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ABSTRACT: This paper presents a piezocone penetration test (CPTu) method for
evaluating soil liquefaction potential. In this approach, the adjusted cyclic stress
ratio is calculated with a recent formula created by Idriss and Boulanger, and the
cyclic resistance ratio is determined as a function of both adjusted cone tip resistance
(qt1N) and soil behavior type index (Ic). This method is shown to be applicable to a
wider range of soils, including geomaterials that were previously considered “too
clay-rich to liquefy.” Case studies of selected ground failure sites in Adapazari using
the proposed method yield results that agree well with field observations in the 1999
Kocaeli earthquake.
1. INTRODUCTION
Many investigators have contributed to the development of the CPT-based simplified
models for liquefaction evaluation (e.g., Robertson and Wride 1998, Juang et al.
2003, and Moss et al. 2006). Among these CPT-based methods, that developed by
Robertson and Wride (1998) is the most widely used. An important recent update has
been provided by Robertson (2009).
The existing simplified methods, such as Robertson and Wride (1998) and Youd et al.
(2001), were originally developed for clean sands. For the evaluation of sands with
significant fines content (FC), the concept of “equivalent clean sand” was employed,
suggesting that liquefaction resistance would increase as FC increases. However,
liquefaction of soils with high fines content (as high as 90%) in the past earthquakes
has been observed (Bray et al. 2004). Laboratory cyclic simple shear tests, cyclic
ring-shear tests, and cyclic triaxial tests suggest that soil plasticity, and not
necessarily the fines content alone, plays a major role in the liquefaction resistance
behavior. In other words, the liquefaction resistance increases as the plasticity
increases. On the other hand, for sands with significant non-plastic fines content,
the effect of fines content on the liquefaction resistance is less conclusive based on
laboratory cyclic test results.
For sand-like soils, liquefaction during earthquake shaking is well observed and can
be analyzed effectively with simplified methods. For clay-like soils, significant
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strength losses and ground deformations during and after earthquake shaking have
also been reported (Bray et al. 2004). Boulanger and Idriss (2007) suggest that the
term “cyclic softening” be used to describe this cyclic behavior of clay-like soils;
they further suggest that different approaches, in lieu of simplified methods, be taken
to analyze the cyclic softening potential of clay-like soils. Robertson (2009),
however, proposed a unified approach, in which two sets of equations are created for
sand-like and clay-like soils, respectively, within the same CPT-based framework.
One basis of this unified approach is the recognition of soil behavior type index Ic as
an index for mechanical behavior classification; there is no need to correlate Ic with
FC for the purpose of gauging the effect of fines on liquefaction resistance, as was
done previously.
In this paper, a version of Ic that includes excess pore pressure ratio in the
formulation, as defined by Jefferies and Davies (1993), is adopted as a basic
parameter for modeling liquefaction resistance. The excess porewater pressure ratio
Bq correlates well with the behavior of fine-grained soils and has been incorporated
into soil classification charts (Robertson 1990, Jefferies and Davies 1993). Thus,
inclusion of Bq in the formulation of Ic appears suitable for extending the existing
CPT-based evaluation from sands and silty sands to soils that are described as “too
clay-rich to liquefy.”
Furthermore, a model for liquefaction resistance is derived based on case histories.
In essence, knowledge is “extracted” from collected case histories using an artificial
neural network (ANN). This knowledge is then used to develop a new simplified
model based on piezocone penetration testing (CPTu). The developed CPTu-based
model is assessed and demonstrated with recent liquefaction case histories.
2. LEARNING FROM CASE HISTORIES - ARTIFICIAL NEURAL NETWORK
In these previous studies, ANNs were trained using databases of case histories in
which field observation, in the binary form of “yes” or “no,” was available. If the
ANN has “learned” adequately from case histories, it may then be used for
“forecasting” whether liquefaction could occur under a given scenario. Thus, the
trained ANN may be used as a tool for assessing liquefaction potential of a soil in a
given seismic loading. Recently, Juang et al. (2003) took this approach a step
further. They developed a procedure with which the limit state for liquefaction
triggering, commonly expressed as a boundary curve, can be established based on the
trained ANN. It should be noted that the limit state for liquefaction triggering is
essentially a model of CRR at a given CSR.
To allow ANN to learn from case histories, each case history must be characterized
using both seismic and soil data. Selecting CSR as an input variable is the obvious
choice because, in any cyclic stress-based method that follows the simplified
procedure of Seed and Idriss (1971), CSR is used to characterize the earthquake load
for assessing liquefaction potential. Throughout this paper, the variable CSR is the
adjusted cyclic stress ratio as defined by Idriss and Boulanger (2006). It is expressed
as:
   a 
 1  1 
CSR  0.65  v   max  (rd ) 
(1)
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where v and v are the total stress and the effective stress, respectively, of the soil
of concern at a given depth, g is the acceleration of gravity, which is the unit for peak
ground surface acceleration amax, rd is the depth-dependent shear stress reduction
factor, MSF is the magnitude scaling factor, and K is the overburden correction
factor for cyclic stress ratio. Both v and v are in same units, and rd, MSF, and K
are dimensionless. It should be noted that this definition of CSR (Equation 1) is
already adjusted to the conditions of moment magnitude Mw = 7.5 and v = 100 kPa.
This adjustment is essential to process case histories that were collected from
different earthquakes of various magnitudes and to unify the influence of confining
pressures. The intermediate parameters, rd, K, and MSF as defined by Idriss and
Boulanger (2006) are employed herein.
In addition to the data of earthquake loading as represented by CSR, the data of
liquefaction resistance are needed to completely characterize a case history. Selecting
the most suitable input variables to characterize liquefaction resistance of soils based
on CPTu measurements is not a trivial task. In a CPTu, profiles of cone tip
resistance qt, sleeve friction fs, and porewater pressure u2 are recorded. Various
derived dimensionless parameters are used to characterize the soils encountered in the
CPTu measurement, including friction ratio Rf, normalized cone tip resistance Qt,
excess pore pressure ratio Bq, and normalized friction ratio F (Robertson 1990;
Jefferies and Davies 1993). Additional derived parameters such as stress-adjusted
cone tip resistance qt1N and soil behavior index Ic have also been used.
Using knowledge from previous studies (Juang et al. 2006), two derived parameters,
qt1N and Ic, are selected as input variables for the intended ANN model.
The adjusted cone tip resistance qt1N is determined as follows (Idriss and Boulanger
2006):
q t1N = C N q t / atm
(2a)


 
C N =  atm   1.7
 σ v 
α = 1.338  0.249(q t1N )0.264

(2b)
(2c)

where  atm is the atmosphere pressure (1 atm = 1.013 bars = 101.3 kPa).
Equation 2 was proposed by Idriss and Boulanger (2006) in conjunction with their
CPT-based method for evaluation of liquefaction resistance of sands. This equation
was derived using the concept of “state” parameter and an empirical relationship with
relative density. In this paper, the parameter qt1N is used to capture the resistance
behavior of clean sands and the effect of fines type and content is included by the soil
behavior type index Ic.
The parameter Ic used in this paper is defined as follows (after Jefferies and Davies
1993):





2

3  log10 Q t 1  Bq   1  + 1.5+1.3  log10 F 
(3)




It should be noted that in the original formulation, the bracket {Qt(1-Bq)+1} was
expressed as {Qt(1-Bq)+1}. The value “1” is added here to prevent the bracket from
becoming negative should Bq be greater than 1 (in such cases, Qt is very small and
{Qt(1-Bq)} is less than 1). Moreover, according to Shuttle and Cunning (2007), the
Ic =

2
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dimensionless term {Qt(1-Bq)+1} is “fundamental for the evaluation of undrained
response during CPTu sounding,” which allows for greater differentiation between
silty clays and clayey silts.
A database of case histories, consisting of 190 liquefied cases and 123 non-liquefied
cases, was compiled from five well-documented sources (Moss et al. 2006, Ku et al.
2004, Lai et al. 2004, Bray et al. 2004, and PEER 2007). The binary criterion of
liquefaction/no-liquefaction was judged primarily based on surface manifestation of
liquefaction, such as sand boils, ground settlement, and lateral spreading (or lack
thereof), and in some cases (such as those reported by Bray et al. 2004), critical layers
were identified by field observations supplemented with detailed dynamic finite
element analyses or confirmed by multiple existing liquefaction evaluation methods.
Figure 1 shows the soils in these cases in the soil behavior type classification chart.
1000
Ic=1.25
Ic=1.8

0.6
Ic=2.4

Cyclic Resistance Ratio, CRR

Dimensionless penetration resistance, Qt (1-Bq)+1

Liquefied
Nonliquefied

Gravelly
sands
Ic= 2.76

100

Clean sand
to silty sand

10

Silty sand
to sandy silt

Clayey silt to
silty clay
Clays

Ic=3.22
Organic soils - peats

1
Normalized friction ratio, F (%)

0.4
0.3
I c = 1.25
I c = 1.51
Ic = 1.8
Ic = 2.1
Ic = 2.4
Ic = 2.76

0.2
0.1
0

1
0.1

0.5

10

Figure 1. Case histories in the database plotted on
the CPT classification chart (Juang et al. 2008)
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Figure 2. Family boundary curves of the
proposed model (Juang et al. 2008)

It should be noted that the CPT data reported in the database of Moss et al. (2006) did
not include Bq. An examination of all other CPTu data revealed that for those cases
with Ic,RW < 2.2 and friction ratio Rf < 1.5%, the values of Bq are very small (0.06 <
Bq < 0.02). Assuming Bq = 0 for these cases will cause a maximum error in the
computed Ic of less than 2%. Thus, the database from Moss et al. (2006) was
screened with the criteria of Ic,RW < 2.2 and Rf < 1.5%, and 116 cases were selected.
These cases are assumed to have Bq = 0 and are included in the new database for the
present study. The rest of the data in this new database were derived from the 1999
Chi-Chi, Taiwan Earthquake and the 1999 Kocaeli, Turkey Earthquake where Bq was
directly included.
3. BOUNDARY SURFACE SEARCHED WITH AID OF NEURAL NETWORK
The search procedure that utilizes ANN for locating data points on the unknown
boundary surface, referred to herein as the limit state surface, was developed by
Juang et al. (2000). Here, a limit state function CRR = f (qt1N, Ic) can be established
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once a large number of data points have been “found” through the search. In this
study, 91 data points were successfully generated.
A series of least-squares regression analyses were conducted on the 91 boundarysurface data points that were “found” in the search process using the developed ANN
model. The following least-squares expression was obtained:
(4)
CRR  0.05  exp  A  B  (q t1N /100)C 

where
A  I c  (q t1N / 100)  10.455

B  0.669  I 3c  5.55  I c  12.993
C  0.284  0.0214  I c2
and where qt1N is per Equation 2 and Ic is per Equation 3. These definitions must be
strictly followed whenever Equation 4 is employed for evaluating CRR, and the
resulting CRR must be compared to CSR defined in Equation 1 for assessing
liquefaction potential, as Equations 1, 2, 3 and 4 were calibrated as a whole in the
ANN learning and interpolation.
In short, the proposed CPTu-based method involves evaluation of CSR by Equation 1
and CRR by Equations 2, 3, and 4. The liquefaction potential is then assessed with
factor of safety (FS) defined as FS = CRR/CSR.

4. CAPABILITY AND ACCURACY OF PROPOSED CPTu-BASED METHOD
It is desirable to compare the new CPTu-based method with the existing methods.
Because the existing boundary curves (CRR models) are all presented in 2-D graphs,
it is necessary to present the developed model accordingly. Figure 2 shows a set of
“family” CRR-qt1N boundary curves that correspond to different soil types implied by
Ic. Each of the boundary curves represents the intersection of a given plane Ic =
constant (say, Ic = 1.51) and the boundary surface (Equation 4) in the 3-D space.
One interesting observation is that for a given qt1N, the liquefaction resistance is the
lowest at Ic  1.51, which is approximate at the midpoint of the range of Ic for “sands”
(where the lower end of the range is Ic = 1.25 for gravelly sand, and the higher end is
Ic = 1.8 for silty sand; see Table 1). The soils with lower Ic, such as “gravelly sands”
(Ic ≤ 1.25), is found to have higher liquefaction resistance than those soils with Ic 
1.51 (clean sands). In other words, for soils with the same qt1N, the liquefaction
resistance increases as Ic decreases from 1.51 to 1.25. It is easily understood as the
soils in this range (Ic = 1.25 to 1.51) contain practically no fines, and the liquefaction
resistance increases with the increase in the particle size and strength. On the other
hand, for soils with the same qt1N, the liquefaction resistance increases as Ic increases
from 1.51 to 1.8 (Figure 2), which is also easily understood as the soils in this range
[from Ic = 1.51 (clean sand) to 1.8 (silty sand)] tend to have greater liquefaction
resistance due to the effect of the fines.
It is of interest to show all case histories with different soils in the same 2-D graph of
CRR (or CSR) versus qt1N, at least from a historic perspective. This necessitates the
development of the so-called “clean sand equivalence” of cone tip resistance for any
given soil. Robertson and Wride (1998) developed a correction factor Kc that can be
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Figure 3. Base boundary curve with transformed data (Juang et al. 2008)

applied to the normalized cone tip resistance qc1N to yield the “clean sand
equivalence,” qc1N,cs. Their idea was to transform an empirical model, CRR = f(qc1N,
Ic,RW), into a new model, CRR = f(qc1N,cs), subject to the constraint that both models
yield the same liquefaction resistance. In the procedure recommended by Robertson
and Wride (1998), the correction factor Kc is a function only of Ic,RW. However, as
discussed previously, at different levels of qt1N, the influence of Ic differs, and the
correction factor Kc then becomes a function of both soil type (represented by Ic) and
normalized cone tip resistance (qt1N). Thus, development of an empirical model for
Kc will be of little practical value. Nevertheless, numerical solutions for an equivalent
qt1N value at a reference level of Ic = 1.51 (where the liquefaction resistance is the
lowest for a given qt1N) can be obtained for all cases (Ic  1.51) by satisfying the
constraint: f ( qt1N ,1.51)  f ( qt1N , I c ) where qt1N is the equivalent qt1N value at Ic =
1.51, and f is the function for CRR expressed in Equation 4. Figure 3 shows all
transformed data points along with the “base” boundary curve, which is obtained by
plotting Equation 4 at Ic = 1.51.
For comparison, two other Ic,RW-based CRR models are shown in Figure 3. It is
important to emphasize that this comparison of the three boundary curves is only
approximate, as the definition of the “base” boundary curves by Robertson and Wride
(1998) and Juang et al. (2006) is not exactly the same as that adopted in this study.
In addition, the CRR model developed in this study is based on CPTu, whereas the
other two models are based on CPT. Nevertheless, the results show that the base
boundary curve of the new model, in which the effect of Bq is negligible, is
comparable to those of the existing models.
5. LIQUEFACTION POTENTIAL OF SILT MIXTURE – CASES STUDY
One unique feature of the proposed CPTu-based method is its capability to assess
liquefaction potential of “silt mixtures” (i.e., clayey silt to silty clay) using the Ic that
considers porewater pressure ratio (Bq). To this end, it is of interest to demonstrate
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this capability by back-analysis of well documented case histories from the August
17, 1999 Kocaeli earthquake that involved soils considered to be “too clay-rich to
liquefy.” An extensive site investigation program was conducted in Adapazari,
Turkey after the Kocaeli earthquake (Bray et al. 2004). All available CPTu sounding
profiles were analyzed in this study and similar results were obtained.

Figure 4. Results of the analysis of CPT-C4 (Juang et al. 2008)

Using the CPTu data and the seismic parameters of Mw = 7.4 and amax = 0.40g,
liquefaction potential in terms of factor of safety is calculated with both the proposed
model and the Robertson and Wride (1998) method. Figure 4 shows results of the
analysis of Adapazari CPT-C4. In the critical layer where Ic,RW > 2.6, direct
application of the Robertson and Wride (1998) method would yield “no liquefaction”
(it should be noted that in case of Ic,RW > 2.6, Robertson and Wride actually suggested
use of other criteria to confirm this assertion), whereas the application of the
proposed method would yield FS much less than 1, indicating “liquefaction.” In this
case, the results obtained by the proposed model agree with field observation.
6. SUMMARY AND CONCLUDING REMARKS
A CPTu-based method for evaluating liquefaction potential of soils is presented
which incorporates excess porewater pressure ratio (Bq) in the formulation of soil
behavior type index (Ic). The proposed CRR model is a function of two derived
variables, qt1N and Ic. The model described here is applicable to a wide range of
geomaterials, including soils that were once considered “too clay-rich to liquefy”
using the existing method.
The results of the analysis of cases from critical layers at selected ground failure sites
in Adapazari using the proposed CPTu-based method agreed well with field
observations in the 1999 Kocaeli earthquake.
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