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1. Introduction

Abstract. Liquefaction is a serious natural hazard in susceptible regions that are prone
to earthquakes. According to empirical and field studies, insufficiency of liquefaction
assessment methods in determining liquefaction through clays and high prediction errors
has caused an unceasing new development. In this article, a comprehensive history review is
presented to organize the literature on the liquefaction potential evaluation published prior
to 2017. A deterministic approach based on SPT (Standard Penetration Test) records
is considered to create an appropriate connection between different methods, facilitate
reviewing the development of correlations in the past and current decades, assess both
the cyclic stress and the flow liquefaction in a unified system, compile the latest research
developments, and identify the main sources as a database for the future investigators.
The study attempts to assess cyclic stress method (1971) and Chinese criteria (1982) in
evaluating the liquefaction potential and to discuss the insufficiencies of these methods
with reference to the liquefactions caused by the Chi-Chi (Taiwan) and Adapazari (Turkey)
earthquakes in 1999. Besides, the absence of soil improvement on the basis of vulnerability
and performance is identified as a research gap in this study.

(© 2020 Sharif University of Technology. All rights reserved.

pore water has no time to dissipate and, therefore,
an upward pore water pressure annihilates the contact

1.1. Determainistic approach in liquefaction
potential evaluation

Saturated loose sandy soil tends to get denser as

subjected to loading. The imposed compression in this

situation will be exerted on the liquid portion through

the voids, which then results in water transmission to a

point with lower pressure. Under cyclic quick loading,
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resistance between solid particles. Consequently, the
overburden pressures, such as buildings’ weights, will
no longer be transferred to the lower earth layers.
Pore water pressure annihilates the contact resistance
between solid particles and causes liquefaction. As
residual pore water pressure lasts a longer time by
comparing with transient pore water pressure, it has
a major effect on soil strength and stiffness [1]. The
upward transmission of pore water due to liquefaction
in a deep layer of soil may cause liquefaction in
upper layers [2]. As liquefaction occurs, a resultant
consolidation follows in the soil mass, which will cause
soil densification that may be accompanied by ground
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settlements [2]. A simplified procedure is defined for
liquefaction-induced building settlement on the basis
of earthquake-induced shear strain potential [3].
Earthquake-induced shear stress in liquefied soil
is defined by Seed and Idriss [4] as Cyclic Stress
Ratio (CSR). By propagating the seismic waves, soil
will not behave as a rigid body and, therefore, the
resultant shear stress in any depth is less than the
values calculated by Eq. (1). To reduce the shear stress
with depth, r4 as the depth reduction factor is included
in Eq. (2). 74 is defined as the maximum shear stress
in reality divided by the maximum shear stress in rigid
body (Eq. (3)). Then, a coefficient of 0.65 is applied
to define the equivalent shear stress and to reduce the
peak cyclic stress that occurs only once (Eq. (4)) [5].

Amax
Txnax(rigid body) = ’yhT’ (1)
Amax
Tmax(real) — 7h g -Td, (2)
rg = Tmax(real) <3)

Tmax(rigid body) ’
(max
oy = 0.657.h =g, (4)

where 7 is the total unit weight of the soil, h is the
depth of the soil layer, ap,ax is the maximum horizontal
acceleration on the ground surface, g is the acceleration
of gravity, rq is the depth reduction factor, and 7., is
the equivalent earthquake shear stress. On the other
hand, the resistance of the soil against liquefaction is
expressed by Cyclic Resistance Ratio (CRR), which is
identified by field tests like Standard Penetration Test
(SPT).

The simplified and semi-empirical method of
cyclic stress developed by Seed and Idriss [4] has been
recommended for level ground conditions, low static
shear stress, and effective overburden stress in the
range of 100 kPa. Therefore, the following correction
factors are applied to the correlations (Eq. (5)) and the
factor of safety is defined in Eq. (6):

ORR = CRRJ:],Q:0~KO¢~K07 (5)

_ CRR <X K, x K, (6)
o CSR ’

where K, is the static shear stress correction factor,
and K, is the overburden stress correction factor. The
best definition to evaluate liquefaction potential consid-
ering cyclic stress method prior to 2000 is presented in
Figure 1. In another approach to assessing liquefaction
potential, Seed and Idriss [6] presented their findings
in the form of three criteria (Egs. (7)-(9); Figure 2)
known later as the Chinese criteria. If the soil fulfills
these criteria, then it is vulnerable to liquefaction.
Accordingly, the authors denied any probability of
liquefaction in clays.

FS

Percent finer than 0.005 mm < 15%, (7)
Liquid Limit (LL) < 35%, (8)
Water content (wp) > 0.9 x LL. (9)

Andrews and Martin [7] refined the Chinese criteria
based on different definitions of liquid limit and clay
content between China and the United States. Actu-
ally, they maintained that a liquid limit of 35 with the
fall cone penetrometer corresponds to a liquid limit of
32 with the Casagrande-type apparatus. In addition,
in China, the clay content is defined as particles finer
than 0.005 mm, while, in the United States, it is
defined as particles finer than 0.002 mm. Andrews and
Martin [7] removed water content {rom their criteria
and maintained clay content and liquid limit as the
key soil parameters, considering plastic or non-plastic
behavior of fines (Table 1). In addition, Bray et
al. [8] claimed that the effective factor in assessing the
liquefaction potential was the mineral-clay particle, not
the clay-sized particle.

The inconsistency of the developed procedure in
predicting liquefaction induced by the 1999 Adapazari
(7.6) and 1999 Chi-Chi (7.6) earthquakes in regions
with a high percentage of fines content has encour-
aged researchers to reconsider the correlations. The

Table 1. Refined Chines criteria considering liquefaction in fine-grained soils [7].

Features

LL < 32

LL > 32

Clay content< 10%

Further studies required

Clay content> 10%

Susceptible

(considering non-plastic clay sized

Further studies required
(considering plastic non-clay

sized grains such as Mica)

Not susceptible

grains such as mine and quarry

tailings)
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Figure 1. Evaluation of liquefaction potential prior to 2000 considering cyclic stress method defined [4].
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Figure 2. Chinese criteria [6].

insufficiencies of the aforementioned methods will be
discussed exhaustively in Section 1.2.

1.2. The 1999 earthquakes of Adapazari (7.6)
in Turkey and Chi-Chi (7.6) in Taiwan
The 1999 Adapazari (Turkey) earthquake (7.6) has

caused extensive liquefaction. Typical concrete frame
buildings with 3 to 5 stories form the general configu-
ration of the city of Adapazari. This city is located
over deep alluvial sediments with fines content over
35% containing non-plastic silts, silty sands, and clays
with the bedrock exceeding the depth of 200 m. It was
observed that free fields far from the residential regions
were less prone to liquefaction, while the regions with
tall and heavy buildings were much more susceptible
to liquefaction [9]. Therefore, the influence of static
shear stress resultant of the existence of an overburden
is emphasized.

Chu et al. [10] declined the Chinese criteria
analyses using three examples based on the investi-
gations implemented after the 1999 Chi-Chi (Taiwan)
earthquake (7.6). According to the Chinese criteria, if
LL < 35%, wy,/LL > 0.9 and the field tests confirm the
presence of loose soil, then the soil is liquefiable. On
the basis of Chinese criteria, liquefaction was expected
to occur in the case of Wufang; however, there was no
evidence of ground failure within this zone. Thus, this
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sample is inconsistent with Chinese criteria. Therefore,
it strengthens the hypothesis that the effects of static
shear stress should be emphasized while involving high
fines content and marginal plastic soils.

Chang et al. [11] assessed 1500 borehole logs
obtained from 1999 Chi-Chi (Taiwan) earthquake (7.6)
to evaluate the three different methods of Seed et
al. (2001), Tokymatsu and Yushimi (1983) [12], and
New version of Japan’s Road Association (NJRA,
1996) [11]. The statistical results indicate that the
most accurate methods for estimating the occurrence
or nonoccurrence of liquefaction are those proposed by
Tokymatsu and Yushimi (1983) [12], NCEER workshop
[13], and then Japan Rail Association (JRA) (1996) [14]
with prediction errors of 13.3%, 14.6%, and 14.8%,
respectively. According to these high prediction errors,
Chang et al. [11] concluded that none of the aforemen-
tioned methods till 2001 were reliable enough yet to be
confidently used.

As discussed above, the 1999 Chi-Chi (7.6) and
the 1999 Adapazari (7.6) earthquakes caused extensive
liquefaction in spite of the significant fines content. In
addition, the evaluations presented by Chang et al. [11]
indicate that the percentage of the prediction errors in
existing methods is not admissible.

A workshop was executed in Los Angeles in
2003 by Seed et al. in order to evaluate the existing
methods and apply the required corrections [15]. In
this workshop, the triggering reasons of liquefaction
were divided into two categories:

(i) Cyclic stress-induced liquefactions, known as clas-
sic liquefaction or cyclic liquefaction;

(if) Static shear stress or monotonic shearing-induced
liquefaction, which is known as strain-softening.

Strain-softening has also been named as “Sensitiv-
ity” [15].

The strain-softening is possible even in plastic
silts and clays; the behavior of soils of higher plasticity,
which do not appear to be prone to cyclic liquefaction,
is gradual rather than abrupt. In fact, soils of higher
plasticity may also experience loss of strength and
stiffness; however, this strength loss is gradual, with

Susceptible

CVR line

s

Nonsusceptible

lower pore pressure generation and larger shear strains.
In fact, as the plasticity of soil increases, the soil
behavior will be controlled by plastic fines content;
accordingly, ductility of soil will be increased directly
with the increase of fines content. Therefore, the
failure occurs at larger shear strain. As a result, one
of the modified Chinese criteria conditions, i.e., clay
content, has been clearly breached [15]. Liquefaction-
induced settlement of a clay layer was discussed by
Sato et al. [16]. Another similar phenomenon to strain-
softening is flow liquefaction. The special characteristic
for which flow liquefaction is known is the distant
liquefied materials, carried after liquefaction. This
characteristic has been noticed in many studies before
[17-20]. Casagrande [17] denoted the flow liquefaction
potential with the Critical Void Ratio (CVR) line,
which was later refined by Castro [18] as Steady State
Line (SSL) (Figure 3) [17,18]. Accordingly, the soils
on the upper side of the CVR or SSL are prone to
flow liquefaction [17,18]. According to Robertson and
Wride [20], both static and dynamic loading may trig-
ger the flow liquefaction. Due to the continuous nature
of flow liquefaction, the movements may continue even
after the cyclic loading [19]. A new empirical curve
is also defined by Javanmardi et al. [21] that can be
progressive.

Seed et al. [15] divided the PI-LL chart into three
parts as illustrated in Figure 4. Zone A is susceptible

60
| Applicable for:
50 (a) FC>20% if PI >12%
(b) FC>35% if P1<12%
40 |
30 F

2020
////// [ Zone B:Test if w.>0.85 (LL)
1072 \
l— ZoneA:Potentially liquefiable
L-ML
43\ < / 1fwc>08(LL)
0 1 1l 1 1 1

10 20 30 40 50 60 70 80 90 100

PI (Plasticity Index)

q

LL (Liquid Limit)

Figure 4. Liquefaction assessment regarding the PI-LL
zonation [15].

Soil is susceptible to flow
liquefaction if static stress
is greater than Sy,

Soil is not susceptible
to flow liquefaction

log 0'3“

(a)

log &' or log Seu,
(b)

Figure 3. (a) Critical Void Ratio (CVR) line defined by Casagrande [17]. (b) Steady State Line (SSL) line defined by

Castro [18].
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Figure 5. Soil initial condition while subjected to static shear stress.
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Figure 6. Flow liquefaction mechanism in plastic loose saturated soils.

to cyclic liquefaction potentially, Zone B is potentially
liquefiable, and Zone C (the area out of Zones A and B)
is not prone to cyclic liquefaction due to high plasticity;
the latter, however, should be checked for the strain-
softening. Soil in this zone is vulnerable to strength
loss with remolding or large shear displacements. This
behavior may extend to Zone B. These soils may be
liquefiable only if they are subjected to cyclic and static
shear stresses simultaneously, while they are harmless
in the absence of static shear stresses [15]. Non-
plastic silty soils or clayey silts containing high water
content relative to their liquid limit are among the most
dangerous of liquefiable soils [15].

The initial stress condition is important in as-
sessing the liquefaction potential. As illustrated in
Figure 5, soil conditions in a free field are different from
the states subjected to shear stress beneath a building
or a sloping ground. Static shear stress in loose soil
increases the vulnerability, while, in a very dense soil, it
strengthens the soil against liquefaction due to soil dila-
tive behavior. In other words, pore water pressure dis-
sipation due to dilation in a dense soil strengthens the
soil against liquefaction [15]. Briefly, building construc-
tion in a loose soil reduces the strength; however, in a
dense soil, it strengthens the soil against liquefaction.

In brief, as static shear stress exceeds the strength
of a loose saturated soil containing high clay minerals,
in a situation in which the soil is simultaneously sub-
jected to cyclic stress, an upward pore water pressure
will annihilate the contact and cohesive resistance of
the soil and, therefore, even a plastic silty soil will grad-
ually liquefy (Figure 6). According to the above discus-
sion, the liquefactions occurred on natural slopes and

overburdened grounds in 1999 Chi-Chi (Taiwan) and
1999 Adapazari (Turkey) earthquakes are legitimized.

The manuscript continues as follows: the effective
parameters in deterministic approach and residual
shear strength after liquefaction are reviewed in Sec-
tion 2, titled method; the possibility of performing
a performance-based soil improvement is discussed in
Section 3; finally, the summary and conclusions are
pointed out in Section 4.

2. Method

In 1997, a workshop sponsored by National Center
for Earthquake Engineering Research (NCEER) was
convened by T.L. Youd and I.M. Idriss to review
the recent developments in correlations defined for
liquefaction assessment [13]. In this section, we will
review the new developments on cyclic stress method
and the parameters after the 1997 workshop [13]. The
review in this section is organized so as to evaluate the
possibility of reaching a risk management on the basis
of studies and developments in different parameters,
involved in the liquefaction assessment correlations.
This section is formed in three subtitles: developments
in effective parameters in deterministic approach, cor-
relations between different field tests, and residual
shear strength after liquefaction.

2.1. Effective parameters in deterministic
approach and recent developments in
liquefaction potential evaluation

As described, cyclic stress method in liquefaction po-

tential evaluation has been developed by many experts
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Table 2. Standard Penetration Test (SPT) calibration coefficients [13].

Factor Equipment variable Term Correction
Overburden pressure - Cn (%)0‘5*
Overburden pressure - Cn Cy <1.7
Energy ratio Donut hammer Cg 0.5-1.0
Energy ratio Safety hammer Cr 0.7—1.2
Energy ratio Automatic-trip Cr 0.8—-1.3

Donut-type hammer
Borehole diameter 65-115 mm Cp 1.0
Borehole diameter 150 mm Cg 1.05
Borehole diameter 200 mm Cg 1.15
Rod length <3m Cr 0.75
Rod length 34 m Cr 0.8
Rod length 4-6 m Cr 0.85
Rod length 6-10 m Cr 0.95
Rod length 10-30 m Cr 1.0
Sampling method Standard sampler Cs 1.0
Sampling method Sampler without liners Cgs 1.1-1.3

* Py is the reference effective overburden pressure of 100 kPa, and ol is

the existing effective overburden pressure.

in recent decades [4,5,13,15,22-25]. One of the usual
methods for evaluating the in-situ soil strength in
cyclic stress method is SPT field test that should be
integrated with calibration coefficients. In this section,
the recent corrections over these coefficients and the
controversial parameters of K, K,, rq, and Magnitude
Scaling Factor (MSF) will be discussed in SPT-based
correlations.

2.1.1. SPT calibration coefficients

One of the usual methods for evaluating the soil shear
resistance against liquefaction is using SPT field test
results. The N value, which is the measured SPT
blow counts, should be calibrated using the coefficients
represented in Eq. (10) [13]:

Nigo = N.Cn.Cg.Cp.Cr.Cs, (10)

where N is the measured SPT blow counts, Cy is
the factor in normalizing blow counts to a reference
effective overburden stress, C'g is the correction for the
hammer energy ratio to an equivalent value of 60%,
and Cg, Cg, and Cg are correction factors for borehole
diameter, rod length, and sampler type, respectively.

The 1997 workshop listed the parameters and the
corrections over the coefficients as in Table 2.

For an overburden less than 200 kPa, NCEER
workshop recommended using Eq. (11) and, for higher
values, Cy is calculated using Eq. (12). In addition,
C'n should not exceed a value of 1.7.

(11)

!
020

JRNCE
Cy = ( = ) ol < 200 kPa,

2.2
Cy =

=—""— o}y >200 kPa.
1.2+ S0

(12)

P, is the reference effective overburden pressure of
100 kPa, and o, is the existing effective overburden
pressure.

Boulanger [26] introduced a new correlation for
Cp, which was refined by Boulanger and Idriss [27]
and was lastly confirmed as Eq. (13) by Idriss and
Boulanger [25]:

P, .~

Oy =(=%) <17, a=0.784—0.0768/N; 60,
UUO
Ni 0 < 46, (13)

where Ny go is the calibrated N in SPT test. Eq. (13)
needs an iterative process to be solved since Cy is
dependent on Nj o, which is dependent on Cy. In
Eq. (13), Cx is limited to 1.7. The Cg parameter
is illustrated in Figure 7 [15]. In addition, the Cg
correction is applied if the standard sampler is not
used. The application of the untypical sampler without
liners causes shaft friction reduction that reduces the
penetration resistance; thus, an increasing multiplier of
Cs in the range of 1.1 to 1.3 is applied (Eq. (14)) [15]:

N1 60

11<Cqy=1
S Cg + 100

<13. (14)

2.1.2. Influence of fines content in SPT results
The measured N should be calibrated for different
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Figure 7. The correction for rod length [15].

percentages of fines content, as indicated by many
researchers [5,13,15,25,28].  Seed et al. [28] found
changes in SPT results for different fines content.
The equations for different fines content have been
gradually developed since 1985, and Egs. (15)—(17)
were confirmed in the 1997 workshop [13]:

N1,60es = @+ B(Ni60), (15)

a=0 for FC <5%, (16a)

190
Q= exp {1.76 — (F(J?H for 5% < FC < 35%,

(16h)
a=5 for FC > 35%, (16¢)
B=1 for FC <5%, (17a)

FC'S
8= [0.99+ ( 1000 )} for 5% < FC < 35%,
(17b)

p=12 for FC >35%, (17c)

where FC'is fines content, « and (3 are the fines content
calibration factors, and N go.s is the calibrated SPT-N
for SPT coefficients and fines content.

A new correlation was introduced for different
fines content using a probabilistic method on the basis
of an inclusive database (Eqs. (18) and (19)) [15]:

N1,60cs = NI,GO X OﬁneS7 (18)

F
Cines = (1+0.004 x FC') 4 0.05 x ( < ) , (19)
Ni60

where Cfpes is the F'C calibration factor, F'C' = 0 for
FC <5%, and FC = 35 for F'C > 35%.

In Eq. (18), there is an increase in 6.5 blow
counts for FC' = 35%, while, for a similar FC, in
Eq. (15), there is an increase in 10 blow counts in
SPT-N. Based on empirical studies, some deviation was
discerned in developed correlations considering plastic
characteristics of fines [25]. Therefore, Eq. (20) was
presented to account for SPT-N increase in non-plastic
soils and soils with low plasticity (PI < 7).

N1,60es = N160 + A(N160)s (20)
where:
A(Nigo)=exp | 163+ 2T (251N’
L60) =EXP 10T B e 01T \ FO+01 (1)

Considering clay minerals in soils, Plasticity Index (PI)
is a key parameter used to determine fines influence.
PI = 7 was defined as the boundary of plastic and
non-plastic soils [27]. The correlation of Eq. (20) is
only applicable in soils with PT < 7 (see Gratchev et
al. [29,30] for more information).

2.1.3. CRR of soil on the basis of SPT data

In order to determine the CRR of a soil, field investi-
gation is required. For this purpose, the typical field
tests are SPT, CPT, BPT, and Vs. In this section,
the SPT-based correlations for defined for soil shear
resistance are reviewed. As recommended by NCEER
workshop, CRR of a soil subjected to liquefaction
is obtained using Eq. (22). Of note, according to
NCEER workshop, soil with N values greater than 30
is determined as non-liquefiable [13].

1 NI,GOCS
34— Nigoes | 135

CRR75 =

n 50 1
[10NV) goes +45]° 200

(22)

where Nj gocs is the calibrated SPT-N for SPT coeffi-
cients and fines content.

Another correlation is developed that estimates
CRR for non-plastic soil with PI < 7 as represented in
Eq. (23) [25].

N 0cs N cs ?
CRR =exp { 1,60 + ( 1,60 )

14.1 126
N goes \ Ny goes \
- | —— —_— — 2.8]. 23
( 23.6 ) T\ 254 (23)

2.1.4. Adjusting soil shear resistance for static shear
stress

As discussed earlier, the procedure described by Seed

and Idriss [4] was developed for level to gently sloping
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Figure 8. K, for different values of density and static
shear stress [15].

sites, referred to as a low static shear stress. Seed [31]
defined a static shear stress factor (K, ) that affected
the soil resistance against liquefaction, and it was
applied to account for density of soil. This factor and
the theory behind it were noticed in 1997 workshop;
however, no equations had been proposed to account
for this factor due to the lack of convergence in past
studies. Seed et al. [15] presented a chart to illustrate
how K, affects characteristics of loose and dense soils
subjected to static shear stress. As illustrated in
Figure 8, for loose soils with low SPT-N values, an
increase in « decreases K,; inversely, for dense soils
with high SPT-N values, an increase in « increases K.
The parameter « is the ratio of local static shear stress
to effective overburden pressure; the static shear stress
is indicated with 73, in Figure 8. In addition, ranges of
loose and dense soils are illustrated in this figure. As
represented in Eq. (24), to account for the equivalent
cyclic shear stress as CSR.q, the CSR is divided by K.
Therefore, as noticed before, building construction in
loose soil decreases soil resistance, while, in dense soil,
it strengthens the sand against liquefaction. These
conditions are valid as long as effective overburden
pressure is less than 300 kPa [15].

CSR(a = 0)

CSRegla > 0) = ===

(24)
2.1.5. Adjusting soil shear resistance for high
overburden stress (K, )

The procedure described by Seed and Idriss [4] was de-
veloped for low effective overburden stress in the range
of 100 kPa. Seed [31] presented the decreasing param-
eter of K, in the form of a chart, which was developed
by many experts through decades [5,13,15,23,31-33].
As the overburden stress increases 100 kPa, dilation
potential of soils and the associated resistance re-

1.2 .‘; L] T T T
“:-; Cetin and Seed (2004)
1.0 hr Dr < 40% (f = 0.8)
Dr =60% (f =0.7)
Dr > 80% (f = 0.6)
0.8 _
N \-
N Original
0.6 " recommendation
NCEER (1997)
0.4 |
Ko, = (‘717)171
0.2 " N L 2
0 2 4 6 8 10

o (atm)

Figure 9. Correction factor of K, for different values of
effective overburden stress attained from NCEER (1997)
[13] and Cetin and Seed [5].

duces. Actually, as the confining pressure oversteps,
soil resistance against liquefaction decreases; therefore,
the correction factor of K, is necessary to account
for high overburden stress [33]. NCEER workshop
determined the upper limit of 1 for K, regarding the
former studies [13]. According to Seed et al. [15],
the value of K, is extended to 1.5 on the surface;
however, in more conservative approaches (e.g. dictated
by the lack of sufficient data), it is recommended that
the previous conclusions inferred from 1997 workshop
be used. An increase in effective overburden stress
leads to an increase in liquefaction potential under a
similar CSR, which is defined by Egs. (25) and (26)
and illustrated in Figure 9 [5]:

CRR,, = CRRy 4, x K, (25)
K, =(0,)" 1, (26)

where CRR,., is the equivalent CRR, calibrated for
high overburden stress, o/ is the effective overburden
pressure, and f is a function of Ny gges (N1,60cs r€p-
resents blow counts varying between 5 to 40). The
parameter f isin 0.6~0.8 range. Boulanger [26] defined
a coefficient, £g, to account for the simultaneous effect
of the existing relative density and effective overburden
stress on CRR (see [26] for more information).

Figure 10 compares the results studied by Idriss
and Boulanger [25] and Hynes et al. [23] for the K,
parameter. According to Figure 11, K, = 1 is
recommended for the upper limit.

2.1.6. Magnitude Scaling Factor (MSF)

The most important factors in liquefaction potential
evaluation in the cyclic stress method are earthquake
magnitude and Peak Ground Acceleration (PGA). In
order to account for these two important factors,
MSF and r; are used to adjust earthquake magnitude
and PGA in the calculations. In recent years, an
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Figure 11. Magnitude Scaling Factor (MSF) defined by
different researchers [13].

attempt has been made to correlate the MSF with soil
characteristics besides the seismic parameters [25,34—
36]. According to NCEER workshop, for seismic
magnitudes lower than 7.5, MSF was recommended
as the average of the proposed value by Idriss as a
personal communication to Youd in 1995 and Andrus
and Stokoe [22] proposed Eq. (28); however, due to lack
of sufficient data for higher seismic magnitudes, the
former values proposed by Idriss in 1995 were suggested
(Eq. (27) and Figure 11) [13,22].

MSF pngrus— siohet MSF 1drise
: M <75
MSFave = 2 _ (27)
MSF14.46s M >T7.5
where:
M —2.56
MSFAndrus—Stoke = |:75:| ) (28)

and:
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Figure 12. Comparison of Magnitude Scaling Factor
(MSF) attained by different researchers [25].
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where M is the earthquake magnitude. A correlation
was recommended to the 1997 workshop by Idriss in
1999 (personal communication to NCEER, 1997) for
MSF (Eq. (30)), which was almost convergent with the
later studies of Seed et al. [15] as illustrated in Figure 12
[15,13)].

MSFIdriss = (29)

-M
MSF =6.9exp (4) —0.058 < 1.8. (30)

Probabilistic studies indicated that MSF for different
values of M is lower than that reported by NCEER
and almost equal to the Idriss recommendation in
1999 (personal communication to NCEER, 1997) [5].
Convergence in MSF attained from the experimental
studies by Idriss in 1999 and probabilistic studies by
Cetin et al. [5] is expressive.

Consequently, since r4 and MSF are both de-
pendent on the earthquake magnitude (M) simulta-
neously, the corresponding MSF and rg; should be
applied in cyclic stress method correlations (earth-
quake magnitude-dependent r4 will be discussed in the
following Section 2.1.7). Correlating MSF with soil
characteristics is a great step forward, which was taken
in 2006; the traditional MSF was developed only for
clean sands. Idriss and Boulanger [25] denoted a log-
log relationship that correlates loading cycles (V) with
soil characteristics (b) and CRR (Eq. (31)):

CRR=a.N7?, (31)

where b is the negative slope of the relationship between
CRR and loading cycles (N) related to soil character-
istics and is derived by laboratory experiments, and
the parameter a is a fitting coefficient. Experimental
studies were implemented in order to define new MSF,
which is dependent on soil characteristics by means
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Figure 13. Magnitude Scaling Factor (MSF) for different values of b and M: (a) Idriss and Boulanger [37] and (b)

Kishida and Tsai [35].

of b parameter (Figure 13(a)) [37]. In these studies,
(b) is obtained from cyclic loading in clays and plastic
silts considering soil-softening behavior. Kishida and
Tsai [35] developed the new MSF for wider ranges of
b as illustrated in Figure 13(b). An increase in over
consolidation ratio implies greater soil density and, as
soil density increases, a greater value of b will be derived
from laboratory tests [38].

MSF is affected by many factors through seismic
parameters and soil characteristics; correlating all the
influential factors is impractical. Although Boulanger
and Idriss [36] developed MSF correlations for dif-
ferent values of fines content and different soil types
(Eq. (32)).

MSF:1+(MSFMX—1){8.64 exp(_iw)—l.?;Q{)} . (32)

The parameter M S Fy, .y indicates different values of b
and is attained from Nj gocs as Eq. (33) clarifies [36].
MSFhax is 1.8 and 1.09 for sands and clays or plastic
silts, respectively, and is limited to a value of 2.2.
Actually, Eq. (32) correlates earthquake magnitude
(M), MSF, and b. There is an extensive database to
account for b parameter in different soils with different
densities as illustrated in Figure 14 (MSFp.x is a
representation of b in Eq. (32)).

M S Frax =1.094(—272)? < 2.2, (33)

The b values recommended by Boulanger and Idriss [36]
are more dependent on M in comparison with Kishida
and Tsai [35] recommendations. Figure 15 indicates
the correlation among MSF, Ny gocs, and M [36].

For loose soil with low penetration resistance
compared with denser soils, a flatter MSF diagram
is obtained as illustrated in Figure 15. For further
information, see Boulanger and Idriss [36]. As the
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Figure 14. Recommended Magnitude Scaling Factor
(MSF) for different values of b and M [36].
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Figure 15. Magnitude Scaling Factor (MSF) for different
values of Ny goes and M [36].

correlations are empirically attained, the new defined
MSF should be applied with the associated value of
r4, which is dependent on earthquake magnitude (see
Section 2.1.7).
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2.1.7. Non-rigid behavior of soil body against
earthquake shear stress (ry)

Due to the non-rigidity of soil body against earthquake
shear stress, the ry parameter is applied. As illustrated
in Figure 16, the value of 1 for this parameter indicates
rigid behavior [25]. According to NCEER, it was
concurred to use the former equations developed by
Liao and Whitman [5,39] for this parameter for depths
less than 23 meters (Egs. (34) and (35)) [13,39];
due to the lack of sufficient data, no correlation was
determined for deeper levels by 1997 workshop.

rqg =1—0.00765z for z<9.15,, (34)

rqg =1—0.00765z for 9.15,, <z <23, (35)

where z is the depth in meters.

Idriss (1999) defined r4 as a function of depth
and earthquake magnitude [40] in the form of a rec-
ommendation; In Eqs. (36)-(39), M is the earthquake
magnitude and «a(z) and S(z) are the depth functions.
Eq. (36) is developed for depth less than 34 meters and
Eq. (39) is developed for deeper levels.

Ln(ra) = a(z) + B(2) M, (36)
where:
(2) = —1.012 — 1.126si (L+5133) (37)
a(z) = —1. 126sin (77— +5. ,
and:
B(z) = 0.106 + 0.118 i (L+5142) (38)
z) = 0. A18sin { 550 . ,
rq = 0.12exp(0.22M). (39)

Probabilistic studies by Cetin et al. [5] indicate that
rq is a function of stratigraphic layers of ground, soil
properties, and quake stresses. They also compared
the results with the former relations of Liao and
Whitman [5,39] and found extensive deviations in the
former relationships, which would cause greater values
for r4.  According to their studies, as maximum
ground acceleration increases, ry decreases and also
74 increases with increasing earthquake magnitude and

Stress reduction coefficient, 74
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Figure 17. r; curves defined by Idriss (1999) for different
values of M in comparison with the defined values by Seed
and Idriss [25].

soil stiffness. r, varies with depth linearly in levels
deeper than 18 m. This r4 is not well-matched with the
former simplified procedure of cyclic stress method and
should be accompanied with direct dynamic response
analysis in determining CSR [5]. For more information,
see Cetin et al. [5].

Idriss and Boulanger [25] recommended using
Idriss (1999) relationship [40] for r4 at a depth less than
20 m; at a higher depth, liquefaction evaluation should
be done using direct dynamic response analysis in
determining CSR [25]. In Figure 17, obtained 7, curves
from Idriss (1999) [40] for earthquake magnitudes of
5.5, 6.5, 7.5, and 8 are plotted, and the defined r4 by
Seed and Idriss [4] is compared schematically [25]. The
rq defined by Seed and Idriss [4] is convergent with the
results of Idriss (1999) [40] at a depth less than 4 m and
an earthquake magnitude of 8 and is also convergent at
a depth higher than 8 m and an earthquake magnitude
of 7.5. According to the studies conducted by Idriss
and Boulanger [25], the refined correlations for r, are
applicable in engineering practice.

2.2. Correlations between different field tests
Soil shear resistance against liquefaction is usually
obtained by field tests and sometimes by laboratorial

Amax Maximum shear stress 0 Td= (tmax)g/(Tmax), 1

Depth

(Tlnax)r r

(Tmax)a
: e

Figure 16. Non-rigid behaviour effect on maximum earthquake shear stress in soil depths.
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Table 3. Comparison of usual field tests [13].

Feature Test type
SPT CPT Vs BPT
Past measurements Abundant Abundant Limited Sparse

at liquefaction sites
Type of stress-strain Partially drained,
behavior influencing test large strain

lit trol
Quality contro Poor to good

and repeatability

Detection of variability Good for closely
of soil deposits spaced tests

Soil type in which test

Nongravel
is recommended
Soil sample retrieved Yes
Test measures index or
Index

engineering property

Drained, large strain

Small strain Partially drained,

large strain

Very good Good Poor
Very good Fair Fair
Nongravel All Primarily gravel

No No No

Index Engineering Index

tests. Due to the existence of in-situ stress, high costs
of laboratorial tests, and sample disturbance, the field
tests are usually preferred [13]. Field investigations
could be performed using tests such as SPT, CPT,
BPT and shear-wave velocity (V). Advantages and
disadvantages of each field test have been discussed by
many researchers [5,15,13,22,41,42].

Before 1985, due to the insufficient data from
CPT tests, the results would be converted to equivalent
SPT values. Outspread use of CPT test after 1985
provided sufficient data to infer the relations on the
basis of CPT. Given the extensive database and the
evaluations and corrections regarding SPT and CPT
tests, it is advisable to use them rather than the other
field tests [1]. Many design methods are SPT-based,
which offer a good recognition of soil properties; CPT
test provides a good vision of soil layers for geotechnical
engineers and is the most reliable penetration test. On
the other hand, BPT is the most unreliable penetration
test due to shaft friction [33]; however, shear-wave
velocities can be accurately measured in gravels that
provide a useful index for evaluating liquefaction re-
sistance. In addition, penetration resistance measured
using the Chinese dynamic penetration test has also
been found to be an effective and useful measure for
the calculation of liquefaction resistance for gravels
[43]. NCEEER workshop compared the field tests by
the means of past database, stress-strain behavior, re-

peatability, precision in detection, applicability, sample
retrieval, and output data (Table 3) [13].

Correlations between different field tests were
investigated by Andrus et al. [41]. According to
43 data obtained from different regions in California,
Southern Carolina, Canada, and Japan, they corre-
lated SPT, CPT, and V; by a probabilistic method
in evaluating liquefaction potential. Moreover, Idriss
and Boulanger [42] converted the SPT and CPT data
regarding the corresponding densities. For more infor-
mation, see [41,42].

2.3. Residual shear strength after liquefaction
As the sand strains beyond the maximum allowable
value, the minimum undrained shear strength will be
reached; this value remains constant even in higher
strains as illustrated by curve 1 in Figure 18. This is

Limited liquefaction

" Steady state
I

-
@— Liquefaction

Axial strain

Figure 18. Residual strength after liquefaction [1].
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called the undrained steady state or residual strength.
If the soil recovers its strength after reaching the
minimum state, then this is called limited liquefaction
or quasi-liquefaction, as illustrated by curve 2 in Figure
18 [1]. Residual strength is mobilized after liquefaction;
due to the complications in void redistribution and
other reactions in soil, laboratorial reconstitution is
not a practical way to evaluate it [42]. Deformation in
the liquefied zone is associated with energy dissipation,
which can be estimated by numerical models; in addi-
tion, residual strength distribution can be represented
by means of numerical models [1]. An important
issue in geotechnical engineering is determining an
appropriate residual strength for soil after liquefaction,
which is vital in presenting an economic design for soil
improvement.

Seed and Harder [32] correlated Npgo.s with
residual strength (S,) using inverse analysis (Fig-
ure 19). Following Seed and Harder [32], Idriss and
Boulanger [42] studied the residual strength in liquefied
soil. They correlated S, with Ny goes and ol in

® SPT data and residual strength parameters measured
O SPT data and residual strength parameters estimated
0O Construction - induced liquefaction and sliding case histories

1200

800

400 %

0 8 . A .
0 4 8 12 16 20 24

Residual undrained shear
strength, S, (psf)
—o—

Equivalent clean sand SPT blowcounts (N1)go_ ..

Figure 19. Residual strength for different values of

non-plastic soils by defining a ratio of S, /.., which
represents the residual strength divided into effective
overburden stress; therefore, the parameter of S,./o/,
provides a better definition of soil conditions and void
redistribution rather than S,. Idriss and Boulanger [42]
developed empirical correlations using calibrated SPT
blow counts in soil after liquefaction, which is shown
by the parameter Ny gocs—s, (Eq. (40)):
Ni.60es—s, = Ni,60 + ANy 60—s,.- (40)
The equation is calibrated for fines content by the
means of ANI,GO—S,,, in which ANLGO—S,,V is 17 2, 47
and 5 for fines content of 10%, 25%, 50%, and 75%,
respectively.  The recommended curves are shown
in Figure 20 [42]. The upper limit in this figure
indicates the conditions where void redistribution effect
is negligible. In this condition, soil stratigraphy will
not resist the dissipation of pore water pressure, and
the pore water pressure dissipation is associated with
densification in all layers. Eq. (41) shows the upper
limit correlation at which undrained shear strength
increases with Ny gocs—s, and, at density of 60%, it
reaches a value of 16~17. In Figure 20, the lower
curve also indicates conditions under which the void
redistribution effect is significant; actually, a thick
liquefiable layer is underlain by an impermeable layer
(Eq. (42)). The equations are limited to tany’, where
¢’ is the effective soil friction angle. For Nj gocs—s,
values greater than 14, beyond the available case
history data, the curves are plotted as dash-lines.

ST N cs—=Sr N cs—Sr T 16 ’
- — exp 1,60 S + ( 1,60 S ) _3
o', 16 21.2

T € !
N1 6oes [32]. <tany, (41)

0.4 T —§ L B T T 1¥
@ @& @ Grouw! /-
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N || ® = > G p 3 for conditions where / -
| roup void redistribution effects /s ]
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0.3 '
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| ] /7 -
i ] b ]
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Figure 20. S, /o, ratio for different values of N1 6pcs—s, for o9 < 400 kPa [42].
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r

!
920

—=exp

3
Ni,60cs—5, N Ni60cs—5,-16 |~ 3
16 21.2

N cs—,
x {l—l-exp (“;045 - 6.6)} <tany'. (42)

Continuing the efforts made by Idriss and
Boulanger [42], Kim et al. [44] tried to correlate the
volume strain of silty soils containing non-plastic fines
with post-liquefaction minimum void ratio, which was
obtained by laboratorial simulations using a self-made
automatic tamping machine [44]. They found that the
post-liquefaction minimum void ratio was not largely
affected by initial density and effective stress of soil. On
the contrary, based on centrifuge models, Dewoolkar
et al. [45] concluded that the residual strength and
probably the strain rate were highly increased by
increasing the relative density.

Ishihara et al. [46] declared that the volume
change in soil was significantly dependent on the degree
of disturbance induced by undrained cyclic loading;
they also introduced a method to determine the post-
liquefaction minimum void ratio. Additional loading
applied after reaching the residual strength was found
to be effective in post-liquefaction behavior and resid-
ual volumetric strain of soils based on laboratorial tests
[47]. The timing of liquefaction was considered effective
in predicting soil deformations, whether it happens
early or late in an earthquake [48]. By determining
the timing of liquefaction, the later cyclic loadings
after liquefaction are recognizable. Consequently, a
method was presented to predict the soil deformations
induced by the later loadings in a particular ground
motion [48].

3. Discussions

The recent studies have clearly notified that the new
generation of liquefaction assessment has begun, which
concentrates on post-liquefaction characteristics of soils
to present a risk analysis. Inconsistency and ambiguity
in recent conclusions emphasize the necessity of a
more precise and comprehensive study to reach a com-
mon sense in defining the characteristics of liquefied
soil.

Risk analysis is a relatively new feature in engi-
neering, which should be informed and emphasized by
experts. Risk management in safety analysis of dams
has been described by Canadian Standard Association
(CSA [49]) as a guideline. As is noted by CSA, after
selecting the expected level of seismic hazard, stability
calculation based on limit equilibrium is performed. On
the basis of probabilistic relationships, different levels
of consequences based on seismic hazard zoning are
defined. The most important issue in this method is
the definition of different levels of performances and

the probable consequences for each level, which should
be defined by experts.

On the basis of a fuzzy multi-criteria approach,
seismic hazard in different regions of Iran was assessed
by determining the most effective factors of vulner-
ability and the most vulnerable regions in seismic
areas [50]. Vulnerability is an ambiguous definition
that should be clarified regarding the different effective
factors [50]. According to their study, seismic ground
coefficient and population in a given region are the
most effective vulnerability factors that should be
noticed in organizing a risk management.

Risk management analysis against liquefaction
has been performed in previous studies. Baker and
Faber [51] zoned a region in Adapazari in Turkey to as-
sess the liquefaction potential by applying probabilistic
seismic hazard analysis and using geostatistics software
of ArcGIS.

Studies made by Pacific Earthquake Engineering
Research center in 2003 resulted in charts including
all possible seismic levels in evaluating liquefaction
potential. The corresponding risk for these levels
could be defined as fatality, economic loss, region
importance, etc. According to this approach, Kramer
and Mayfield [52] plotted a number of curves that
would represent the required SPT-N for safety factors
of 1, 1.2, and 1.5 at different depths of ground for a
return period of 475 years (Figure 21). Figure 22 also
shows the required SPT-N for different values of Factor
of Safety (FS) against liquefaction and different levels
of quakes (different return periods).

In spite of the efforts made, the studies show that
there is still a defect in correlations in introducing
a reliable performance-based soil improvement. The
identified gap in this review creates an opportunity
for future investigators to initiate research in order to
expand the residual strength definition and correlate
it with required SPT-N defined for different levels of
quakes. Correlating residual strength with the required
SPT-N can reduce the calculation errors in predictions
resulting from void redistribution after liquefaction.
The future efforts can be made to obtain more reliable
correlations to perform soil improvements on the basis
of performance and vulnerability of regions. Empirical
case histories for residual strength after liquefaction
have made the possibility of developing an economic
design for soil improvement to confront the liquefaction
hazards.

4, Summary and conclusions

A comprehensive overview of literature on the lique-
faction potential evaluation, considering deterministic
approach using Standard Penetration Test (SPT) field
test records prior to 2017, was presented. The objec-
tives are to:
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and return periods [52].

1. Connect different methods in deterministic ap-
proach;

2. Facilitate reviewing the development of correla-
tions;

3. Assess both the cyclic stress liquefaction and the
flow liquefaction in a unified system;

4. Identify the main sources as a database for the
future investigators.

Some of the major issues discussed in this paper
include:

e Farthquake-induced liquefaction occurred on nat-
ural slopes and overburdened grounds in Chi-Chi
(1999) in Taiwan and Adapazari (1999) in Turkey
were discussed. According to the studies, if the soil
be subjected to static shear stress and cyclic stress
simultaneously, an upward pore water pressure will
annihilate the contact and cohesive resistance of
the soil and, therefore, even a plastic silty soil will
gradually liquefy;

e Recent developments after the 1997 workshop in
deterministic approach correlations and cyclic stress

method were reviewed. The recent corrections of
the SPT calibration coefficients, fines content, and
the controversial parameters of K,, K., rq, and
MSF were discussed. Moreover, Cyclic Stress Ratio
(CSR) equations and relationships between different
field tests were mentioned;

Use of corresponding r4 and MSF in correlations
was accentuated. Regarding the new approach,
the parameters of r; and MSF were dependent
on earthquake magnitude simultaneously. Conse-
quently, the corresponding MSF and r, should be
applied in deterministic approach correlations. In
addition, the new MSF was found dependent on soil
characteristics;

Residual shear strength was adverted in this study.
New developments in residual shear strength equa-
tions have led to the possibility of developing an
economic design for soil improvement.

The absence of a performance-based soil improvement
is crucially realized, which may be defined based on the
required SPT-N for different return periods of quakes
and the latest definition of residual strength.
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