smax,
that induces liquefaction at a given number of cycles and
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the initial effective stress, r0
0). The model analytically

describes the cyclic resistance curve by the following
equation:

CRR� CSRtð Þ
CSRr � CSRtð Þ ¼

Nr

NL

� �1
a

ð2Þ

where (Nr, CSRr) is a reference point, CSRt the asymptotic
value of CRR as the number of cycles tends to infinite and
a is the slope of the best-fit relationship in a log–log scale
(Fig. 1a).

The parameters CSRt and a are used to compute the
damage parameter, j, for any loading pattern. For a regu-
lar harmonic loading of a given amplitude, CSR, i.e., |smax|/
r’0, j is proportional to the number of cycles, N, and it can
be written as:

j ¼ 4N CSR� CSRtð Þa ð3Þ
The physical meaning of k can be easily deduced from

Eq. (3), since it expresses the cumulative damage occurring
along the stress path every time the amplitude of the
applied stress ratio exceeds the CSRt threshold value.

Combining Eqs. (2) and (3), the damage parameter at
liquefaction, jL, can be expressed as follows:

jL ¼ 4Nr CSRr � CSRtð Þa ð4Þ
The pore pressure build-up is univocally related to the

normalized damage parameter, j/jL by the following poly-
nomial function (Chiaradonna et al., 2018):

ru ¼ a
j
jL

� �b

þ ð1� aÞ j
jL

� �d

ð5Þ

where a, b and d are curve-fitting parameters (Fig. 1b).
Given the proportionality between the number of cycles,
N, and the damage parameter, j (Eq. (5)), any pore pres-
Fig. 1. (a) Cyclic resistance and (b) excess pore pressure ratio curves.
sure change can be expressed as a variation of the normal-
ized number of cycles, N/NL (see Chiaradonna et al., 2018
for details).

For an irregular shear loading history, expressed as
follows:

s�ðtÞ ¼ sðtÞj j
r0

0

ð6Þ

the damage parameter, j, can be computed at every time
instant as:

jðtÞ ¼ j0 þ dj ð7Þ
where j0 is the damage cumulated at the last reversal point
of the function (s*– CSRt) reached at the time instant t.
The parameter j0 can be defined as follows:

j0 ¼
jðt � dtÞ if _s�ðtÞ ¼ 0 or s�ðtÞ ¼ CSRt

j0ðt � dtÞ if _s�ðtÞ–0 or s�ðtÞ–CSRt

�
ð8Þ

i.e., j0 is a stepwise function assuming the value of the
damage parameter gained at the time step (t � dt) every
time the stress ratio reaches a local maximum value or
when s* = CSRt.

The increment of the damage parameter, dj, in the time
interval dt is given by:

dj ¼ 0 if s�ðtÞ < CSRt

s�0ðtÞ � sðtÞ� 	a
if s�ðtÞ P CSRt

�
ð9Þ

where s�0 ¼ s�max if _s�ðtÞ < 0 and s�0 ¼ CSRt otherwise.
The damage function increases when s* overcomes

CSRt, which represents the threshold below which there
is no pore pressure build-up. More details about the
‘‘PWP model” can be found in Chiaradonna et al. (2018).

It is worth mentioning that the code SCOSSA can also
model partially drained condition, since the dissipation of
the excess pore pressure is implemented into the code
(Tropeano et al., 2019).

3. Proposed calibration procedure

The parameters describing the cyclic resistance curve
(a, CSRr and CSRt) as well as those characterizing the pore
pressure ratio relationship (a, b and d) are usually cali-
brated on laboratory tests results. Indeed, by so doing,
the ‘PWP model’ has proved effective in simulating well-
documented case histories (Tropeano et al., 2019;
Chiaradonna et al., 2019). However, in engineering prac-
tice, such results are seldom available, and thus, only in-
situ tests results can be found.

It is then obvious that semi-empirical methods would be
considerably more useful if the calibration relied on the
interpretation of in-situ tests (e.g., CPT and SPT) data.
In this paper, this procedure is specifically proposed for
the model proposed by Chiaradonna et al. (2018), and
the steps that have been followed for correlating the model
parameters to the in-situ test results are widely described
(flow-chart in Fig. 2).
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According to Boulanger and Idriss (2014), the results of
SPT and CPT are expressed, respectively, in terms of the
corrected SPT blowcount, (N1)60cs, and corrected cone tip
resistance, qc1Ncs. The corrected cone tip resistance, qc1Ncs

is defined as:

qc1Ncs ¼ qc1N þ Dqc1N ð10Þ
where:

qc1N ¼ CN � qc
Pa

ð11Þ

CN ¼ Pa

r0
v

� �m

6 1:7 ð12Þ

m ¼ 1:338� 0:249 � qc1Ncs0:264 ð13Þ

Dqc1N ¼ 11:9þ qc1N
14:6

� �
exp 1:63� 9:7

FC þ 2
� 15:7

FC þ 2

� �2
 !

ð14Þ
where qc in the cone resistance measured during CPT, pa is
the atmospheric pressure and FC is the fine content, i.e.,
the percentage of soil having particles diameter smaller
than 0.075 mm. The value of qc1Ncs must be found by trial
and error.

Similarly, the corrected SPT blowcount, (N1)60cs is
defined as:
Fig. 2. Flow chart used for defining the relationships fo
ðN 1Þ60cs ¼ ðN 1Þ60 þ DðN 1Þ60 ð15Þ

where:

ðN 1Þ60 ¼ CN � N 60 ð16Þ

CN is given by equation (12), the exponent m being:

m ¼ 0:784� 0:0768 � ðN 1Þ60cs0:5 ð17Þ

DðN 1Þ60 ¼ exp 1:63þ 9:7

FC þ 0:01
� 15:7

FC þ 0:01

� �2
 !

ð18Þ

where N60 is the energy-corrected blow count measured
during SPT.

In first step of the flow-chart in Fig. 2, a set of cyclic
resistance curves (CRR, NL) was generated from the empir-
ical relationships between CRR and (N1)60cs or qc1Ncs pro-
posed by Boulanger and Idriss (2014). These empirical
relationships include data obtained from the most recent
events where widespread liquefaction was observed (the
2010–2011 Canterbury earthquake sequence in New Zeal-
and and the 2011 Tohoku earthquake in Japan). Then, cyc-
lic strength parameters to define Eq. (2) were defined for all
the above-mentioned curves of the dataset using non-linear
regression analysis. Finally, the model parameters are
expressed as a function of the initial stress state and soil
r the calibration of the pore water pressure model.



Fig. 3. Variation of (a) NM=7.5 and (b) MSFmax with the parameter bb.
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strength evaluated from CPT or SPT, i.e., qc1Ncs or
(N1)60cs, respectively (step 2 in Fig. 2).

The same path has been followed for the parameters of
the pore pressure ratio curve (Eq. (5)). A dataset of curves
(ru, N/NL) was generated through the simplified expression
proposed by Polito et al. (2008) (step 3 in Fig. 2). Then, the
pore pressure parameters to define Eq. (5) were defined for
all the above-mentioned curves of the dataset using a non-
linear regression analysis. Finally, the model parameters
were expressed as a function of fines content and soil
strength evaluated from CPT or SPT, i.e., qc1Ncs or
(N1)60cs, respectively (step 4).

It is worth highlighting here that the methodology sug-
gested for defining the relationships for use in the calibra-
tion of the parameters of the proposed model can be
generalized and applied to other simplified pore water pres-
sure models.

3.1. Step 1: Generation of cyclic resistance curves from

empirical relationships based on SPT/CPT

Cyclic resistance curves are generated from the empirical
relationships proposed by Boulanger and Idriss (2014):

CRRM¼7:5;r0¼1 ¼ exp
ðN 1Þ60cs
14:1

þ ðN 1Þ60cs
126

� �2

� ðN 1Þ60cs
23:6

� �3
 

þ ðN 1Þ60cs
25:4

� �4

� 2:8

!
ð19aÞ

CRRM¼7:5;r0¼1 ¼ exp
qc1Ncs
113

þ qc1Ncs
1000

� �2
� qc1Ncs

140

� �3�

þ qc1Ncs
137

� �4
� 2:8

�
ð19bÞ

These allow defining the cyclic resistance ratio (CRR) of
the soil characterized by a given value of (N1)60cs or qc1Ncs

at a reference earthquake of 7.5 magnitude and effective
overburden stress equal to unity. Eqs. (19a) and (19b) must
be corrected to take into account: (i) the overburden stress
and (ii) the actual magnitude and duration of the earth-
quake. The effect of the overburden stress is taken into
account by introducing a correction factor Kr, as in the fol-
lowing equation:

Kr ¼ 1� Cr � ln r0
v0

pa

� �
6 1:1 ð20Þ

where

Cr ¼ 1

18:9� 2:55
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðN 1Þ60cs

p 6 0:3 ð21aÞ

Cr ¼ 1

37:3� 8:27 � qc1Ncs
6 0:3 ð21bÞ

for (N1)60cs and qc1Ncs respectively.
The effect of magnitude and duration of shaking is taken

into account through the earthquake magnitude scaling
factor, MSF. The duration of shaking as well as the MSF
depend on numerous factors, including earthquake source
characteristics, distance from the site to the source, soil
profile characteristics, and depth in the soil profile (e.g.,
Liu et al., 2001, Green and Terri, 2005). The inclusion of
all dependencies may not be warranted in practice. The
MSF relationship proposed by Boulanger and Idriss
(2014) includes a functional dependence on an index of
the soil properties, bb, as follows:

MSF ¼ CSR
CSRM¼7:5

¼ NM¼7:5

N

� �bb

ð22Þ

In order to use Eq. (22), the number of equivalent uni-
form loading cycles for M = 7.5, called NM=7.5, and the
parameter bb should be defined.

Fig. 3a shows the geometric mean values of NM=7.5 com-
puted by Boulanger and Idriss (2014) for bb values from
0.06 to 0.40 for a set of 42 motions at category D sites, with
peak ground accelerations (PGA) from 0.11 to 0.51 g dur-
ing M = 7.3–7.6 earthquakes. The geometric mean values
for NM=7.5 are relatively constant at about 15 for bb values
of 0.2 to 0.4 and then increase rapidly for bb values progres-
sively lower than about 0.2.

The relationship between NM=7.5 and the parameter bb
was described analytically by interpolating the mean curve
from Boulanger and Idriss (2014) as proposed by
Chiaradonna and Flora (2020):

NM¼7:5 ¼ 18:61 � bb2 � 3:71 � bb þ 0:38

bb
2 � 0:091 � bb þ 0:0021

ð23Þ

which is the continuous line illustrated in Fig. 3a.
On the other hand, the subsequent path was followed

for the definition of the parameter bb.



Fig. 4. Set of cyclic resistance curves generated for (a) (N1)60cs and (b)
qc1Ncs for an effective overburden stress equal to 50 kPa.
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Boulanger and Idriss (2014) define the maximum value of
the magnitude scaling factor, MSFmax, that relates to small
magnitude earthquakes. It corresponds to the case where
the motion is dominated by a single strong acceleration
pulse. They assume that this single pulse scenario is illus-
trated by ¾ of a cycle at its peak stress and the equivalent
number of uniform cycles at 65% of the peak stress is:

Nmin ¼ 1

0:65

� �1=bb

� 3

4
cycles

� �
ð24Þ

hence:

MSF max ¼ NM¼7:5

Nmin

� �bb

ð25Þ

Substituting Eqs. (23) and (24) into Eq. (25), the univo-
cal relationship between MSFmax and bb was analytically
derived as (Fig. 3b):

MSF max ¼ 0:65
4

3

18:61 � bb2 � 3:71 � bb þ 0:38

bb
2 � 0:091 � bb þ 0:0021

� �
 �bb
ð26Þ

Boulanger and Idriss (2014) reviewed a significant
amount of laboratory test data to computeMSFmax for dif-
ferent values of bb and plotted them versus the equivalent
values (N1)60cs or qc1Ncs, thus obtaining the following
equations:

MSF max ¼ 1:09þ ðN 1Þ60cs
31:5

� �2

6 2:2 ð27aÞ

MSF max ¼ 1:09þ qc1Ncs
180

� �3
6 2:2 ð27bÞ

Hence, by combining Eqs. (26) and (27a) or (27b), the
parameter bb was finally expressed as a function of
(N1)60cs or qc1Ncs. In this way, the magnitude scaling factor
for any number of cycles N is known:

MSF ¼ NM¼7:5

N

� �bb

6 MSF max ð28Þ

Therefore, to any number of cycles N corresponds a
value of MSF (Eq. (28)) and CRR is as a function of N as:

CRR ¼ MSF � kr � CRRM¼7:5;r0¼1 ð29Þ
As a result, different cyclic resistance curves were

obtained in this work for different values of the effective
confining pressure and corrected SPT blow count or CPT
cone tip resistance.

A range of (N1)60cs from 6 to 25 and a range of qc1Ncs

from 25 to 150 was considered, because it is the range of
SPT and CPT values typical of liquefiable soils. A range,
from 50 to 800 kPa, was assumed for the effective confining
pressure. An example of the generated curves for an effec-
tive overburden stress equal to 50 kPa is reported in Fig. 4.

3.2. Step 2: Calibration of the parameters of the cyclic

resistance curve

The calibration procedure of the cyclic strength param-
eters of the pore water pressure model on the generated
cyclic resistance curves has been divided into two steps:
the first step is related to the calibration of CSRr, which
refers to 15 cycles, while the second one is related to the cal-
ibration of CSRt and a.

CRR values computed for NL = 15 have been plotted as
a function of r’v0 and (N1)60cs or qc1Ncs (Fig. 5a–d).

Hence, the calculated points were interpolated with a
polynomial expression, where the coefficients are ruled by
r’v0 with a logarithmic function. The following relation-
ships were obtained:

CSRr ¼ x1 � ðN 1Þ460cs þ x2 � ðN 1Þ360cs þ x3 � ðN 1Þ260cs
þ x4 � ðN 1Þ60cs þ x5 ð30aÞ

CSRr ¼ y1 � q5c1Ncs þ y2 � q4c1Ncs þ y3 � q3c1Ncs þ y4 � q2c1Ncs
þ y5 � qc1Ncs þ y6 ð30bÞ

where

xi ¼ xi;1 � ln r0
v0

p00

� �
þ xi;2 for i ¼ 1; 2; 3; 4; 5 ð31aÞ

yi ¼ yi;1 � ln
r0

v0

p00

� �
þ yi;2 for i ¼ 1; 2; 3; 4; 5; 6 ð31bÞ

with p00 equal to the atmospheric pressure. The parameters
of expressions (31a) and (31b) were defined through a non-
linear regression analysis and they are reported in Table 1
and Table 2, respectively.



Fig. 5. Parameters of the pore pressure model CSRr, a and CSRt as a function of (N1)60cs and qc1Ncs.

Table 2
Coefficients for computing CSRr through Eq. (31b).

y1,1 y1,2 y2,1 y2,2 y3,1 y3,2

�4.23E-12 1.54E-11 1.40E-09 �4.84E-09 �1.88E-07 6.36E-07

y4,1 y4,2 y5,1 y5,2 y6,1 y6,2

1.17E-05 �4.05E-05 �4.26E-04 1.87E-03 1.38E-03 5.00E-02

Table 1
Coefficients for computing CSRr through Eq. (31a).

x1,1 x1,2 x2,1 x2,2 x3,1 x3,2 x4,1 x4,2 x5,1 x5,2

�3.07E-07 1.23E-06 1.35E-05 �5.46E-05 �2.57E-04 1.01E-03 1.27E-03 �1.94E-03 �8.45E-03 8.12E-02
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With reference to the calibration of the parameter a,
governing the steepness of the cyclic resistance curve,
Boulanger and Idriss (2014) relate the slope of the curve
to the corrected number of blow count or cone tip resis-
tance, so the parameter a is ruled only by (N1)60cs or qc1Ncs.
As shown in Fig. 5b,e, the relationship is almost linear.
However, a cubic regression function was adopted since
it has a coefficient of determination, R2, equal to 1.

Two regression curves were generated, as a funcion of
(N1)60cs or qc1Ncs, respectively:

a ¼ x6 � ðN 1Þ360 þ x7 � ðN 1Þ260 þ x8 � ðN 1Þ60 þ x9 ð32aÞ
a ¼ y7 � q3c1Ncs þ y8 � q2c1Ncs þ y9 � qc1Ncs þ y10 ð32bÞ

CSRt was defined as the shear stress ratio, CRR, of the
generated curves corresponding to one million of cycles.

The threshold shear stress ratio, CSRt, was plotted in
Fig. 5c,f as a function of (N1)60cs and qc1Ncs for different
values of effective stress, r’v0.

Due to the small values of shear stress ratio, the effect of
r’v0 was neglected and the following expression was
adopted for modelling CSRt:
CSRt ¼ x10 � ðN 1Þ460þ x11 � ðN 1Þ360þ x12 � ðN 1Þ260þ x13 � ðN 1Þ60þ x14

ð33aÞ

CSRt ¼ y11 � q4c1Ncs þ y12 � q3c1Ncs þ y13 � q2c1Ncs þ y14 � qc1Ncs þ y15
ð33bÞ

The xi and yi coefficients of a and CSRt expressions were
computed using an optimization procedure based on the
non-linear regression method, and are reported in Table 3.

3.3. Step 3: Generation of pore pressure build-up curves from
empirical relationships based on cyclic laboratory tests

A dataset of pore pressure build-up curves was gener-
ated through a simplified expression reported by Polito
et al. (2008). They adopted the simplified model for pre-
dicting pore water pressure build-up originally developed
by Booker et al. (1976), where the pore pressure ratio, ru,
is a function of the ratio of the number of applied uni-
form cycles, N/NL, and of the coefficient b via the
expression:



Table 3
Coefficients of the relationships from (32a)–(33b).

x6 x7 x8 x9 x10 x11 x12 x13 x14

6.50E-05 �2.25E-03 �7.92E-02 5.31E +00 �3.73E-08 3.67E-06 �1.16E-04 1.03E-03 1.08E-02

y7 y8 y9 y10 y11 y12 y13 y14 y15

8.50E-07 �2.90E-04 1.12E-02 5.01E + 00 �2.19E-12 1.27E-08 �3.72E-06 2.69E-04 8.95E-03

Fig. 7. Set of pore pressure curves generated for (a) FC = 0 and (b)
FC = 35%.
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ru ¼ 2

p
arcsin

N
NL

� �1=2b

ð34Þ

Fig. 6 shows the upper and lower bounds of residual
excess pore pressure proposed by Lee and Albaisa
(1974), and the curve related to b = 0.7, which is the
value recommended for clean sands by Booker et al.
(1976).

Based on 145 cyclic triaxial tests on sands mixed with
various amount of non-plastic silt, Polito et al. (2008) com-
puted the parameter b of equation (34) as a function of fine
content in percent, FC, (particles smaller than 0.075 mm),
relative density as a percentage, Dr, and the cyclic stress
ratio, CSR, as follows:

b ¼ c1 � FC þ c2 � Dr þ c3 � CSRþ c4 ð35Þ

where c1, c2, c3, c4 are regression coefficients. For
FC < 35%, b increases with increasing FC and Dr and it
is relatively independent of CSR, so that the contribution
of CSR can be neglected. In this case, Eq. (35) simplifies to:

b ¼ 0:01166 � FC þ 0:007397 � Dr þ 0:5058 ð36Þ
where the coefficients were computed by Polito et al.

(2008) through a nonlinear regression analysis of the exper-
imental results and Dr and FC are still expressed in
percentage.

Considering Eqs. (34) and (36), a set of pore water pres-
sure ratio curves was defined in the range of FC from 0 to
30% and Dr from 20 to 80%. An example of the generated
curves for a fine content equal to 0 and 35% is reported in
Fig. 7.
Fig. 6. Upper and lower bounds of residual excess pore pressure
generation as function of cycle ratio, N/NL, and average curve for b = 0.7.
3.4. Step 4: Calibration of the parameters of pore pressure

build-up

The pore pressure parameters, i.e., a, b, d in Eq. (5),
were defined for all the generated curves of the dataset
(Fig. 7) using non-linear regression analysis. The obtained
values were then plotted as a function of fine content and
relative density of soil (Fig. 8) and analytical relationships
to model the observed trends were proposed, such as the
following.

Analytically, parameter a can be computed as:

a ¼ a11 � FC þ a21 � Dr4 þ a22 � Dr3 þ a23 � Dr2 þ a24

� Dr þ a25 ð37Þ

While the exponents, b and d, can be computed as:

b ¼ ðb11 � Dr2 þ b12 � Dr þ b13Þ � exp½FC � ðb21 � Dr2
þ b22 � Dr þ b23Þ� ð38Þ

d ¼ d11 � exp½d12 � Dr þ FC � ðd21 � Dr2 þ d22 � Dr þ d23Þ�
ð39Þ



Table 4
Regression coefficients of the parameter a (Eq. (37)).

a11 a21 a22 a23 a24 a25

0.000272 �4.0E-10 9.0E-08 �7.0E-06 4.0E-04 0.7603

Table 5
Regression coefficients of b (Eq. (38)).

b11 b12 b13 b21 b22 b23

5.0E-05 �0.0104 1.0695 �6.0E-07 1.0E-04 �0.0163

Table 6
Regression coefficients of d (Eq. (39)).

d11 d12 d21 d22 d23

23.433 �0.007 �3E-07 �9E-05 �0.0124

Fig. 8. Parameters (a) a, (b) b and (c) d of the Eq. (5) plotted as function of the fine content, FC and the relative density, Dr, and interpretated by the
proposed relationships (continous lines).
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The regression coefficients of Eqs. (37), (38) and (39) are
reported in Tables 4, 5 and 6.

The use of the above-described relationships requires the
availability of data about the relative density, Dr, and fine
content, FC. The latter is usually available while Dr can be
estimated using one of the empirical correlations with SPT
or CPT results (e.g., Kulhawy and Mayne, 1990).
4. Evaluation of the proposed approach through case

histories

The described procedure is applied to two real cases,
where downhole and surface acceleration records were
available. Both the considered sites are the results of recla-
mation works where no specific soil treatments were used
to induce densification of the granular soils.
4.1. Port Island

Port Island is an artificial island constructed at the
South of Kobe City, Osaka Bay, Japan (Fig. 9a). This
island was constructed in two phases. During the first
phase, a 436 ha area was reclaimed. In the second phase,
the island was extended southward by reclaiming 319 addi-
tional hectares (Fig. 9). A decomposite granite soil known
as ‘Masado’, transported from the nearby Rokko Moun-
tains, was used in the first reclamation phase, while sand-
stone, mudstone, and tuff were employed in the second
phase (Shibata et al., 1996).

A vertical array was installed in the northern area of
Port Island in October 1991 (Iwasaki and Tai, 1996),
including triaxial accelerometers at the surface as well as
at depths of 16 m, 32 m, and 83 m from the ground level.
No piezometers were installed at the array site.

On January 17, 1995, at 5:46 AM, the Hyogoken-Nanbu
earthquake with a local magnitude of 7.2 struck the south-
ern part of Hyogo Prefecture. The epicenter was 15 km
north of Awaji Island (Fig. 9a), and the hypocenter depth
was located 14.3 km below sea level (Shibata et al., 1996).

Liquefaction was widespread throughout Port Island;
especially in the reclamation area created in the first phase:
settlements of 20 cm were observed on average, with peak
values exceeding 50 cm. The ejection of liquefied materials
was observed on Port Island for nearly one hour after the
earthquake (Shibata et al., 1996).

The downhole acceleration array recorded the main
shock at different depths. The horizontal acceleration was
not amplified at the ground surface, because the liquefac-
tion of the soil shallower than 16 m resulted in the de-
amplification of the higher frequency components
(Fig. 10a–c).

In this work, only the shallow liquefied layer of the ver-
tical array was considered in the numerical simulation,
imposing the bedrock at 16 m, where a downhole
accelerometer was located (Fig. 10). The NS component
of the earthquake recorded at 16 m depth was used as input
motion and applied as inside motion to the rigid bedrock
(Fig. 10c). It is worth noting that the depth of the seismic
bedrock was unknown at the site.

The considered soil column consists of Masado soil,
which is a known liquefiable soil.

Fig. 11a shows the grain size distribution curve of the
Masado soil (up to 150 mm), a well-graded soil which con-
tains a fairly large portion of gravel (about 55%).

The shear wave velocity, VS, and SPT profiles at the
array site (Fig. 10d,e), as reported by Ishihara et al.
(1996), were used in the definition of the geotechnical
model.



Fig. 9. Location of Hyogoken in Japan (a) and focus on Port Island with
the location of the vertical array (b). The dashed line separates the part of
the island constructed during the first and the second phase.
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The number of blow counts was corrected in order to
calibrate the pore water pressure model: an average N60

value was calculated and then corrected for the energy
ratio:

N 60 ¼ NSPT � ERm

60
ð40Þ

where NSPT is the measured blow count, ERm the measured
delivered energy ratio (%) and N60 the blow count for an
energy ratio of 60%. The energy ratio for the NSPT values
in Fig. 10 was assumed to be 75%, based on typical practice
in Japan, and then used to calculate N60, as already
assumed also by other authors (Ziotopoulou, 2010). Then,
the obtained N60 was further corrected according to Eq.
(16) and finally (N1)60cs was obtained since no correction
was applied for the fines content (FC � 5% and thus
(N1)60 = (N1)60cs).

The parameters of the PWP model for Masado soil were
defined according to the proposed procedure, i.e., the cyclic
resistance curve was defined as described in Section 3.2,
and the pore pressure build-up parameters were computed
through the procedure described in Section 3.4, where the
relative density, Dr, was estimated as a function of
(N1)60, according to Idriss and Boulanger (2008):

Dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN 1Þ60
46

r
ð41Þ

The resulting curves of the pore water pressure model
are plotted in Fig. 11c, d.

Finally, the non-linear and damping behaviour of the
Masado soil was characterised adopting the normalized
shear modulus G/G0 and damping ratio, D, vs. the shear
strains, c, curves proposed by Kokusho and Esashi
(1981) for gravelly soils (Fig. 11b).

Since the liquefaction phenomena lasted more than one
hour, perfect undrained conditions could be assumed dur-
ing the earthquake and the dissipation was neglected in the
analysis.

Fig. 12 reports the results of total (no pore pressure
build-up is simulated) and effective stress analyses together
with the record at surface, in terms of time history and
response spectra of acceleration.

The time history of accelerations computed by total
stress analysis is characterized by higher amplitude and fre-
quency content respect to the recorded accelerations
(Fig. 12a). Instead, the effective stress analysis was able
to predict the reduction of both amplitude and frequency
content (Fig. 12b). The usefulness of the effective stress
analysis is also confirmed by the comparison among the
numerical simulations and the recorded acceleration
response spectra (Fig. 12c). The comparison shows that
the total stress analysis significantly overestimates the spec-
tral accelerations over the whole range of periods, whereas
the effective stress analysis well captures the measured PGA
and identified the range of periods where the maximum
amplifications occur, although spectral accelerations were
underestimated in this range. This confirms the importance
of taking the pore pressure build-up into account in order
to correctly predict both the shift of frequency content
towards lower values and the reduction of spectral ampli-
tudes due to liquefaction.
4.2. Treasure Island

Treasure Island is a 400 acre man-made island immedi-
ately northwest of the Yerba Buena Island, a rock outcrop
in San Francisco Bay (Fig. 13a). It was constructed in
1936–37 for activities celebrating the construction of the
Golden Gate and San Francisco-Oakland Bay Bridges
(Graizer, 2011).

Treasure Island was constructed by hydraulic and clam-
shell dredging. A perimeter rock dike was built in two to
four stages on a bed of coarse sand. The dike acted as a
retaining system for the sands that were pumped or placed
inside. The structure is thus essentially an upstream con-
structed hydraulic fill (Zhang et al., 2002).

During the 1989 Loma Prieta earthquake, liquefaction-
related phenomena, were evident at many locations across



Fig. 10. Recorded acceleration, a, vs. time, t (a) at surface and at (c) 16 m depth and (b) acceleration response spectra, Sa, (5% damping); (d) soil column
and profiles of shear wave velocity, VS and (e) blow count of SPT, NSPT (Ishihara et al., 1996).

Fig. 11. Masado soil: (a) grain size distribution (modified after Nagase et al. 1996), (b) normalized shear modulus and damping ratio vs shear strain
(modified after Kokusho and Esashi, 1981), (c) cyclic resistance curve and (d) pore pressure relationship from SPT profile.
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the island, including sand boils, ground surface settlements
and lateral spreading movements (Hryciw et al., 1991;
Power et al., 1998). The buildings and underground utilities
were damaged by the ground settlements and lateral
displacements.

The peak acceleration recorded at the fire station on
Treasure Island during the earthquake (Fig. 13b) was
0.16 g (Hryciw et al., 1991) and past studies have shown
that the intensity of ground shaking did not vary greatly
at different places on the island (Hryciw et al., 1991;
Power et al., 1998).
The recorded accelerations at Treasure Island and on
Yerba Buena Island (E-W) clearly reveal the effects of site
amplification (Fig. 13b,c). Moreover, a drop in the high-
frequency content can be observed in the Treasure Island
record after 14 s, which has been recognized as a typical
effect of liquefaction (Kramer et al., 2011).

The soils at Treasure Island may be grouped into four
broad categories: the fill material (hydraulic fill), recent
bay sediments (Young Bay Mud), native shoal sands (fine
to medium sand) and older bay sediments (old Bay Clay)
(Fig. 14a). The shear wave velocity profile was reported



Fig. 12. Port Island: comparison between time histories of recorded and
simulated acceleration from (a) total stress analysis (TT) and (b) effective
stress analysis and (c) among recorded and simulated acceleration
response spectra (5% damping) at the surface.

Fig. 13. Treasure Island and Yerba Buena Island (a), the recorded motion
of the Loma Prieta Earthquake at Treasure Island (b) and Yerba Buena
Island (c).
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by Graizer (2011) based on the P-S suspension logging per-
formed in a 122 m deep downhole (Fig. 14c), revealing that
the bedrock depth was located at 88 m depth from the
ground level (Fig. 14).

The EW component of the acceleration record at Yerba
Buena Island was used as input motion in the numerical
simulations, and was applied as outcrop motion at the bed-
rock depth (Fig. 13c).

Liquefaction involved the hydraulic fill, while the other
layers are assumed to be not liquefiable. The fill material is
predominantly sand with varying degrees of gravel, silt,
and clay. Even though the hydraulic fill is a very heteroge-
neous layer (Fig. 15a), a mean percentage of fine content
equal to 15% was assumed in the calibration of the pore
water pressure model. A CPTU until 25 m depth from
the ground level (Fig. 13b) was carried out close to the
recorded station, as reported by Pass (1994) and the results
of the test were used to define a corrected cone tip resis-
tance, qc1Ncs, profile. This latter was used to define the
parameters of the cyclic strength of the soil, as described
in Section 3.2 (Fig. 5) and to estimate the relative density,
Dr according to Idriss and Boulanger (2008):

Dr ¼ 0:478 � qc1Ncs0:264 � 1:063 ð42Þ
The obtained value of relative density, in conjunction
with the fine content, was finally used to calculate the
model parameters a, b, d (Fig. 8). The curves coming from
the proposed calibration procedure of the pore water pres-
sure model, are reported in Fig. 15c,d.

For the sake of simplicity, the shear modulus degrada-
tion and damping curves were defined as grouping the sand
formations (hydraulic fill and sand layers) and the clayey
formations (young and old clay bay). In particular, the
upper bound curves proposed by Seed and Idriss (1970)
were assumed for the sandy layers, while the curves
obtained by laboratory tests on young bay mud samples
by Sun et al. (1988) were assumed for the clayey formations
(Fig. 15b).

The results of the effective stress analysis are reported in
Fig. 16, in terms of acceleration time history and response
spectrum, where they are compared with the record at the
surface and analysis result in total stress. The computed
spectral ordinates in effective stress are underestimates for
periods lower than 1 s, while they are overestimated



Fig. 14. (a) Soil profile of Treasure Island (b) CPTU (Pass, 1994) and (c)
VS profiles (Graizer, 2011).

Fig. 15. Soil properties: (a) grain size distribution of hydraulic fill (modified af
strain, (c) cyclic resistance curve and (d) pore pressure relationship for hydrau

Fig. 16. Treasure Island: comparison between time histories of recorded
and simulated acceleration from (a) total stress analysis (TT) and (b)
effective stress analysis and (c) among recorded and simulated acceleration
response spectra (5% damping) at the surface.
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between 1 and 1.8 s; however, the overall agreement
between recorded and predicted spectrum is satisfactory
in terms of both PGA and predominant period, especially
if compared to the analysis result in total stress.
ter Pass, 1994), (b) normalized shear modulus and damping ratio vs shear
lic fill defined on CPT profile.
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5. Discussion and conclusions

In this paper, a calibration procedure is proposed for
defining the parameters of a pore water pressure model
necessary to carry out a non-linear, effective stress numer-
ical simulations in 1-D condition (Chiaradonna et al.,
2018) on the basis of in situ test results, thus overcoming
the limitation caused by the typical lack of laboratory data
in current engineering practice.

The adopted pore water pressure model requires the def-
inition of two semi-empirical curves: the cyclic resistance
curve and the pore pressure ratio curve. The parameters
of the first curve (CRR-NL) have been computed as a func-
tion of the effective stress state and of SPT or CPT results.
The parameters of the second curve (ru – N/NL) have been
defined as a function of the fines content and relative den-
sity, the latter estimated from either SPT or CPT. This
method allows the pore water pressure model to be easily
calibrated directly on the basis of the results of in-situ tests.
The methodology followed to define the calibration rela-
tionships (Figs. 5 and 8) can be generalized and applied
to other simplified pore water pressure models.

The proposed procedure has been validated by compar-
ing the simulation results with the recorded seismic site
response in two well known and documented case histories.
The quality of the prediction firstly depends on the ability
of the code to evaluate the soil response in terms of gener-
ation of excess pore water pressure, which is obtained with
limited effort in terms of calculation and calibration of the
model.

The comparison with the experimental results was satis-
factory, demonstrating that the procedure leads to a reli-
able prediction notwithstanding the simplicity in the
calibration procedure. It was also shown that the proposed
procedure is more effective than a simple analysis of total
stresses in predicting the recorded spectrum of acceleration,
which highly overestimates the maximum accelerations and
underestimates the critical periods because of its inability
to take the isolating effect of liquefaction into account.
However, some limitations should be recognized by the
use of the proposed calibration procedure: in particular,
caution should be taken with the cyclic resistance curve
for very loose soils. For such soils, the generated dataset
underestimates the cyclic resistance ratio for a small num-
ber of cycles (Fig. 4), resulting in a conservative prediction
of pore pressure increments for moderate intensity
shakings.
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