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A B S T R A C T

The cyclic strain approach was proposed in the 1980s as a potential alternative to the stress-based simplified
liquefaction evaluation procedure. However, despite its fundamental basis and many positive attributes, it has
not been embraced by practice. One reason for this may be the need to perform cyclic laboratory tests on
undisturbed/reconstituted samples to develop a relationship among excess pore water pressure, cyclic strain
amplitude, and number of applied strain cycles. Herein an alternative implementation of the strain-based pro-
cedure is proposed that circumvents this requirement, using a strain-based pore pressure generation model in
lieu of laboratory test data. To assess the efficacy of the alternative implementation, several hundred small strain
shear wave velocity (Vs) and Standard Penetration Test (SPT) field liquefaction case histories are evaluated. The
results are compared with both field observations and with predictions from the stress-based procedures. It was
found that the stress-based approach yielded considerably more accurate predictions compared to the cyclic
strain approach. One likely reason for this is the strain-based procedure's inherent and potentially fatal limitation
of ignoring the decrease in soil stiffness due to excess pore pressure when representing the earthquake loading in
terms of shear strain amplitude and number of equivalent cycles.

1. Introduction

The primary objective of the study presented herein is to evaluate
the efficacy of the strain-based liquefaction triggering evaluation pro-
cedure implemented using a pragmatic variant of the procedure ori-
ginally proposed by Dobry et al. [11]. Liquefaction is a phenomenon
that results from the contractive tendencies of loose to medium dense
soils when sheared. For saturated cohesionless soils, this tendency re-
sults in the transfer of the overburden stress to the pore fluid, with the
commensurate increase in pore water pressure and decrease in effective
confining stress. Liquefaction has occurred in most major earthquakes
and has caused significant damage to infrastructure (e.g., Cubrinovski
and Green [8]; Cubrinovski et al. [9]; Green et al. [15]; Olson et al.
[33]; Stringer et al. [40]; among many others).

The most widely used procedure for evaluating liquefaction trig-
gering potential is the simplified stress-based procedure originally
proposed by Whitman [44] and Seed and Idriss [37]. This procedure is
semi-empirical and has undergone periodic updates as a result of
findings from new laboratory studies and/or the collection and analysis
of additional field case history data (e.g., Youd et al. [46]; Cetin et al.
[6]; Idriss and Boulanger [16]). Inherent to this procedure is the
quantification of the seismic demand imposed on the soil expressed in

terms of cyclic shear stress.
Despite the popularity of the stress-based procedures, multiple

studies have shown that excess pore water pressure better correlates to
cyclic strain than to cyclic stress (e.g., Fig. 1) (e.g., Martin et al. [25];
Dobry et al., [11]; Byrne [3]). The reason for this is the relative
movement of soil particles, which is requisite for excess pore water
pressure generation, relates to the induced strain, regardless of ampli-
tude of the stress applied to soil. As a result, Dobry et al. [11] proposed
a strain-based liquefaction triggering evaluation procedure. Although
the Dobry et al. [11] procedure generally received a positive reception
by liquefaction researchers, it has failed to be adopted into practice.
One reason for this is likely the requirement to perform strain-con-
trolled cyclic laboratory tests on undisturbed and/or reconstituted
specimens. This is in contrast to the simplified stress-based procedures
wherein in-situ test metrics are the primary parameters used to evaluate
liquefaction potential, with laboratory index tests and grain size dis-
tribution analyses having supporting roles if their performance is
deemed necessary (e.g., use of measured fines content, FC, versus ap-
parent FC in conjunction with the Cone Penetration Test, CPT, stress-
based simplified procedure).

Herein an alternative approach to implementing the Dobry et al.
[11] strain-based procedure is proposed which circumvents the need for
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performing strain-controlled cyclic laboratory tests. Per this procedure,
a strain-based numerical excess pore pressure generation model is used
in lieu of developing analogous relationships from laboratory tests. The
soil parameters required to implement the procedure include: relative
density (Dr), secant shear modulus (G), and grain size distribution
characteristics of the soil (i.e., FC and coefficient of uniformity: Cu);
note that focus herein is on soils that are susceptible to liquefaction
(i.e., non-plastic soils) and thus Plasticity Index (PI) is not needed.
These required parameters are not too different from those required to
implement the stress-based simplified procedures and can be estimated
using simple relationships or conservative assumptions.

To assess the efficacy of the proposed variant of the Dobry et al. [11]
strain-based procedure, earthquake liquefaction case histories in the
small strain shear wave velocity (Vs) database, which consists of 415
case histories compiled by Kayen et al. [20], and in the Standard Pe-
netration Test (SPT) database, which consists of 230 case histories
compiled by Boulanger et al. [2], are evaluated. Accordingly, the effi-
cacy of the strain-based procedure can be assessed both in an absolute
sense (i.e., with respect to field observations) and in a relative sense
(i.e., relative to the efficacy of stress-based procedures). Additionally,
using the two types of liquefaction case history databases in the as-
sessment allows the significance of using one type of in-situ test metric,
versus the other, to estimate needed parameters.

The following sections present the background information related
to both the cyclic stress and cyclic strain approaches. Next, the steps
used to implement the proposed variant of the strain-based procedure
are outlined, and an overview of the liquefaction case history databases
used in the assessment is given. The results from the assessment are
then presented and discussed.

2. Background information

2.1. Liquefaction evaluation procedures

2.1.1. Simplified stress-based approach
As stated in the Introduction, the simplified stress-based procedure

is widely used for evaluating liquefaction triggering. Per this procedure
the seismic demand is quantified in terms of Cyclic Stress Ratio (CSR),
which is the cyclic shear stress (τc) imposed at a given depth in the soil
profile normalized by the initial vertical effective stress (σ’vo) at that
same depth. The word “simplified” in the procedure's title originated
from the proposed use of a form of Newton's Second Law to compute τc
at a given depth in the profile, in lieu of performing numerical site
response analyses. The resulting “simplified” expression for CSR is:
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where: amax =maximum horizontal acceleration at the ground surface;
g = acceleration due to gravity; σv and σ’vo = total and initial effective
vertical stresses, respectively; and rd = depth-stress reduction factor
that accounts for the non-rigid response of the soil profile.

Additional factors are applied to Eq. (1), the need for which were
largely based on results from laboratory studies, to account for dura-
tional effects of the shaking (MSF: Magnitude Scaling Factor, where the
reference motion duration is for a moment magnitude 7.5 earthquake,
Mw7.5), initial effective overburden stress (Kσ, where the reference
initial effective overburden stress is 1 atm), and initial static shear stress
(Kα, where the initial static shear stress is zero, e.g., level ground
conditions). The resulting expression for the normalized CSR (i.e.,
CSR*: CSR normalized for motion duration for a Mw7.5 event, 1 atm
initial effective overburden stress, and level ground conditions) is given
by Eq. (2):
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Case histories compiled from post-earthquake investigations were
categorized as either “Liquefaction” or “No Liquefaction,” based on
whether evidence of liquefaction was or was not observed at the sites.
By plotting CSR* for each of the case histories as a function of the
corresponding in-situ test metric (e.g., SPT N-value or Vs), normalized
for clean sand conditions and an initial effective overburden stress of
1 atm etc., it can be observed that the “Liquefaction” and “No
Liquefaction” cases tend to lie in two different regions of the graph. The
“boundary” separating these two sets of case histories is referred to as
the Cyclic Resistance Ratio (CRRM7.5) and represents the capacity of the
soil to resist liquefaction during an Mw7.5 event. This boundary can be
expressed as a function of the normalized in-situ test metrics.

Consistent with the conventional definition for factor of safety (FS),
the FS against liquefaction (FSLiq) is defined as the capacity of the soil to
resist liquefaction divided by the seismic demand:

=FS CRR
CSR*Liq

M7.5
(3)

As discussed subsequently in this paper, the efficacies of the de-
terministic variants of the Kayen et al. [20] Vs-based and Idriss and
Boulanger [17] SPT-based simplified liquefaction evaluation proce-
dures are used herein to compare with that of the proposed variant of
the Dobry et al. [11] strain-based procedure.

2.1.2. Dobry et al. [11] strain-based approach
Early studies showed that volumetric strain in a given soil subjected

to cyclic loading under drained conditions almost uniquely correlates
with the amplitude of the applied cyclic shear strain (γc), rather than
the applied τc (e.g., Silver and Seed [36]). The corollary of this finding
is that the excess pore pressure ratio (ru: ru = Δu/σ’vo, where Δu is the
excess pore water pressure) in a given saturated soil subjected to cyclic
loading under undrained conditions almost uniquely correlates with the
amplitude of the applied γc, rather than the applied τc (e.g., Martin
et al. [25]). Building on these findings, Dobry et al. [11] proposed a
strain-based approach for evaluating liquefaction triggering potential,
as an alternative to the stress-based approach.

Starting with the simplified equation to compute τc, Dobry et al.
[11] proposed a simplified equation to compute γc:

=γ τ
Gc

c
(4)

=γ a
g
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where: G = secant shear modulus of the soil; Gmax = small-strain (γc ≤
10−4%) secant shear modulus of the soil; and (G/Gmax)γc = normalized

Fig. 1. Porewater pressure buildup in cyclic triaxial strain-controlled tests, after
ten loading cycles, as a function of cyclic shear strain, for various normally
consolidated saturated sands at Dr = 60% and for various pressures (Dobry
et al. [11]).
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secant shear modulus reduction ratio of the soil corresponding to γc.
Dobry et al. [11] found that there is a limiting value of γc, below which
no excess pore water pressures develop, regardless of the number of
applied load cycles (neq); they referred to this limiting value of γc as the
threshold volumetric shear strain (γtv). Dobry et al. [11] found that for
normally consolidated clean and silty sands γtv ≈ 0.01%.

The strain-based liquefaction triggering evaluation procedure pro-
posed by Dobry et al. [11] consists of four steps:

Step 1.. Determination of γc and neq. γc is calculated using Eq. 5; the
equivalent number of cycles, neq, can be obtained from established
correlations with earthquake parameters.

Step 2.. Comparison between γc and the threshold strain of the soil, γtv. If γc
< γtv, neither pore pressure buildup nor liquefaction will occur and the
evaluation ends here.

Step 3.. If γc > γtv, the values of γc and neq are used in conjunction with
experimental curves developed from strain-controlled cyclic tests performed
on undisturbed and/or reconstituted samples prepared to the same relative
density (Dr) as the soil in-situ (e.g., Fig. 1) to estimate ru at the end of
earthquake shaking.

Step 4.. The value of ru estimated in Step 3 is used to decide if the site will
experience initial liquefaction (ru ≈ 1.0) or not (ru < 1.0).

Laboratory studies performed around the same time Dobry et al.
[11] published their procedure showed that the cyclic resistance of
reconstituted soil samples prepared to a given Dr was heavily dependent
on the sample preparation method (e.g., Mitchell et al. [30]). However,
these studies based their findings on stress-controlled cyclic test data,
while the experimental curves required to be developed in Step 3
should be based on strain-controlled cyclic test data. Unlike stress-
controlled tests, the cyclic resistance of a given soil prepared to a given
Dr determined using strain-controlled tests is relatively insensitive to
method used to reconstitute the sample. The reason for this is that the
sample preparation method inherently influences the sample stiffness.
Accordingly, for a given applied shear stress, the amplitudes of the
shear strains induced in samples prepared by different methods will
differ, and excess pore pressure generation (and liquefaction) is a strain
phenomenon.

3. Proposed alternative implementation of the Dobry et al. [11]
strain-based procedure

3.1. Determination of γc and neq

Step 1 of the Dobry et al. [11] strain-based procedure is to de-
termine γc and neq, which represents the amplitude and duration of the
applied earthquake loading. In Eq. (5), the stiffness of the soil is re-
presented by Gmax·(G/Gmax)γc, where Gmax can be computed from Vs

and relationships for G/Gmax as a function of γc have been proposed by
several investigators (Fig. 2). These relationships often include pre-
dictive variables such as mean effective confining stress (σ’mo), PI,
overconsolidation ratio (OCR), etc. (e.g., Ishibashi and Zhang [18];
Darendeli [10]; and Menq [29]). However, because the G/Gmax re-
lationships are expressed as a function of γc, an iterative procedure is
required to determine (G/Gmax)γc and hence γc using Eq. (5).

Herein the G/Gmax relationship proposed by Ishibashi and Zhang
[18] is used to compute γc. Although more recent relationships have
been proposed by Darendeli [10] and Menq [29], these relationships
require predictive variables that are not provided in the liquefaction
case history databases. Moreover, a parametric study was performed by
the authors wherein reasonable values were assumed for the required
predictive variables for the Darendeli [10] relationship for several case
histories. The differences in the resulting computed excess pore water
pressure ratios using the Ishibashi and Zhang [18] relationship versus
Darendeli [10] relationship were not significant.

In using Eq. (5) to compute γc in this study, the rd relationship
proposed by Lasley et al. [21] for active, shallow crustal tectonic re-
gimes (e.g., western United States: WUS) was employed. This re-
lationship is given by the following expressions:

⎜ ⎟= − ⎛
⎝
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+r α z
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α(1 )expd
(6a)

= − + ∙α Mexp ( 4.373 0.4491 )w (6b)

= − + ∙β M20.11 6.247 w (6c)

where: α= limiting value of rd at large depths and can range from 0 to
1; β controls the curvature of the functions at shallow depths; and
z=depth in meters.

3.1.1. Ishibashi and Zhang [18] normalized shear modulus reduction curve
The Ishibashi and Zhang [18] modulus reduction curve relationship

is given by:
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where K(γc, PI) is a decreasing function of γc, and m(γc, PI) is an in-
creasing function of γc. Both K(γc, PI) and m(γc, PI) were obtained from
statistical regression of experimental data. The initial mean effective
confining stress is computed as:

′ = ′ +σ σ K(1 2 )
3mo

vo o
(8)

where Ko is the at-rest lateral earth pressure coefficient, which for
normally consolidated, loose sands can be assumed to be 0.5 or can be
estimated using relationships such as that proposed by Jaky [19].

In using Eq. (7) to compute (G/Gmax)γc and γc in this study, PI = 0
was assumed because the soils analyzed are non-plastic. Also, a con-
vergence criterion of 0.05% between γc values computed in sequential
iterations was used.

Fig. 2. Comparison of normalized shear modulus degradation curves using the
Ishibashi and Zhang [18], Darendeli [10], and Menq [29] for clean sand.
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3.1.2. Number of equivalent cycles, neq
Per Step 1 of the Dobry et al. [11] strain-based procedure, neq of the

earthquake loading is required, which Dobry et al. [11] states is a
function of earthquake magnitude. At the time of the writing of Dobry
et al. [11], a few relationships for equivalent number of stress cycles
(neqτ) had been developed (e.g., Seed et al. [38]), but the authors are
not aware of any equivalent number of strain cycles (neqγ) relationships
having had been developed. Accordingly, Dobry et al. [11] likely as-
sumed that neqτ and neqγ were equivalent, which is not necessarily the
case (e.g., Green and Terri [13]). Even today, few relationships have
been developed for neqγ (e.g., Green and Lee [14]; Chen et al. [7]; Lee
and Green [24]), and these relationships were developed for evaluating
seismic compression in dry or partially saturated soils, not for evalu-
ating liquefaction in saturated soils.

Despite its questionable applicability for use in a strain-based li-
quefaction evaluation procedure, the neqτ relationship proposed by
Lasley et al. [22] is used herein. The reason for selecting this re-
lationship is because it was more rigorously developed than other ex-
isting neqτ and neqγ relationships and none of the alternative relation-
ships are any more applicable for use in the strain-based liquefaction
procedure than the Lasley et al. [22] relationship.

Lasley et al. [22] built upon the work by Green and Terri [13] and
Lee [23] and developed their relationship for earthquake magnitudes
between 4.9 and 7.9 in shallow crustal active tectonic regions. To ac-
count for multidirectional shaking, Green and Terri [13] performed
one-dimensional, equivalent linear site response analyses for each
horizontal component in a pair of motions, added the energy dissipated
at the respective depths for each component of motion, and set the
amplitude of the equivalent cycle to 0.65 times the geometric mean of
the maximum shear stresses experienced at a given depth. The same
process of accounting for multidirectional shaking was used by Lasley
et al. [22] and is referred to as Approach 2. With this Approach, neqτ
represents the combined influence of both horizontal components of
motion, with the resulting relationship given as:

= − ⋅ + ⋅n a Mln( ) 0.4605 0.4082 ln( ) 0.2332eqτ max w (9)

where amax is the same as defined previously and has units of g. This
correlation shows a negative correlation between neqτ and amax, as
shown in Fig. 3.

3.2. Threshold shear strain (γtv) and threshold peak ground acceleration,
(amax)t

Step 2 of the Dobry et al. [11] strain-based procedure determines
whether γc< γtv. As stated previously, for normally consolidated clean
and silty sands γtv ≈ 0.01% (e.g., Silver and Seed [36]; Youd [45]; Stoll
and Kald [39]; Dobry et al. [11]; Vucetic [42]; Abdoun et al. [1]; among
others). This strain value was determined experimentally where the
results of cyclic testing showed that when γc ≤ 0.01% no excess pore
water pressures were generated, even when subjected to a large number
of cycles. In addition, Dobry et al. [11] presented analytical results,

using a simple cubic array of quartz spheres, where the calculations also
showed γtv ≈ 0.01%. Consistent with published studies, γtv was taken
to be 0.01% in this assessment.

To provide a simple and fast screening method to determine whe-
ther or not the cyclic shear strain exceeds the threshold strain, Eq. (5)
was used to develop a relationship for the peak ground surface accel-
eration required to induce a γc at a given depth in the soil profile equal
to γtv. This acceleration is referred to as the threshold peak ground
surface acceleration, (amax)t, and below this value no excess pore
pressures develop; (amax)t is expressed as:

=a
G G G

σ r
( ) 0.000154

( / )
max t

max max γ

v d

tv

(10)

where (amax)t is in units of g; and (G/Gmax)γtv = normalized shear
modulus reduction ratio of the soil corresponding to γtv.

3.3. Excess pore pressure generation for γc > γtv

Step 3 of the Dobry et al. [11] strain-based procedure considers the
scenario when γc> γtv. For this scenario, excess pore pressures will
develop in the soil, and the magnitude of the generated excess pore
pressures need to be estimated to determine whether liquefaction will
be triggered. In lieu of developing a relationship between ru and γc from
laboratory tests, herein it is proposed that a strain-based numerical pore
pressure generation model be used for this purpose. Specifically, the
model proposed by Vucetic and Dobry [41] is used herein.

Vucetic and Dobry [41] developed an empirical relationship among
ru, γc, and neqγ from undrained, strain-controlled cyclic shear test data
on clean sands. Their model is given as:

=
∙ ∙ ∙ ∙ −

+ ∙ ∙ ∙ −
r

p f n F γ γ
f n F γ γ

( )
1 ( )u

eqγ c tv
s

eqγ c tv
s (11)

where: ru = residual excess pore pressure ratio after neqγ cycles of ap-
plied loading; f = 1 or 2 for one- or two-dimensional loading, respec-
tively; and p, F, and s are curve-fitting constants. The variable f was
taken to be unity in this study because the Lasley et al. [22] correlation
for neqτ combines the influence of both horizontal components of mo-
tion.

Mei et al. [28] proposed empirical correlations for the three curve-
fitting parameters (p, F, and s) to avoid the need of performing la-
boratory cyclic testing to calibrate the model. Mei et al. [28] suggested
setting p=1 and s=1 based on the analysis of data from laboratory
cyclic tests that they performed and from others (Dobry et al. [12];
Vucetic and Dobry [41]; and Matasovic [26]). Additionally, Mei et al.
[28] developed a correlation relating F, Dr, and Cu. They noted that F
reflects the rate of Δu generation and should be inversely related to Dr

and directly related to Cu. Fig. 4 shows their proposed correlation for
clean, subangular to subrounded silica sands. Alternatively, F can be
estimated using the correlation proposed by Carlton [4], which related
F to Vs. This correlation is shown in Fig. 5. Finally, Mei et al. [28] refer
to Dobry et al. [11], stating that γtv is usually between 0.01% and
0.02% for most sands; herein, γtv = 0.01% is assumed in implementing
the Vucetic and Dobry [41] model.

A comparison of predicted and measured excess pore pressures is
shown in Fig. 6. In this figure, the excess pore pressures were predicted
using the model proposed by Vucetic and Dobry [41] model (Cu = 2.1
and Dr = 60%) and the measured pore pressures are from Dobry et al.
[11] for strain-controlled cyclic triaxial tests performed on samples
having Dr = 60%. As may be observed from this figure the Vucetic and
Dobry [41] model gives a reasonable prediction of the measure pore
pressures. Furthermore, Fig. 7 shows predicted excess pore pressures
using the Vucetic and Dobry [41] model for loose (Dr = 30%) and
medium dense (Dr = 60%) soils having σ’vo = 100 kPa for increasing
values of neqg. As expected, ru increases more rapidly in looser soils
than denser soils when subjected to the same loading. Also, for a givenFig. 3. Values of neqτ predicted with the Lasley et al. [22] correlation.
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sample subject to a given amplitude gc, ru increases as neqg increases.

3.4. Assessing whether liquefaction is triggered

The final step in the Dobry et al. [11] strain-based procedure (i.e.,
Step 4) is to evaluate whether liquefaction is triggered. Dobry et al. [11]

defined liquefaction as ru = 1; therefore, a value of ru computed from
Step 3 that is less than 1 implies that liquefaction is not triggered.
However, depending on the density of the soil, ru< 1 can still result in
damage to nearby infrastructure. Accordingly, as discussed subse-
quently, defining liquefaction by an ru ≤ 1.0 is considered appropriate.
Note that ru is unknown for the vast majority, if not all, the field case
histories used to develop the stress-based liquefaction procedures; for
these case histories, surficial manifestations, not ru, were used to infer
whether liquefaction was triggered or not.

3.5. Analyzing field case histories

The efficacy of the alternative implementation of the Dobry et al.
[11] strain-based procedure is assessed by analyzing field case histories
compiled by Kayen et al. [20] and Boulanger et al. [2]. Both the Kayen
et al. [20] and the Boulanger et al. [2] databases include information
about amax, σ’vo, σv, and depth of the critical layer for each case his-
tories. The approaches used to estimate the other required parameters
are outlined in the following sections on the respective case history
databases. Also, additional information about the liquefaction case
history databases used in this study is provided in the electronic sup-
plement.

3.5.1. Kayen et al. [20], Vs database
The Kayen et al. [20] Vs liquefaction case history database is com-

posed of 415 case histories, where Vs measurements were mainly made
using the spectral analysis of surface waves method (SASW). Out of the
415 cases, 287 were catalogued as “Liquefaction” cases, 124 were
catalogued as “No Liquefaction” cases, and four cases were considered
to be on the margin between liquefaction and no liquefaction (i.e.,
“Marginal” cases). The case histories are from 34 earthquakes from sites
in Japan (223 cases), the United States (105 in California, 24 in Idaho,
and 9 in Alaska), China (30), Taiwan (20), Greece (2), and Turkey (2).
Some of these sites are the same ones compiled in the SPT database by
Cetin et al. [5] and the CPT database by Moss et al. [31].

To implement the alternative form of the Dobry et al. [11] strain-
based procedure to evaluate the Vs case histories, the total unit weight
(γt) of the critical layer needs to be estimated to compute Gmax from the
listed value of Vs:

⎜ ⎟= ⎛
⎝

⎞
⎠

G
γ
g

Vmax
t

s
2

(12)

However, the Kayen et al. [20] database does not list values of γt for
the critical layer. Assuming that most of the soils below the ground
water table at the case history sites were sands or silty sands, the values
of γt were approximated in the range from 16 to 20.5 kN/m3

(100–130 lbs/ft3) to match the reported values of σ’vo and σv listed in
the database.

3.5.2. Boulanger et al. [2], SPT database
The Boulanger et al. [2] SPT database is composed of 230 case

histories, where 115 were catalogued as “Liquefaction” cases, 112 were
catalogued as “No Liquefaction” cases, and three cases were considered
“Marginal.” The case histories are from 22 earthquakes from sites in
Japan (150 cases), the United States (59 in California), China (11),
Argentina (5), Guatemala (3), and Philippines (2).

To implement the alternative form of the Dobry et al. [11] strain-
based procedure to evaluate the SPT case histories, the following
parameters need to be estimated:

• Gmax to compute γc.
• Dr and Cu to determine the F parameter for the Vucetic and Dobry
[41] excess pore pressure generation model using the correlation
proposed by Mei et al. [28].

Fig. 4. Proposed correlation to estimate curve-fitting parameter F for the
Vucetic and Dobry [41] model (Mei et al. [28]).

Fig. 5. Correlation between F and Vs (Matasovic and Ordóñez [27]; Carlton
[4]).

Fig. 6. A comparison of predicted and measured excess pore pressures, where
Vucetic and Dobry [41] model (Cu = 2.1 and Dr = 60%) was used to predict
the pore pressures and the measured pore pressures are from Dobry et al. [11]
for strain-controlled cyclic triaxial tests performed on samples having Dr =
60%.
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To estimate Vs for each of the SPT case histories, the relationship
proposed by Wair et al. [42] for all Holocene aged soils is used:

= ∙ ∙ ′V N σ26.0s vo60
0.215 0.275 (13)

where Vs is in m/sec and σ’vo is in kPa. Eq. (12) was then used to
compute Gmax, where γt was estimated using the same approach out-
lined above for the Vs case histories. The following relationship pre-
sented by Idriss and Boulanger [17] for sands was used to obtain Dr

from corrected SPT N-value (i.e., N1,60):

=D
N
46r
1,60

(14)

where Dr is constrained between 30% and 90%. For all cases, an
average value of Cu = 2.1 was assumed.

To account for fines in the soil, the “clean sands” correction was
applied to N1,60 (i.e., N1,60cs) and used to estimate the needed para-
meters. However, due to the uncertainty in the appropriateness of this
approach, a subset of the SPT case histories that have a FC ≤ 5% was
analyzed separately from the entire SPT database. This subset consisted
of 116 cases: 62 Liquefaction cases and 54 No Liquefaction cases.

4. Results

As detailed below, Steps 1–4 were followed for the alternative im-
plementation of the strain-based procedure.

4.1. Determination of γc and neqγ

To compute γc for each case history, it was necessary to use an
iterative approach in conjunction with the shear modulus degradation

curves. Example results are shown for two case histories in Fig. 8. In
implementing the iteration algorithm to compute γc, a maximum cap of
3% was imposed. This was done because it is doubtful that strains larger
than this were induced in-situ solely as a result of earthquake shaking
and the validity of the shear modulus degradation curves become
questionable at larger strains. Rodriguez-Arriaga [35] provides the
shear modulus degradation curves for all the case histories in the Kayen
et al. [20] and Boulanger et al. [2] databases showing their corre-
sponding converged values of γc. Plots of the γc values for all the case
histories as a function of Vs (for the case histories in Kayen et al. [20])
and N1,60cs (for the case histories in Boulanger et al. [2]) are shown in
the next section.

Eq. (9), proposed by Lasley et al. [22], was used to compute neqτ for
each case history, consistent with the inherent assumption made by
Dobry et al. [11] wherein neqγ and neqτ are equivalent. The results are
presented as a function of amax and Mw in Figs. 9 and 10 for the Kayen
et al. [20] and Boulanger et al. [2] databases, respectively.

4.2. Threshold shear strain (γtv) and threshold peak ground acceleration,
(amax)t

The computed γc values for both Kayen et al. [20] and Boulanger
et al. [2] databases are shown in Fig. 11. As may be observed from this
figure, the γc below which there are no “Liquefaction” cases are 0.03%
and 0.05% for the Kayen et al. [20] and Boulanger et al. [2] databases,
respectively. Note, however, these values of γc conceptually are not
synonymous to γtv because it is unknown whether any pore pressures
were generated in some of the “No Liquefaction” cases having γc less
than these values.

As stated previously, to provide a simple and fast screening method

Fig. 7. Curves of pore pressure ratio versus cyclic shear strain at different numbers of equivalent cycles for loose and medium dense soils using the Vucetic and Dobry
[41] model.

Fig. 8. Example of the converged solutions of cyclic shear strain using the Ishibashi and Zhang [18] shear modulus degradation curves with two case histories from
the Kayen et al. [20] database.
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to determine whether or not the cyclic shear strain exceeds the
threshold strain, the threshold peak ground surface acceleration can be
compared with the amax for the design earthquake motions. Fig. 12
shows a plot of the amax values as a function of Mw for the case histories
in the Kayen et al. [20] and Boulanger et al. [2] databases. As may be
observed from this figure, the lowest amax values for Liquefaction cases
are approximately 0.12 and 0.09 g for the Vs and SPT databases, re-
spectively. In comparison, the limiting values of (amax)t computed using
Eq. (10), for the Kayen et al. [20] database is 0.12 g and for the Bou-
langer et al. [2] database is 0.08 g, which are very consistent with the

limiting (amax)t values for both databases.
A summary of the computed γc, amax, and (amax)t values for both the

Kayen et al. [20] Vs database and the Boulanger et al. [2] SPT database
are listed in Table 1.

4.3. Excess pore pressure generation for γc > γtv

For the cases where γc> γtv, the Vucetic and Dobry [41] pore
pressure generation model is used in conjunction with the Lasley et al.
[22] neqτ relationship to estimate ru for the case histories compiled in

Fig. 9. Results of neqτ for the Kayen et al. [20] database as a function of (a) amax and (b) Mw.

Fig. 10. Results of neqτ for Boulanger et al. [2] database as a function of (a) amax and (b) Mw.
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the Kayen et al. [20] and Boulanger et al. [2] databases. In this study,
the “Marginal” liquefaction case histories in the two databases (seven in
total for the two databases) were treated as “Liquefaction” cases to
simplify the reporting of results with a binary denomination of either
“Liquefaction” or “No Liquefaction.”

For the case histories in the Kayen et al. [20] Vs database, the
Carlton [4] relationship is used to obtain F to calibrate the Vucetic and
Dobry [41] model. Sample results for case histories having low (100 –
120m/sec) and high (200 – 314m/sec) Vs values are plotted in Fig. 13.
A complete presentation of the ru values computed for all the case
histories in the Kayen et al. [20] database is given in Rodriguez-Arriaga
[35].

As may be observed from Fig. 13, the case histories are grouped in

bins based on neqτ (i.e., duration of cyclic loading). However, the cases
are not separated based on σ’vo because laboratory test results presented
in Dobry et al. [11] showed that the vertical effective stress did not
affect ru generation for strain controlled loading. Also, the cases for
Mw> 7.9 are identified with distinctly colored symbols since the
Lasley et al. [22] neqτ correlation was not developed for these large
magnitude events.

Analogous plots to those in Fig. 13 for the Kayen et al. [20] Vs

database are shown in Fig. 14 for the Boulanger et al. [2] SPT database.
A complete presentation of the ru values computed for all the case
histories in the Boulanger et al. [2] database is given in Rodriguez-
Arriaga [35]. In analyzing the SPT case histories, the Wair et al. [43]
correlation is used to estimate Vs values, which in turn are used to
compute Gmax values that are needed to compute γc per Eq. (5). Both Dr

and Cu need to be estimated to determine the calibration coefficients for
the Vucetic and Dobry [41] excess pore pressure generation model. Eq.
(14) is used to estimate Dr and an average value of Cu is assumed (i.e.,
Cu = 2.1).

4.4. Assessing whether liquefaction is triggered

The final step in the alternative implementation of the Dobry et al.

Fig. 11. (a) & (b) γc versus Vs for the Kayen et al. [20] database; and (c) & (d) γc versus N1,60cs for the Boulanger et al. [2] database; (b) and (d) are zoomed-in plots of
(a) and (c).

Fig. 12. Plots of amax versus Mw for: (a) the Kayen et al. [20] Vs database; and (b) the Boulanger et al. [2] SPT database.

Table 1
Limiting values of γc, amax, (amax)t.

Database Limiting Values (amax)t (g)

γc (%) amax (g)

Kayen et al. [20] 0.03 0.12 0.12
Boulanger et al. [2] 0.05 0.09 0.08
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[11] procedure is to assess the values of ru computed in Step 3 to de-
termine whether or not liquefaction is triggered. However, in inter-
preting the results from Step 3, the strict definition of liquefaction (i.e.,
ru = 1) was relaxed some to a more pragmatic value of ru = 0.95 which
could potentially result in surficial manifestations. The results are listed
in Table 2 in terms of True Positive, True Negative, False Positive, and
False Negative, which are defined as:

• True Positive: liquefaction is predicted and was observed (i.e., it was
a “Liquefaction” case).

• True Negative: liquefaction is not predicted and was not observed

(i.e., it was a “No Liquefaction” case).

• False Positive: liquefaction is predicted but was not observed (i.e., it
was a “No Liquefaction” case).

• False Negative: liquefaction is not predicted but was observed (i.e.,
it was a “Liquefaction” case).

Accordingly, True Positives and True Negatives are accurate pre-
dictions, False Positive is an inaccurate but conservative prediction, and
False Negative is an inaccurate and unconservative prediction.

Fig. 13. Estimated ru computed using the Vucetic and Dobry [41] model for sample case histories from the Kayen et al. [20] Vs database: (a) Vs = 100–120m/sec;
and (b) Vs = 200–314m/sec.
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5. Discussion

5.1. Cyclic shear strains and number of equivalent cycles

The “simplified” procedure to compute γc proposed by Dobry et al.

[11] (i.e., Eq. (5)) assumes that Gmax·(G/Gmax)γc is uninfluenced by the
softening of the soil due to the generation of excess pore water pres-
sures. However, this is known not to be the case when γc> γtv. Dobry
et al. [11] allude to this, stating that “…some additional research is
needed to develop definite rules for computing γc.” The authors actually
view this as an inherent and potentially fatal limitation of the strain-
based procedure. The representation of chaotic earthquake ground
motions in an “equivalently damaging” and simplified form requires the
specification of the simplified motion's amplitude (e.g., γc) and duration
(e.g., neqγ). If it is assumed that Gmax·(G/Gmax)γc is uninfluenced by the
generation of excess pore water pressures in computing γc, then the
softening of the soil due to excess pore pressure generation needs to be
accounted for in computing neqγ. However, assuming that neqγ is
equivalent to neqτ, where the latter is computed using a “total stress”
approach (e.g., Seed et al. [37]; Green and Terri [13]), does not satisfy
this need. Furthermore, to the authors’ knowledge, no existing neqγ
relationship accounts for the softening effects of the soil due to excess
pore water, nor has any framework been proposed in literature on how
to compute neqγ that accounts for the softening effects of the soil due to
excess pore water.

As an alternative to requiring neqγ to account for the softening ef-
fects due to excess pore water pressure, γc could be computed for each

Fig. 14. Estimated ru computed using the Vucetic and Dobry [41] model with the Boulanger et al. [2] SPT database: (a) N1,60cs = 10–20 blws/30 cm; and (b) N1,60cs

= 40–50 blws/30 cm.

Table 2
Predictions versus field observations for both the strain- and stress-based pro-
cedures.

Database Kayen et al. [20]
(415 cases)

Boulanger et al.
[2] (230 cases)

Boulanger et al. [2]
FC ≤ 5% (116
cases)

Approach Strain-
based

Stress-
based

Strain-
based

Stress-
based

Strain-
based

Stress-
based

True Positive 24% 68% 6% 48% 6% 52%
True Negative 29% 19% 47% 39% 45% 38%
Accurate

Predictions
53% 87% 53% 87% 51% 90%

False Positive 1% 11% 1% 10% 2% 8%
False Negative 46% 2% 46% 3% 47% 2%
Incorrect

Predictions
47% 13% 47% 13% 49% 10%
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half cycle of loading using Eq. (5), wherein the effective confining stress
used to compute Gmax·(G/Gmax)γc, and hence γc, is updated to account
for excess pore pressure generation each half cycle of loading. This
would require that relationships such as that shown in Fig. 1 be gen-
erated for neqγ =0.5 cycles. This is certainly feasible, but in essence,
this is what the Byrne [3] strain-based pore pressure generation model
does, with the Byrne [3] model being more versatile than the Dobry
et al. [11] strain-based liquefaction evaluation procedure.

5.2. Threshold strains and accelerations

As listed in Table 1, the limiting values of γc (i.e., no “Liquefaction”
case histories have γc values below the limiting values) differ for the Vs

and SPT databases, and differ from γtv. However, the limiting value γc is
simply the smallest induced shear strain for all of the “Liquefaction”
case histories analyzed. This is not to say that no excess pore water
pressures developed in the “No Liquefaction” case histories that had
induced strains less than the limiting value of γc. A more correct in-
terpretation of the data presented in Fig. 11 is that when γc> 0.5%
liquefaction is very likely and when γc< 0.03% liquefaction is very
unlikely, with this latter criterion being somewhat consistent with the
γtv ≈ 0.01% proposed by Dobry et al. [11]. Also, the disparity between
the limiting values of γc and γtv could be due to the uncertainties in the
various correlations used to estimate unknown parameters needed to
compute γc. Furthermore, the ranges of the scenarios represented in the
databases are limited (e.g., NRC [32]), and as a result, the lack of ro-
bustness of both databases is likely the most contributing factor for
having differing values of γc for the two databases and γtv.

As a corollary to γtv, Dobry et al. [11] performed a parametric study
to compute (amax)t for loose and dense soils, assuming the same value of
total unit weight of the soil above and below the water table of 18 kN/
m3 (115 pcf) and (G/Gmax)γtv = 0.75. For the soil conditions that were
“most susceptible to liquefaction,” the lowest value of (amax)t they
computed was 0.05 g, compared to 0.08 – 0.12 g determined herein
from the analysis of the Boulanger et al. [2] and Kayen et al. [20] da-
tabases (Table 1). The difference between the results from the simple
parametric study performed by Dobry et al. [11] and the results from
the analyses of the field case histories presented herein do not differ
significantly.

5.3. Liquefaction triggering predictions

Table 2 summarizes the statistics regarding the prediction accuracy
of the alternative implementation of the Dobry et al. [11] strain-based
procedure. In comparing the efficacies of the strain-based procedure
implemented for cases where Vs is known and other parameters are
estimated and for cases where N1,60cs is known and other parameters
are estimated, the respective percentages of accurate (i.e., True Posi-
tives and Negatives) and inaccurate (i.e., False Positives and Negatives)
predictions were identical for both the Vs versus N1,60cs case histories
analyzed. However, there was a higher percentage of True Negative
predictions when N1,60cs was known than when Vs was known; con-
versely there was a higher percentage of True Positive predictions when
Vs was known than when N1,60cs was known. The authors are uncertain
about why knowing N1,60cs results in more accurate predicts of the non-
occurrence of liquefaction (i.e., True Negative) and knowing Vs results
in more accurate prediction of the occurrence of liquefaction (i.e., True
Positive). However, it could be related to the subjective positioning of
the deterministic CRRM7.5 curves for the respective procedures or the
robustness of the scenarios represented in the respective case history
databases. Regardless, issues related to using N1,60cs versus Vs to char-
acterize the soil are:

• N1,60cs better correlates to Dr than does Vs; in contrast, Vs better
correlates to void ratio (e.g., Richart et al. [34]) than N1,60cs does. As
a result, two soils that have the same void ratio, but drastically

different Dr, will likely have Vs values that are closer to each other
than their N1,60cs values will be. Ultimately, Dr relates more to a
soil's contractive tendencies when sheared and thus to a soil's li-
quefaction resistance than void ratio does. Hence, N1,60cs is likely a
better in-situ test metric for correlating to liquefaction resistance
than Vs is. Having said this, there are scenarios where characterizing
soils in-situ using Vs may be preferred to using SPT (e.g., gravelly
and cobbley soils).

• The Vucetic and Dobry [41] pore pressure generation model was
developed for clean sands (i.e., sands with FC≤ 5%). For the Vs case
histories, FC were unknown and therefore ignored in implementing
the strain-based procedure; this is clearly a shortcoming in im-
plementing the procedure. However, for the SPT case histories,
N1,60cs values (as opposed to N1,60 values) were used to determine
the calibration parameters for the pore pressure generation model.
As mentioned previously, there is uncertainty about the appro-
priateness of doing this. To determine if this approach for ac-
counting for FC impacted the accuracy of the strain-based proce-
dure, a subset of the SPT case histories from Boulanger et al. [2] that
have FC ≤ 5% was analyzed. This subset consisted of 116 cases (out
of a total of 230 cases in the database): 62 “Liquefaction” cases and
54 “No Liquefaction” cases.

The prediction statistics for the clean sand SPT cases and the entire
SPT database are presented in Table 2, and a complete presentation of
the ru computed for all the case histories in the Boulanger et al. [2]
database, to include the subset having FC ≤ 5% is given in Rodriguez-
Arriaga [35]. As may be observed from Table 2, the overall accuracy of
the procedure decreases slightly from 53% to 51% when only clean
sand case histories are analyzed, with the percentage of False Negative
(i.e., inaccurate and unconservative predictions) remaining essentially
the same. This implies that using N1,60cs to account for FC is reasonable.

Given that the strain-based procedure has been proposed as a po-
tential alternative to the widely used stress-based procedures, the effi-
cacy of the strain-based procedure needs to be compared with those of
the stress-based procedures. Towards this end, Table 2 also includes the
prediction statistics (i.e., percentages of True Positive, True Negative,
False Positive, and False Negative) for both the Kayen et al. [20] and
the Boulanger and Idriss [2] deterministic simplified stress-based pro-
cedures. From the values in Table 2, it can be observed that both of the
stress-based procedures yield more accurate predictions (and hence
fewer incorrect predictions) than the strain-based procedure, regardless
of whether the SPT N-values or Vs is used as the in-situ test metric.
However, it should be noted that the databases used to assess the effi-
cacies of the stress-based procedures are essentially the same ones used
to develop the CRRM7.5 curves inherent to the respective procedures
(i.e., the stress-based procedures were in essence “calibrated” using the
databases), while this is not the case for the strain-based procedure.
From this perspective the prediction statistics listed in Table 2 are in-
herently biased in favor of the stress-based procedures.

5.4. Additional uncertainties

The analyses performed in this study are inherently deterministic
(i.e., liquefaction triggering is evaluated via alternative implementation
of the strain-based procedure using best estimates of excess water
pressure ratios and the deterministic versions of the SPT and Vs sim-
plified stress-based procedures). As a result, to assess whether the
epistemic uncertainty associated with certain aspects of the alternative
implementation of the strain-based procedure has a significant influ-
ence on the trends noted above, parametric analyses were performed
using the Byrne [3] strain-based pore pressure generation model (versus
the Vucetic and Dobry [41] model), using the Darendeli [10] secant
shear modulus degradation relationship (versus the Ishibashi and Zhang
[18] relationship), and using a maximum cap of 1% on the computed γc
(versus 3%) via the secant shear modulus degradation relationship. Of
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these, the choice of the strain-based excess pore water pressure gen-
eration model has the biggest influence on the computed results, with
the Byrne [3] model resulting in more accurate predictions than when
the Vucetic and Dobry [41] model is used. However, even these im-
proved predictions are still significantly less accurate than the predic-
tions of the stress-based models. Finally, having measurements of both
Vs and penetration resistance for sites being evaluated would un-
doubtedly improve the accuracy of the strain-based approach because
there would be less reliance of correlations to estimate needed para-
meters. However, it is unknown whether this would significantly im-
prove the efficacy of the procedure to make it competitive with the
stress-based procedure.

6. Summary and conclusions

The existence of a volumetric threshold shear strain, below which
there is no development of excess pore pressures, and the unique re-
lationship between excess pore pressures and cyclic shear strain, make
compelling arguments for adopting a strain-based approach for evalu-
ating liquefaction potential. Herein an alternative implementation of
the Dobry et al. [11] cyclic strain approach is assessed by evaluating
liquefaction triggering using both Vs and SPT case histories. Toward
this end, γc was computed using the Dobry et al. [11] procedure in
conjunction with shear modulus degradation curves by Ishibashi and
Zhang [18]. As a corollary to γtv, (amax)t was shown to provide a fast
and simple screening for liquefaction triggering, where liquefaction
triggering is unlikely when amax is less than ~0.08–0.12 g, which cor-
responds to γc in the critical stratum less than ~0.03–0.05%.

If either amax> 0.08–0.12 g or γc> 0.03–0.05%, excess pore
pressures are predicted to develop and it becomes necessary to quantify
these pore pressures to evaluate liquefaction potential. This was ac-
complished by implementing the pore pressure generation model by
Vucetic and Dobry [41], using correlations by Mei et al. [28] and
Carlton [4] to obtain the required model calibration parameters and the
correlation by Lasley et al. [22] to estimate neqγ. For the case histories
analyzed, the efficacy of the strain-based procedure was identical when
Vs versus N1,60cs are known and other parameters are estimated.
However, there was a higher percentage of True Negative predictions
when N1,60cs was known than when Vs was known; conversely there
was a higher percentage of True Positive predictions when Vs was
known than when N1,60cs was known. This could be related to the
subjective positioning of the deterministic CRRM7.5 curves for the re-
spective procedures or the robustness of the scenarios represented in
the respective case history databases.

In comparing the efficacies of the strain-based and stress-based
procedures, it was observed that both of the stress-based procedures
yielded more accurate predictions than the strain-based procedure,
regardless of whether Vs or N1,60cs was used to characterized the soils
in-situ. However, it should be noted that the databases used to assess
the efficacies of the stress-based procedures are essentially the same
ones used to develop the CRRM7.5 curves inherent to the procedures,
while this is not the case for the strain-based procedure. From this
perspective the comparison of the efficacies was inherently biased in
favor of the stress-based procedures. Additionally, the efficacy of the
strain-based procedure significantly increased when the Byrne [3]
strain-based excess pore pressure model was used in lieu of the Vucetic
and Dobry [41] model, but was still significantly less than those of the
stress-based procedures. One likely reason for the lack of accuracy in
the strain-based procedure's predictions is the inherent and potentially
fatal limitation of the procedure ignoring the softening of the soil
stiffness due to excess pore pressure when representing the earthquake
loading in terms of γc and neqγ.
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