
Chapter 19

Recent Advances in Seismic Soil Liquefaction

Engineering

K. Önder Çetin and H. Tolga Bilge

Abstract The assessment of cyclic response of soils has been a major concern of

geotechnical earthquake engineering since the very early days of the profession.

The pioneering efforts were mostly focused on developing an understanding of the

response of clean sands. These efforts were mostly confined to the assessment of the

mechanisms of excess pore pressure buildup and corollary reduction in shear

strength and stiffness, widely referred to as seismic soil liquefaction triggering.

However, as the years passed, and earthquakes and laboratory testing programs

continued to provide lessons and data, researchers and practitioners became

increasingly aware of additional aspects, such as liquefaction susceptibility and

cyclic degradation response of silt and clay mixtures. Inspired from the fact that

these issues are still considered as the “soft” spots of the practice, the scope of this

chapter is tailored to include a review of earlier efforts along with the introduction

of new frameworks for the assessment of cyclic strength and straining performance

of coarse- and fine-grained soils.

19.1 Introduction

The assessment of cyclic response of soils has been a major concern of geotechnical

earthquake engineering since the very early days of the profession. Engineering

treatment of liquefaction-induced problems evolved initially in the wake of the two

devastating earthquakes of 1964 (Niigata, Japan and Great Alaska, USA), during
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which seismically-induced soil liquefaction was listed as one of the prime causes of

structural failures. Pioneering efforts to resolve this problem have focused on

developing an understanding on liquefaction triggering behavior of mostly clean

sands. However, as earthquakes continued to provide lessons and data, researchers

became increasingly aware of the problems associated with the cyclic response of

silty and clayey soils.

Today, the profession of “soil liquefaction engineering” is emerging as a rapidly

progressing field of practice. Within the scope of this chapter, in addition to the

summary of the current state of practice, recent advances in this progressing field

will be presented. As illustrated schematically in Fig. 19.1, consistent with the five

major steps of seismic soil liquefaction engineering assessment, the discussion

layout of the chapter is also structured to follow the same footprints.

Among these, the first step in seismic soil liquefaction engineering involves the

assessment of soil liquefaction triggering and has drawn the highest level of

research interest. Despite the level of current controversy, it can still be concluded

as the most developed assessment stage in liquefaction engineering, and will be

discussed next.

19.2 Assessment of Liquefaction Potential and Triggering

19.2.1 Potentially Liquefiable Soils

There has long been a consensus in the literature that “clean” sandy soils, with

limited fines, are potentially vulnerable to seismically-induced liquefaction. There

has, also been significant controversy and confusion regarding the liquefaction

potential of silty soils (and silty/clayey soils), and also of coarser, gravelly soils

and rockfills.

The cyclic behavior of coarse, gravelly soils is not very different than that

of “sandy” soils. There are now a number of well-documented field cases of

1. Assessment of the liquefaction of "triggering" or initiation of soil liquefaction.

2. Assessment of post-liquefaction strength and overall post-liquefaction stability.

3. Assessment of expected liquefaction-induceddeformations and displacements.

4. Assessment of the consequences of these deformations and displacements. 

5. Implementation (and evaluation) of engineered mitigation, if necessary.

Fig. 19.1 Key elements of soil liquefaction engineering
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liquefaction of coarse, gravelly soils (e.g.: Ishihara 1985; Evans 1987; Harder 1988;

Andrus et al. 1991). As discussed in Seed et al. (2001), these soils do differ in

behavior from sandy soils in two ways: (1) they can be much more pervious, and so

can often rapidly dissipate cyclically generated pore pressures, and (2) due to their

larger particle masses, the coarse gravelly soils are seldom deposited “gently” and

so they are not commonly encountered in loose state as compared with sandy soils.

However, it should be noted that the apparent drainage advantages of coarse,

gravelly soils can be eliminated (i) if they are surrounded and encapsulated by

less pervious finer materials, (ii) if drainage is internally impeded by the presence of

finer soils in the void spaces between the coarser particles, or (3) if the layer

thickness is large, which in turn increase the distance over which drainage must

occur (rapidly) during an earthquake. In these cases, the coarser soils should be

considered to be potentially liquefiable and be assessed for liquefaction triggering

hazard. This naturally requires the estimation of in-situ density state (or the pene-

tration resistance), for which the Becker penetration test still continues to be the

only practical tool, despite its major limitations.

Contrary to the consensus on liquefaction potential of clean sands, the suscep-

tibility of silt and clay mixtures to liquefaction has been one of the controversial and

widely discussed issues. As previously stated, in the early days of the profession,

plastic silt and clay mixtures were considered to be resistant to cyclic loading, and

consistently, most research was focused on cyclic response of saturated sandy soils

mainly. This choice is also reinforced with liquefaction-induced ground failure case

histories at coarse-grained (sandy) soil sites after the 1964 Alaska and Niigata

earthquakes. However, in the following years, especially after fine-grained soil site

failure case histories of 1975 Haicheng and 1979 Tangshan earthquakes from China

(Wang 1979), increasing number of research studies focused on understanding their

cyclic response.

On the basis ofWang’s (1979) database and conclusions, a set of criteria to assess

liquefaction potential of soils with fines (widely referred to as Chinese Criteria) was

proposed by Seed and Idriss (1982). These criteria had been used widely with slight

modifications (Finn et al. 1994; Perlea 2000; Andrews and Martin 2000). More

recently, ground failure case histories compiled after 1989 Loma Prieta, 1994

Northridge, 1999 Adapazari and Chi-Chi earthquakes have refreshed research

attention on assessing cyclic mobility response of clayey soils. Case histories from

these earthquakes highlighted that low plasticity silt and clay mixtures may signif-

icantly strain soften, which may in turn cause significant damage to overlying

structural systems. As an alternative to Chinese Criteria, Seed et al. (2003), Bray

and Sancio (2006), Boulanger and Idriss (2006), and Bilge (2010) proposed new

susceptibility criteria based on field observations and laboratory test results. Before

the discussion of these methods, it is helpful to note that assessing susceptibility of

soils to liquefaction, requires a potentially liquefiable soil definition, which ideally

should be independent of the intensity and duration of earthquake loading. This is a

difficult to achieve requirement and is listed as one of the common drawbacks of

existing susceptibility criteria. Hence, in practice, for most cases, unfortunately

liquefaction susceptibility (potential) assessments are combined with liquefaction

triggering.
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Seed et al. (2003) recommended a set of new susceptibility criteria inspired

from the case histories and results of cyclic tests performed on “undisturbed” fine-

grained soils documented after 1999 Adapazari and Chi-Chi earthquakes. As

presented in Fig. 19.2, Seed et al. (2003) used liquid limit (LL), plasticity index

(PI) and water content (w) to assess liquefaction susceptibility of soils. Fine grained

soils with PI� 12 and LL� 37 are concluded to be potentially liquefiable, if the

natural water content is wetter than 80 % of their liquid limit.

Bray and Sancio (2006) developed their liquefaction susceptibility criteria based

on cyclic test results performed on undisturbed fine grained soil specimens

retrieved from Adapazari province of Sakarya City, in Turkey. As summarized in

Fig. 19.3, contrary to Seed et al. (2003), Bray and Sancio adopted the PI and w/LL

ratio as the two input parameters of the problem. Fine grained soils with PI� 12 are

judged to be potentially liquefiable, if their natural water content is wetter than 85 %

of their liquid limit. Also, it should be noted that unlike most of available methods

to assess liquefaction susceptibility of fine grained soils, Bray and Sancio (2006)

provided a complete documentation of their database (i.e. tested specimens and also

Fig. 19.2 Criteria for

liquefaction susceptibility

of fine-grained sediments

proposed by Seed

et al. (2003) (After Seed

et al. 2003)
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test conditions), which establish the basis of their recommendation. As clearly

revealed by the adopted cyclic stress ratio levels and consolidation stress histories

of soil samples, the intent of these criteria seems to assess liquefaction potential

(better to refer to it as triggering) response of Adapazari soils, specifically subjected

to 1999 Kocaeli Earthquake (Mw¼ 7.5) shaking. This limits the global validity of

their findings.

Again, a relatively recent attempt was made by Boulanger and Idriss (2006)

based on cyclic laboratory test results and on their extensive engineering judgment.

As part of this new methodology, cyclic response of fine-grained soils are catego-

rized as “sand-like” and “clay-like”, where soils that behave “sand-like” are judged

to be potentially liquefiable and have substantially lower values of cyclic resistance

ratio (CRR) compared to those classified as to behave “clay-like”. As presented in

Fig. 19.4, the only input parameter was chosen as PI, and fine grained soils with

PI>7 are judged to exhibit significantly “larger” cyclic resistance. The main

drawback is that the y-axis of Fig. 19.4 is not to scale, thus the magnitude of larger

CRR of “clay-like” soils as compared to “sand-like” ones cannot be clearly

appreciated. Moreover, it should be noted that CRR definitions of the authors for

“sand like” and “clay like” soils are quite different; hence a direct and a fair

comparison between them is difficult.

As part of his Ph.D. studies under the supervision of Prof. Cetin, Bilge (2010)

proposed a new liquefaction susceptibility criterion based on cyclic triaxial tests

performed on a wide range of high quality “undisturbed” fine grained soil samples.

As opposed to a ru or γmax threshold, occurrence of contraction – dilation cycles

(i.e. banana loops), was used as the screening evidence for liquefaction triggering.

Fine grained soils with PI values in excess of 30 are identified as “non-liquefiable”

but with susceptibility to “cyclic mobility”. Similarly, fine grained soils satisfying

the following condition are classified as potentially “liquefiable”

Fig. 19.4 Criteria for

differentiating between

sand-like and clay-like

sediment behavior proposed

by Boulanger and Idriss

(2006) (After Boulanger

and Idriss 2006)
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LI � 0:578 � ln PIð Þ � 0:940 ð19:1Þ

where LI is the liquidity index. The use of LI along with the occurrence of banana

loops as a screening tool could be listed as the major contribution of this method.

The proposed criterion along with the test database is presented in Fig. 19.5, and a

complete documentation is available in Bilge (2010).

Although these studies were welcomed by practicing engineers as significant

improvements over earlier efforts, they were observed to suffer from one or more of

the following:

(i) ideally separate assessments of (a) identifying potentially liquefiable soils and

(b) liquefaction triggering, were combined into a single assessment. When soil

layers (in the field) or samples (in the laboratory) liquefied under a unique

combination of CSR and number of equivalent loading cycle, N (or moment

magnitude of the earthquake), they were erroneously labeled as “potentially

liquefiable” rather than correctly labeled as “liquefied” at the selected CSR

and N combination. These types of combined assessment procedures produce

mostly biased classifications of potentially liquefiable soils.

(ii) judging liquefaction susceptibility of a soil layer or a sample through a unique

combination of CSR and number of equivalent loading cycle (or moment

Fig. 19.5 Proposed

liquefaction susceptibility

criterion
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magnitude of the earthquake) requires clear definition for liquefaction trigger-

ing. Unfortunately, there exist multiple and mostly conflicting strain, pore

pressure or field performance based definitions, some of which are not even

clearly documented.

(iii) liquefaction triggering manifestations and their extent are not unique in the

field (sand boils, extensive settlements, lateral spreading etc.). There is no

single liquefaction definition (exceedance of threshold ru or γmax levels) for

laboratory-based evaluations either. The success rate of the existing assess-

ment methodologies for identifying liquefiable soils depend strongly on the

adopted threshold levels.

The authors of this chapter believe that either fine or coarse grained, every soil

can be liquefied, and hence potentially liquefiable, if liquefaction triggering is

defined by a threshold maximum shear strain, excess pore pressure ratio, or even

the existence of banana loops. The dilemma, which is yet to be solved, is the

identification of cyclic stress and number of loading cycle combinations to trigger

liquefaction. Hence, with increasing popularity in performance based design prac-

tice, and available tools to assess cyclic straining and pore pressure responses of

both fine and coarse grained soils, the elementary assessment steps of liquefaction

susceptibility and triggering will be less popular and eventually eliminated. Alter-

natively, the assessments will directly start with the estimations of cyclically-

induced strain or excess pore pressure levels. However, until this is achieved,

existing liquefaction susceptibility and triggering methodologies will be used as

initial screening tools.

19.2.2 Assessment of Liquefaction Triggering

Quantitative assessment of the likelihood of “triggering” or initiation of liquefac-

tion is the necessary first step for most projects involving seismically-induced

liquefaction problems. There exist two approaches for the purpose: the use of

(1) laboratory testing of “undisturbed” samples, and (2) empirical relationships

based on correlations with observed field behavior on the basis of various in-situ

“index” tests.

The use of laboratory testing is complicated by difficulties associated with

sample disturbance during both sampling and reconsolidation of cohesionless

soils. It is also difficult and costly to perform high-quality cyclic simple shear

testing, and additionally cyclic triaxial testing poorly represents the loading condi-

tions of principal interest for most seismic problems. Both sets of problems can be

ameliorated, to some extent, by use of appropriate “frozen” sampling techniques,

and subsequent testing in a high quality cyclic simple or torsional shear apparatus.

The difficulty and cost of these sophisticated techniques, however, places their use

beyond the budget and scope of most engineering projects.
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Accordingly, the use of in-situ “index” testing is the dominant approach in

common engineering practice. As summarized in the recent state-of-the-art paper

(Youd et al. 2001), four in-situ test methods have now reached to a level of

sufficient maturity as to represent viable tools for this purpose. These are (1) the

standard penetration test (SPT), (2) the cone penetration test (CPT), (3) measure-

ment of in-situ shear wave velocity (Vs), and (4) the Becker penetration test (BPT).

The oldest, and still the most widely used of these, is the SPT, and SPT-based

methods will be the major focus of the following sections.

19.2.2.1 SPT-Based Triggering Assessment

The use of the SPT as a tool for the evaluation of liquefaction potential first began

after the 1964 Great Alaskan Earthquake (M¼ 8+) and the 1964 Niigata Earth-

quake (M� 7.5), both of which produced significant number of liquefaction-

induced failure case histories (e.g.: Kishida 1966; Seed and Idriss 1971). As

discussed by the NCEER Working Group (NCEER 1997; Youd et al. 2001), one

of the most widely accepted and widely used SPT-based correlations is the “deter-

ministic” relationship proposed by Seed, et al. (1984, 1985). Figure 19.6 shows this

relationship, with minor modification at low CSR (as recommended by the NCEER

Working Group; NCEER 1997). This familiar relationship is based on comparison

between SPT N-values, corrected for both effective overburden stress and energy,

equipment and procedural factors affecting SPT testing (to N1,60-values)

vs. intensity of cyclic loading, expressed as magnitude-weighted equivalent uni-

form cyclic stress ratio (CSReq). As shown in Fig. 19.6, the relationship between

corrected N1,60-values and the intensity of cyclic loading required to trigger lique-

faction is also a function of fines content. Although widely used in practice, this

relationship is dated, and does not make use of an increasing body of field case

history data from seismic events that have occurred since 1984. It is particularly

lacking data from cases where peak ground shaking levels were high (CSR> 0.25),

an increasingly common design range in regions of high seismicity. This correlation

also has no formal probabilistic basis, and so provides no insight regarding either

uncertainty or probability of liquefaction. Efforts at development of similar, but

formally probabilistically-based, correlations have been published by a number of

researchers, including Liao et al. (1988, 1998), and more recently Youd and Noble

(1997), and Toprak et al. (1999). Cetin (2000) reassessed available case history data

with improved understanding in geotechnical and earthquake engineering practice

and recommended updated probabilistically-based liquefaction boundary curves for

liquefaction triggering. Figure 19.6 comparatively presents these methods (bound-

aries corresponding to 5, 20, 50, 80 and 95 % probability of liquefaction) along

with the “deterministic” boundaries given in the early work Seed et al. (1984). As

revealed by this figure, Cetin et al. (2004) produces a more accurate and precise set

of predictions.

Key elements in the development of Cetin et al. (2004) were: (1) accumulation

of a significantly expanded database of field performance case histories, (2) use of
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improved knowledge and understanding of factors affecting interpretation of SPT

data, (3) incorporation of improved understanding of factors affecting site-specific

ground motions (including directivity effects, site-specific response, etc.), (4) use

of improved methods for assessment of in-situ cyclic shear stress ratio (CSR),

(5) screening of field data case histories on a quality/uncertainty basis, and

(6) use of higher-order probabilistic tools (Bayesian Updating). Bayesian updating

methodology (a) allowed for simultaneous use of more descriptive variables than

most prior studies, and (b) allowed for appropriate treatment of various contributing

sources of aleatory and epistemic uncertainty. The resulting relationships not only

provide greatly reduced uncertainty, they also help to resolve a number of corollary

issues that have long been difficult and controversial, including: (1) magnitude-

correlated duration weighting factors, (2) adjustments for fines content, and
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(3) corrections for effective overburden stress. Moreover, non-linear mass partici-

pation factor (rd), which is a significant component of the “simplified procedure” of

Seed and Idriss (1971) (Eq. 19.2), was re-evaluated based on the results of 2,153

seismic site response analyses. Cetin and Seed (2002) developed a relation in terms

of depth (d), moment magnitude (Mw), peak horizontal ground surface acceleration

(amax) and stiffness of the site (V*s,12 in m/s) (Eq. 19.3).

CSRdenk ¼ 0:65 � amaks
g

� σv
σ 0
v

� rd ð19:2Þ

For d<20m

rd d;Mw;amax;V
�
s,12

� �¼
1þ�23:013�2:949�amaxþ0:999�Mwþ0:0525�V�

s,12

16:258þ0:201�e0:341� �dþ0:0785�V�
s,12þ7:586ð Þ

2
64

3
75

1þ�23:013�2:949�amaxþ0:999�Mwþ0:0525�V�
s,12

16:258þ0:201�e0:341� 0:0785�V�
s,12þ7:586ð Þ

2
64

3
75
�σεrd

ð19:3aÞ
For d�20m

rd d;Mw;amax;V
�
s,12

� �¼
1þ�23:013�2:949 �amaxþ0:999 �Mwþ0:0525 �V�

s,12

16:258þ0:201 �e0:341� �20þ0:0785�V�
s,12þ7:586ð Þ

2
64

3
75

1þ�23:013�2:949 �amaxþ0:999 �Mwþ0:0525 �V�
s,12

16:258þ0:201 �e0:341� 0:0785�V�
s,12þ7:586ð Þ

2
64

3
75

�0:0046 � �d�20
��σεrd

ð19:3bÞ
For d < 12 m σεrd dð Þ ¼ d0:850 � 0:0198
For d � 12 m σεrd dð Þ ¼ 120:850 � 0:0198 ð19:3cÞ

The close form solution of Cetin et al. (2004) for the assessment of the proba-

bility of liquefaction, which involves the corrections for the influence of fines

content, duration and effective stress, is given in Eq. (19.4).

PL N1,60;CSR;Mw;σ
0
v;FC

� �
¼Φ �

N1,60 � 1þ0:004 �FCð Þ�13:32 � ln�CSR�
�29:53 � ln Mwð Þ�3:70 � ln�σ0

v=Pa

�
þ0:05 �FCþ16:85

0
@

1
A

2:70

0
BBBBBB@

1
CCCCCCA

ð19:4Þ
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where PL¼probability of liquefaction in decimals (i.e. PL¼50 % is represented as

0.30); CSReq is not “adjusted” for magnitude (duration), overburden or fines effects

(i.e.: corrections are executed within the equation itself); FC¼percent fine content

(by dry weight) expressed as an integer (e.g., 12 % fine is expressed as FC¼12)

with the limit of 5�FC�35; Pa¼atmospheric pressure (¼1 atm ~100 kPa~2,000

psf) in the same units as the in situ vertical effective stress; and Φ standard

cumulative normal distribution. Also the cyclic resistance ratio for a given proba-

bility of liquefaction can be expressed as follows:

CRR N1,60;Mw;σ
0
v;FC;PL

� �
¼ exp

N1,60 � 1þ 0:004 �FCð Þ � 29:53 � ln Mwð Þ
�3:70 � ln σ

0
v=Pa

� �þ 0:05 �FCþ
16:85þ 2:70 �Φ�1 PLð Þ

0
@

1
A

13:32

2
6666664

3
7777775

ð19:5Þ

where Φ�1(PL)¼ inverse of the standard cumulative normal distribution (i.e.,

mean¼0, and standard deviation¼1). For spreadsheet construction purposes, the

command in Microsoft Excel for this specific function is “NORMINV(PL,0,1)”.
If a user prefers using this method to calculate factor of safety (i.e. for deter-

ministic analysis), then CRR corresponding to PL¼ 50 % (0.5) should be used as

the capacity term. Note that a factor of safety in the range of 1.0–1.20 is

typically used.

More recently, Idriss and Boulanger (2006) proposed a new semi-empirical

approach for the evaluation of liquefaction triggering. The similarity of the pro-

posed boundary curves with the ones proposed by Seed et al. (1985) is remarkable

and should be noted. The presence of a number of alternative liquefaction triggering

methodologies is a source of confusion for practicing engineers, and indicates the

lack of consensus among researchers. For the purpose of clarifying the sources of

this disagreement, integral components of liquefaction triggering assessments will

be revisited, and the degree of consensus in these components will be discussed. For

this purpose four sets of comparison charts were prepared. As shown in Fig. 19.7,

the disagreement in the recommended rd values is remarkable, and depending on

the adopted rd model, CSR values can be different by a factor of 1.1–1.2 at shallow

depths. Similarly, the scatter in magnitude scaling (or duration weighting) factors,

especially at smaller magnitude events is large and may produce CSR estimates

different by a factor of 1.5–3. Kσ correction is another source of controversy and

deserves further discussion. In 1984, Seed et al. presented their widely used

relationship between procedure and overburden-corrected SPT blow counts, N1,60

and CSR triggering liquefaction during a Mw¼ 7.5 event. Consistent with Seed

(1983) and Seed et al. (1984), with the argument that Kσ corrections were not

applied when assessing liquefaction triggering case histories (i.e.: back analysis),

which establish the basis of liquefaction triggering relationship, consistently, it was

recommended not to apply Kσ corrections for liquefaction engineering assessment
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of soil layers (i.e.: forward analysis) with a vertical effective stress less than 1 atm.

Unfortunately, this -at first glance consistent and practical choice- produced

unconservatively biased predictions for deep soil layers due to the fact that median

vertical effective stress of liquefaction triggering case histories is 56 kPa (or 65 kPa

if weighting applied, Cetin 2000) but not 100 kPa. Last but not least, due to

asymptotic nature of triggering curves, fines corrections applied on N1,60 can be

extremely critical. In the literature, there exist contradicting arguments about if and

how fines affect cyclic straining, pore pressure and stiffness degradation response

of granular soils.

It is quite natural that the scattered correction factors produce a wide range of

liquefaction triggering curves. However, it should be noted that practicing engi-

neers may eliminate some of the uncertainty in liquefaction triggering predictions

by consistently following the correction scheme of the original reference, since

these corrections were consistently applied in the processing of case histories as

well. Unfortunately, even consistency does not always guarantee the elimination of
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bias, if these models are used to predict the liquefaction performance of a site

subjected to an earthquake shaking, which are different from “typical” (i.e.: median

values) of the case history databases.

Within the confines of this chapter, due to page limitations and their wide use,

only SPT-based methods were discussed. Regarding the CPT-based methods,

readers are referred to the deterministic and probabilistic methods of Robertson

and Wride (1998) and Moss et al. (2006), respectively. Shear wave velocity and

Becker penetration test-based methods are relatively less frequently used; but

readers are referred to Kayen et al. (2013) and Harder and Seed (1986), respec-

tively, for a complete review of available literature.

It should be noted that all these methods are applicable to either clean sands or

sands with limited amount of fines. As discussed earlier, silt and clay mixtures may

also be susceptible to cyclic loading-induced strength loss and deformations.

Unfortunately, research interest on their cyclic response picked up only recently,

and hence, a comprehensive effort summarizing their cyclic performance is still

missing. Yet, Boulanger and Idriss (2007) needs to be referred to as a practical tool,

which is waiting to be tested via sufficient number of case histories.

Following sections are devoted to the discussion of seismic strength and deforma-

tion responses of soils, which allows a direct evaluation of seismic soil performance.

19.3 Assessment of Seismic Strength Response of Soils

There is a significant tendency towards the performance-based approaches in

today’s engineering profession. From seismic soil response point of view, this

tendency puts forward the prediction of strength and deformation performances.

Actually, they establish the basis of second and third level liquefaction engineering

assessments, as outlined by Seed et al. (2001) (Fig. 19.1). For the sake of consis-

tency, cyclic strength loss will be discussed before the discussion of cyclic

straining.

19.3.1 Seismic Strength Performance of Clean Sands
and Silt – Sand Mixtures

Most of the previous efforts have focused on saturated clean sands and non-plastic

silt – sand mixtures. Shear strength of these soils solely rely on the effective stress

state and inter granular friction. Thus, an increase in seismically-induced excess

pore water pressure may cause a significant reduction in shear strength (most

extreme case is liquefaction) of saturated cohesionless soils.

Consistent with liquefaction triggering methodologies, there exist two alterna-

tives: (i) sampling and laboratory testing, and (ii) correlation of post-liquefaction

strength with field case history data. The “steady-state” approach (e.g.: Poulos
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et al. 1985), has benefitted from laboratory testing of both reconstituted and

high-quality “undisturbed” samples, and a systematic basis for correction has

been proposed for post-liquefaction “steady-state” strengths due to inevitable

disturbance and densification effects that occurred during sampling and

re-consolidation phases of undrained shearing. The method was eventually claimed

to produce post-liquefaction strengths that were much higher than those back-

calculated from field failure case histories (e.g. Seed et al. 1989). Hence, most

research has diverted to the latter approach.

After the pioneering work of Seed (1987), many researchers (e.g., Davis

et al. 1988; Seed and Harder 1990; Robertson et al. 1992; Stark and Mesri 1992;

Ishihara 1993; Wride et al. 1999) have performed extensive research to assess post-

liquefaction shear strength of saturated sandy soils. Among these, Seed and Harder

(1990) along with Stark and Mesri (1992) were widely accepted and used. Seed and

Harder (1990) defined residual shear strength (su,r) in terms of procedure-, energy-,

overburden stress- and fines- corrected SPT blow counts (N1,60,CS) as presented in

Fig. 19.8. Alternatively, Stark and Mesri (1992) normalized residual shear strength

by initial vertical effective stress, and presented a chart solution as a function of

N1,60,CS as shown in Fig. 19.9.

Recently, Olson and Stark (2002) revisited the available case history database

and recommended the post-liquefaction shear strength relationships as a function of

SPT blow counts and CPT tip resistance, as given in Eqs. (19.6) and (19.7),

respectively.

For N1,60 � 12,
su,S
σ

0
v0

¼ 0:03þ 0:0075 N1ð Þ60
� �� 0:03 ð19:6Þ

Fig. 19.8 Recommended

relationship between su,r
and N1,60,CS (After Seed and

Harder 1990)
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Forqc1 � 6:5MPa,
su,S
σ

0
v0

¼ 0:03þ 0:0143 qc1ð Þ � 0:03 ð19:7Þ

More recently, Idriss and Boulanger (2007) re-assessed earlier efforts and

existing case histories, and recommended two sets of solutions again for SPT and

CPT data as presented in Figs. 19.10 and 19.11, respectively. Moreover, authors

also developed the following close form solutions for the estimation of residual

shear strength by taking into account void redistribution effects. If the influence of

void redistribution is significant, residual shear can be estimated as follows:

Fig. 19.9 Recommended relationship between su,r/σ0v,0 and N1,60,CS (After Stark and Mesri 1992)

Fig. 19.10 Residual shear strength ratio, Sr/σ0v,0, of liquefied soil versus equivalent clean-sand,

SPT corrected blow count for/σ0v,0 less than 400 kPa (After Idriss and Boulanger 2007)
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Alternatively, if void redistribution effects are negligible,
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where ϕ0 represents the effective stress based internal angle of friction

Fig. 19.11 Residual shear strength ratio, Sr/σ0v,0, of liquefied soil versus CPT-qc1Ncs-Sr values

for for/σ0v,0 less than 400 kPa (After Idriss and Boulanger 2007)
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The recent effort of Idriss and Boulanger (2007) is considered to be an improve-

ment over previous studies due to increased number of case history data points as

well as consideration of the void redistribution effects. However, considering the

scatter in case history data, the recommendation of a deterministic boundary curve

(instead of upper and lower bounds or probabilistically based boundaries) is judged

to be the limitation of the study.

19.3.2 Seismic Strength Performance of Silt – Clay Mixtures

Although post-cyclic strength loss is accepted to be more critical for saturated

cohesionless soils, it could also be a serious threat for cohesive soils depending on

intensity and duration of shaking and their undrained shear strength. Depending on

the dilatancy properties of soil, the intensity of shaking and also post-cyclic stress

path, post-cyclic shear strength may be significantly different than monotonic shear

strength. Additionally, shear strength of most clays decreases due to remolding and

excess pore pressure increase during cyclic loading.

In their pioneer study, Thiers and Seed (1969) proposed a chart solution given in

Fig. 19.12, where the ratio of post-cyclic to monotonic shear strength was defined as

a function of cyclic shear strain amplitude to shear strain at which monotonic failure

takes place. Figure 19.12 reveals that strength loss may be a factor of five. However,

as long as the amplitude of the cyclic shear strain (γc) is less than half of the strain

level required for monotonic failure (γfs), the reduction in shear strength is less than

gc/gfs

0.0 0.5 1.0 1.5

t c
fs

/ t
fs

0.0

0.2

0.4

0.6

0.8

1.0Fig. 19.12 Cyclic shear

strain induced reduction in

shear strength (After Castro

and Christian 1976)
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10 %. Later, Lee and Focht (1976), Koutsoftas (1978) and Sherif et al. (1977)

provided experimental data supporting the findings of Thiers and Seed (1969).

Additionally, Sangrey and France (1980) presented a supporting theoretical frame-

work on the basis of critical state soil mechanics.

Castro and Christian (1976) also investigated post-cyclic shear strength of

various types of soils. They addressed that su,pc predictions using effective stress

based Mohr Coulomb failure criterion might be misleading since this approach

ignored the possible dilative nature of soil specimens. They have also stated that

post-cyclic shear strength (su,pc) of clayey soils were very similar to their monotonic

shear strength (su). The latter observation is based on the results of 4 cyclic tests

performed on clayey soils having PI and LI values varying between 15–19 and

0.27–0.69, respectively. Thus, it is believed that the findings of the authors may not

be valid for potentially liquefiable fine grained soils, and their statement on the

similarity su,pc and su values is, least to say, unconservative.

Van Eekelen and Potts (1978) proposed the following expression relating su,pc
and su of clayey soils.

su,pc
su

¼ 1� ruð Þχ=λ ð19:10Þ

where χ and λ are the critical state swell and compression coefficients, respectively,

and the determination of them requires oedometer testing. Using consolidation

theory as a theoretical basis, Yasuhara (1994) proposed a framework for estimating

post-cyclic shear strength of cohesive soils considering both undrained and drained

loading conditions. According to Yasuhara’s observations the extent of the decrease

in shear strength varies from 10 to 50 % of monotonic shear strength. Yasuhara

(1994) proposed the close form solution presented in Eq. (19.11).

su,cy
su,NC

¼ OCRð Þq �
Λ0

1� Cs=Cc
�1

� 	
ð19:11Þ

where su,cy and su,NC are post-cyclic and monotonic shear strengths, respectively; Cs

and Cc are swelling and compressibility indices, respectively; (OCR)q is the ratio of
mean effective stresses before ( pi

0) and after ( pe
0) the application of cyclic shear

stresses; and Λ0 is a material constant determination of which requires additional

consolidation testing. Based on the findings of Ue et al. (1991), Yasuhara proposed

the following equation for the prediction of Λ0/(1�Cs/Cc) term;

Λ0= 1� Cs=Ccð Þ ¼ 0:939� 0:002 � PI ð19:12Þ

While this framework is arguably the most complete approach to assess post-

cyclic shear strength of cohesive soils, it is judged to suffer from the following

limitations: (i) applicability to post-liquefaction residual shear strength problems is

still arguable, (ii) in the verification set, Yasuhara used clayey soils with high PI

values reaching up to 320 and naturally none of the specimens experienced high ru
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levels. (iii) there is no information on moisture content, so it is not possible to

comment on liquefaction susceptibility of tested specimens. (OCR)q is another

important component of this model; yet its estimation is not trivial. This term has

been used by various researchers previously: Okamura (1971) referred to it as

“disturbance ratio”, Matsui et al. (1980) used the term “equivalent overconso-

lidation ratio” and Yasuhara et al. (1983) called it as “apparent” or “quasi-

overconsolidation ratio”. According to Yasuhara, its value depends on cyclically

induced excess pore water pressure ratio. Following simplified expression was

proposed for Yasuhara (1994) to predict (OCR)q.

OCRð Þq ¼ OCRð Þ1�Cs=Cc ð19:13Þ

where OCR is the overconsolidation ratio of the tested specimen. For the sake of

producing a practical approach, Yasuhara once again adopted a relation given by

Ue et al. (1991) for prediction of Cs/Cc which is given as follows:

Cs=Cc ¼ 0:185þ 0:002 � PI ð19:14Þ

Expressing the parameters as a function of PI is a very practical approach; yet in

turn, the success of Yasuhara’s method strongly depends on Ue et al. (1991)’s

correlations. Performance of these correlations is waiting to be tested since database

of Ue et al. involves significant amount of data scatter as presented by Figs. 19.13

and 19.14 for Eqs. 19.12 and 19.14, respectively. Hence practicing engineers need

to use it with caution due to the large uncertainty involved.

Although almost four decades have passed since the pioneer efforts on the

evaluation of post-cyclic strength of silt and clay mixtures, current state of literature

reveals that more needs to be done. This discussion revealed that these early efforts

did not specifically focus on cyclic response of soils with significant straining and

excess pore pressure generation potential. In these extremes, specimens may lose

significant fraction of their initial shear strength. Inspired from this gap, a

probabilistic-based semi-empirical model (Eq. 19.14) is developed to predict the

ratio of the minimum shear strength during the course of cyclic loading to initial

Fig. 19.13 Database used

for development of

Eq. (19.12)
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undrained shear strength as a function of Atterberg limits (PI and liquidity index,

LI). Moreover, Fig. 19.15 presents the proposed model schematically. Readers are

referred to Bilge (2010) for further details of model development.

ln
sucyc,min

su, st

� 	
¼ ln 0:089 � PI0:226 � LI�0:455

� �� 0:213 ð19:15Þ

It should be noted that the proposed model is developed for the estimation of

shear strength reduction due to cyclic-induced remolding and increase in excess

pore pressure.

Fig. 19.14 Database used

for development of

Eq. (19.14)
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Fig. 19.15 Variation of

strength ratio (su,liq/su,st) as

a function of LI and PI
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19.4 Assessment of Seismic Deformation Response of Soils

Despite major advances in soil liquefaction engineering, assessment of anticipated

post-cyclic strain and deformations has remained a very “soft” area of practice.

Within the confines of this chapter existing methods for assessment of cyclic-

induced deformations will be discussed.

19.4.1 Seismic Deformation Response of Clean Sands
and Silt – Sand Mixtures

Numerous researchers have tried to quantify cyclic (or sometimes liquefaction-

induced) soil straining through use of deterministic techniques based on laboratory

test results and/or correlations of in-situ “index” tests with observed field perfor-

mance data. Seed and Idriss (1971) proposed “simplified procedure”, a widely

accepted and used methodology, where cyclic stress ratio (CSR), and overburden-

, fines- and the procedure-corrected Standard Penetration Test (SPT) blow-counts

(N1,60,CS) were selected as the load and capacity terms, respectively, for the

assessment of seismic soil liquefaction triggering. Using N1,60,CS and CSR terms,

Tokimatsu and Seed (1984) recommended a set of chart solutions for the estimation

of limiting shear and post-cyclic volumetric strains based on the results of cyclic

triaxial and simple shear tests performed on clean sands, further calibrated with

case history performance data. Similarly, based on the results of cyclic simple shear

tests, Ishihara and Yoshimine (1992) proposed cyclically-induced maximum shear

and post-cyclic volumetric strain correlations, where normalized demand term was

chosen as factor of safety against liquefaction, and capacity term was defined as

relative density (DR), or cone tip resistance (qc), or SPT blow count (N1,72). Based

on the results of cyclic torsional shear tests, Shamoto et al. (1998) recommended a

semi-empirical constitutive model, as well as chart solutions, for the estimation

of post-cyclic residual shear and volumetric strains. Recently, Wu et al. (2003)

proposed cyclically-induced limiting shear and post-cyclic volumetric strain

correlations based on the results of cyclic simple shear tests. Wu and Seed (2004)

attempted to validate this volumetric strain relationship with ground settlement

field case history data compiled from a number of earthquakes. Recommendations

of all these four methods in the form of equi-shear or equi-volumetric strain

contours are shown in Figs. 19.16, 19.17 and 19.18. However, direct comparisons

are difficult and not fair due to different definitions of demand and capacity, as well

as shear strain terms adopted.

All these deterministic methods have been regarded as the best of their kinds,

and used in practical applications for many years. However, none of them considers

the uncertainties associated with the nature of the problem. Recently, Cetin

et al. (2009a) has introduced a new probabilistic-based framework based on the

results of a comprehensive cyclic testing program. Semi-empirical models were
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developed for estimation of maximum cyclic shear and post-cyclic reconsolidation

volumetric strain potentials of saturated clean sands, as presented by Eqs. (19.16)

and (19.17), respectively. Moreover, these models are presented schematically in

Figs. 19.19 and 19.20, respectively.

ln γmaxð Þ ¼ ln
�0:025 � N1,60,CS þ ln CSRSS, 20,1�D,1 atmð Þ þ 2:613

0:004 � N1,60,CS þ 0:001

2
4

3
5� 1:880

limit : 5 � N1,60,CS � 40, 0:05 � CSRSS, 20,1�D,1atm � 0:60 and 0% � γmax � 50%

ð19:16Þ

ln εvð Þ ¼ ln 1:879 � ln 780:416 � ln CSRSS, 20,1�D, 1 atmð Þ � N1,60,CS þ 2442:465

636:613 � N1,60,CS þ 306:732

2
4

3
5

2
4

þ 5:583

#
� 0:689

limit : 5 � N1,60,CS � 40, 0:05 � CSRSS, 20,1�D, 1atm � 0:60 and 0% � εv � 5%

ð19:17Þ
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Proposed models were given in terms of N1,60,CS and CSRSS,20,1�D,1 atm which is

the CSR value corresponding to 1 dimensional, 20 uniform loading cycles simple

shear test under a confining pressure of 100 kPa (¼1 atm). Correction factors

adopted to convert the CSRfield value to equivalent CSRSS,20,1�D,1 atm are presented

in Eq. (19.18).

CSRSS, 20,1�D, 1atm ¼ CSRfield

Kmd � KMW
� Kσ

ð19:18Þ
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where Kmd -correction is used to convert multi-directionally applied CSRfield value

to the value of a uni-directionally applied laboratory CSR (Eq. 19.19), KMw

-correction is used to take into account duration (magnitude) effects (Eq. 19.20)

and Kσ is the correction factor for varying confining effective stress conditions

(Eq. 19.21).

Kmd ¼ 0:361 � ln DRð Þ � 0:579 ð19:19Þ
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KMW
¼ 87:1

M2:217
w

ð19:20Þ

Kσ ¼
σ 0
v, 0

Pa

� 	f�1

and f ¼ 1� 0:005 � DR ð19:21Þ

The next step following the assessment of cyclic straining potential is prediction

of soil deformations. In general, post-cyclic reconsolidation (volumetric) strains

due to dissipation of excess pore water pressures are associated with settlements,

whereas, cyclic shear strains are associated with lateral spreads. Following discus-

sion will be devoted to the prediction of settlements and lateral spreads.

19.4.1.1 Assessment of Post-cyclic Settlements

Currently available approaches for predicting the magnitude of post-cyclic

reconsolidation settlements are categorized as: (i) numerical analyses in the form

of finite element and/or finite difference techniques (e.g., Martin et al. (1975), Seed

et al. (1976), Booker et al. (1976), Finn et al. (1977), Liyanathirana and Poulos

(2002)), and (ii) semi-empirical models developed based on laboratory, field test

and performance data (e.g. Lee and Albeisa (1974), Tokimatsu and Seed (1984),

Ishihara and Yoshimine (1992), Shamoto et al. (1998), Zhang et al. (2002), Wu and

Seed (2004), Tsukamato et al. (2004), etc.). Due to difficulties in the determination

of input model parameters necessary for numerical simulations, semi-empirical

models continue to establish the state of practice for the assessment of cyclically-

induced reconsolidation (volumetric) settlements. Even the best of their kind of

these models cannot produce, at the moment, reasonably precise estimates of post-

cyclic reconsolidation (volumetric) settlements.

Recently, Cetin et al. (2009b) has developed a new methodology based on their

aforementioned semi-empirical post-cyclic volumetric strain estimation model.

The proposed method was calibrated via 49 well-documented cyclically-induced

ground settlement case histories from seven different earthquakes. Within the

confines of that study, performance of the widely used methods of Tokimatsu and

Seed (1984), Ishihara and Yoshimine (1992), Shamoto et al. (1998), Wu and Seed

(2004) were comparatively evaluated. It was concluded that the proposed method-

ology, details of which will be given next, produced more accurate and precise

settlement estimations compared to all other efforts.

Equation (19.16) constitutes the basis of the proposed method, and calculation of

N1,60,CS and CSRSS,20,1�D,1 atm is the necessary first step. Next, a weighting scheme,

linearly decreasing with depth, inspired after the recommendations of Iwasaki

et al. (1982), is implemented. Aside from the better model fit it produced, the

rationale behind the use of a depth weighting factor, is based on (i) upward seepage,

triggering void ratio redistribution, and resulting in unfavorably higher void ratios

for the shallower sublayers of soil layers, (ii) reduced induced shear stresses and

number of shear stress cycles transmitted to deeper soil layers due to initial
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liquefaction of surficial layers, and (iii) possible arching effects due to non-liquefied

soil layers. All these may significantly reduce the contribution of volumetric

settlement of deeper soil layers to the overall ground surface settlement. It is

assumed that the contribution of layers to surface settlement diminishes as the

depth of layer increases, and beyond a certain depth (zcr) settlement of an individual

layer cannot be traced at the ground surface. After statistical assessments, the

optimum value of this threshold depth was found to be 18 m. The proposed depth

weighting factor (DFi) is defined in Eq. 19.22. Equivalent volumetric strain, εv,eqv.,
of the soil profile is estimated by Eq. 19.23 and the estimated settlement, sestimated,
of the profile is simply calculated as the product of εv,eqv. and the total thickness of

the saturated cohesionless soil layers or sublayers, ∑ ti, as presented by Eq. 19.24.

sestimated is further calibrated by θ for the estimation of field settlement values. In

Eq. 19.25, σε term designates the standard deviation of the calibration model.

Further discussion of the σε term is presented later in the manuscript.

DFi ¼ 1� di
zcr ¼ 18m

, where di is the mid�depth of each saturated cohesionless

soil layer from ground surface: ð19:22Þ

εv,eqv: ¼
X

εv, i � ti � DFiX
ti � DFi

ð19:23Þ

sestimated ¼ εv,eqv: �
X

ti ð19:24Þ
ln scalibratedð Þ ¼ ln θ � sestimatedð Þ � σε ð19:25Þ

In volumetric settlement assessment of the case histories, three cases were

encountered regarding the application of DF: (i) a very dense cohesionless soil

layer (N1,60,CS> 35) or bedrock or a cohesive soil layer underlying the volumetric

settlement vulnerable cohesionless soil layer, (ii) cohesionless soil layer continuing

beyond the critical depth of 18 m with or without available SPT profile, and (iii)

cohesionless soil site where the depth of boring is less than 18 m. For case (i),

settlement calculations were performed till the depth to the top of the dense layer or

bedrock or cohesive layer. For case (ii), potentially settlement vulnerable cohe-

sionless layers beyond 18 m were simply ignored due to their limited contribution

to the overall ground surface settlement. For case (iii), after confirming with the

geological characteristics of soil site, for the soil sub-layers without an SPT value at

a specific depth, SPT values were judgmentally extended beyond the maximum

borehole depth to a depth of maximum 18 m., based on available SPT blow-counts.

Whenever a cohesive soil layer was encountered, it was assumed that cyclically-

induced volumetric strain due to this layer was negligible. In addition, thickness of

this layer was not considered in the calculation of εv,eqv..
For comparison purposes, each case history site (presented in detail in Bilge and

Cetin 2007) was analyzed by using the methods of Tokimatsu and Seed (1984),

Ishihara and Yoshimine (1992), Shamoto et al. (1998), Wu and Seed (2004) and

finally the proposed method. The performance of the model predictions, expressed
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by Pearson product moment correlation coefficient, R2, is summarized in

Table 19.1. As a better alternative, which enabled the assessment of the model

(calibration) error, predictions of each method were compared probabilistically by

using the maximum likelihood analysis. Results of these analysis, a calibration

coefficient (θ1) which enables the model to produce unbiased predictions in the

average is determined. These values are also presented in the same table along with

the value of maximum likelihood and standard deviation of the random model

correction term. It should be noted that higher values of maximum likelihood and

lower values of standard deviation are also indicators of a better model. As the

values of the calibration coefficient, θ, presented in Table 19.1 implies, existing

methods of Shamoto et al. (1998), Tokimatsu and Seed (1984), and the proposed

methodology under-predict the actual settlements by a factor of 1.91, 1.45 and 1.15,

respectively. Similarly, Wu and Seed (2004), and Ishihara and Yoshimine (1992)

over-predict settlements and need to be corrected by a factor of 0.98 and 0.90. Wu

and Seed (2004) procedure produces the most unbiased settlement predictions (i.e.:

the mean of the estimated settlements is about equal to the mean of the observed

settlements). However, in terms of the uncertainty (or scatter) of the predictions,

Wu and Seed (2004) methodology is ranked to be second to last with an R2 value of

0.33. After scaling with the calibration coefficient, θ, the proposed model produces

relatively the best predictions compared to the other four methods, also consistent

with the R2 trends presented in Table 19.1.

Performance of the proposed model is also highlighted by Fig. 19.21 in which

predicted and observed settlements are paired and shown on figures along with the

Table 19.1 Comparison of the performance of existing models

Method R2 θ1 σε ∑ likelihood fxn

Çetin et al. (2009b) 0.64 1.15 0.61 �19.8

Tokimatsu and Seed (1984) 0.33 1.45 1.05 �31.1

Ishihara and Yoshimine (1992) 0.42 0.90 1.12 �32.7

Shamoto et al. (1998) 0.36 1.93 1.36 �36.7

Wu and Seed (2004) 0.33 0.98 0.71 �22.9
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1:2 and 1:0.5 boundary lines. Readers are referred to Cetin et al. (2009b) for the

similar performance evaluation plots prepared for the other methods.

19.4.1.2 Assessment of Lateral Spreading

Lateral spreading is a liquefaction-induced deformation problem identified by surfi-

cial soil layers breaking into blocks that progressively slide downslope or toward a

free face during and after earthquake shaking. As opposed to settlements, lateral

ground deformations are generally more critical for the performance of overlying

structures as well as of infrastructures due to their limited lateral resistance.

Currently available approaches for predicting the magnitude of lateral spreading

ground deformations can be categorized as: (i) numerical analyses in the form

of finite element and/or finite difference techniques (e.g., Finn et al. (1994),

Arulanandan et al. (2000), and Liao et al. (2002)), (ii) soft computing techniques

(e.g., Wang and Rahman (1999)), (iii) simplified analytical methods (e.g.,

Newmark (1965), Towhata et al. (1992), Kokusho and Fujita (2002), and Elgamal

et al. (2003)), and (iv) empirical methods developed based on the assessment of

either laboratory test data or statistical analyses of lateral spreading case histories

(e.g., Hamada et al. (1986), Shamoto et al. (1998), and Youd et al. (2002)). Due to

difficulties in the determination of input model parameters of currently existing

numerical and analytical models, empirical and semi-empirical models continue to

establish the state of practice for the assessment of liquefaction-induced lateral

ground deformations.

Hamada et al.(1986), Youd and Perkins (1987), Rauch (1997), Shamoto et al.

(1998), Bardet et al. (1999), and Youd et al. (2002), Kanibir (2003), Faris

et al. (2006) introduced empirically-based models for the assessment of

liquefaction-induced lateral spreading. With the exception of Shamoto et al. and

Faris et al., these models were developed based on regression analyses of available

lateral spreading case histories. The predictive approach of Shamoto et al. (1998)

and Faris et al. (2006) employ laboratory-based estimates of liquefaction-induced

limiting shear strains coupled with an empirical adjustment factor in order to relate

these laboratory values to the observed field behavior. Among all of these models,

in addition to the pioneering study of Hamada et al. (1986), widely accepted and

used Youd et al. (2002), and laboratory-based and field- calibrated model of Faris

et al. (2006) will be discussed in more detail next.

In 1986, Hamada et al. introduced a simple empirical equation for predicting

liquefaction induced lateral ground deformations only in terms of ground slope and

thickness of liquefied soil layer. This equation was based on the regression analysis

of 60 earthquake case histories, mostly fromNoshiro-Japan, and it was expressed as:

Dh ¼ 0:75 � H1=2 � θ1=3 ð19:26Þ

where: Dh is the predicted horizontal ground displacement (m),H is the thickness of

liquefied zone (m), (when more than one sub-layer liquefies, H is measured as the
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distance from the top-most to the bottom-most liquefied sub-layers including all

intermediate sub-layers), and θ is the larger slope of either ground surface or

liquefied zone lower boundary (%). Despite its simplicity and ease of use, due to

limited number of case histories which established the basis of the relationship, its

use should be limited to only cases with similar conditions.

Starting in the early 1990s, Bartlett and Youd (1992, 1995) introduced empirical

methods for predicting lateral spread displacements at liquefiable sites. The proce-

dure of Youd et al. (2002) is a refinement of these early efforts and the new

and improved predictive models for either (i) sloping ground conditions, or

(ii) relatively level ground conditions with a “free face” towards which lateral

displacements may occur, were developed through multi-linear regression of a

case history database. The proposed predictive models for the sloping ground and

“free face” conditions are given in Eqs. (19.27) and (19.28), respectively.

logDh ¼ �16:213þ 1:532 �Mw � 1:406 � logR� � 0:012 � Rþ 0:338 � logSþ
0:54 � logT15 þ 3:413 � log 100� F15ð Þ � 0:795 � log�D5015 þ 0:1mm

�
ð19:27Þ

logDh ¼ �16:713þ 1:532 �Mw � 1:406 � logR� � 0:012 � Rþ 0:592 � logWþ
0:54 � logT15 þ 3:413 � log 100� F15ð Þ � 0:795 � log�D5015 þ 0:1mm

�
ð19:28Þ

where; DH is horizontal ground displacement in meters predicted by multiple linear

regression model, Mw is earthquake magnitude, S is the gradient of surface topog-

raphy or ground slope (%), W is the free-face ratio, defined as the height of the free-

face divided by its distance to calculation point, T15 is the thickness of saturated

layers with SPT- N1,60� 15, F15 is the average fines content (particles< 0.075 mm)

in T15 (%), D5015 is the average D50 in T15. R is the horizontal distance to the

nearest seismic source or to nearest fault rupture (km), and R* is calculated

according to following equation.

R� ¼ Rþ R0 andR0 ¼ 100:89�Mw�5:64 ð19:29Þ

The empirical model of Youd et al. (2002) is widely used in the engineering

profession. The performance of the model was also evaluated by Youd et al., as

presented in Fig. 19.22. Reported R2 value of 83.6 % is concluded to be sufficiently

high. However, it should be noted that (i) an attenuation-like intensity measure in

terms of magnitude and distance is adopted as opposed to an independent peak soil

ground acceleration term, which further brings along the uncertainties in the pre-

dictions of these attenuation-like formulations into the lateral spreading predictions,

(ii) zero lateral displacement was produced for soil sites composed of sublayers

with (N1)60 to be greater than 15 blows/30 cm. Moreover, the success rate at the

displacement range of 0–3 m, which is believed to be more critical compared to

large displacement range from performance point of view, is not satisfactorily high.
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More recently, Faris et al. (2006) has presented the following semi-empirical

model.

Hmax ¼ exp
�
1:0443 � ln DPImaxð Þ þ 0:0046 � lnαþ 0:0029 �Mw ð19:30Þ

where Hmax is the lateral spreading in meters, DPImax is the maximum cyclic shear

strain potential (to be determined according to Wu et al. 2003; Fig. 19.16), α is the

slope or free-face ratio, and Mw is the earthquake magnitude. Faris et al. has

similarly performed a performance evaluation study results of which is presented

in Fig. 19.23. Note that this framework takes into account the cyclic shear straining

potential of soils, which is a physically meaningful term. However, similar to the

method of Youd et al., the prediction success rate of this mode is not very high at the

displacement range of 0–3 m.

Although these models are the best of their kind, due to large uncertainties

associated with input parameters as well as model errors, more efforts are needed to

achievemore precisemodels in the prediction of lateral spread-type soil deformations.

Thus, practicing engineers are warned to be aware of the large uncertainty involved in

the predictive models. A probabilistic approach addressing these sources of uncer-

tainties could be a robust decision making approach and is strongly recommended.

19.4.2 Seismic Deformation Response of Silt and Clay
Mixtures

Ohara and Matsuda (1988) presented one of the pioneering efforts, as part of which

they expressed post-cyclic volumetric strain (εv,pc) as a function of excess pore
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water pressure ratio (ru), initial void ratio (e0) and compression index induced by

cyclic loading (Cdyn) as given by Eq. (19.31).

εv,pc ¼ Cdyn

1þ e0
� log 1

1� ru

� 	
ð19:31Þ

The relationship between Cdyn and OCR along with compression (Cc) and

swelling (Cs) indices were given by Ohara and Matsuda as presented in Fig. 19.24.

The authors also presented a model for prediction of cyclically-induced excess pore

water pressure. However, this model is defined in terms of a large number of material

coefficients which requires cyclic testing for each specific material. This limits the

practical value of both ru and also εv,pc models significantly.

Yasuhara et al. (1992) has performed an experimental study and stated that the

ratio of Cdyn to Cs was approximately equal to 1.5. Unfortunately, pore pressure

generation response and corollary issues were not addressed by the researchers.

Later, Yasuhara et al. (2001) proposed a design methodology for the assessment

of post-cyclic volumetric settlements (i.e. strains) based on the early findings of

Yasuhara’s research teams (Yasuhara and Andersen 1991; Yasuhara et al. 1992;

Yasuhara and Hyde 1997). As an input requirement of the methodology, the

estimation of excess pore pressure is required, and authors recommended 2-D or

3-D dynamic numerical analysis for the determination of excess pore water pres-

sure distribution within the soil media. The need of a 2-D or 3-D numerical analysis

for the prediction of excess pore water pressure contradicts with authors’ intention

of producing a practical design procedure.

Recently, Hyde et al. (2007) studied post-cyclic recompression stiffness and

cyclic strength of low plasticity silts. Based on cyclic tests results and 1-D

Fig. 19.23 Performance

evaluation of Faris

et al. (2006) lateral

spreading prediction model

616 K. Önder Çetin and H.T. Bilge



consolidation theory, authors proposed an expression in which εv,pc was expressed

as a function of initial sustained deviator stress ratio (qs/p
0
c), post-cyclic axial strain

(εa,pc) and void ratio (e) of the tested material as follows:

εv,pc ¼ 1:74

e1,71 � qs=p
0
c

� � � εa,pc0:461 ð19:32Þ

Hyde et al. (2007) recommended an alternative approach by modeling εv,pc as a
function axial strain rather than excess pore water pressure. This approach has been

used for saturated sandy soils by various researchers (e.g. Tatsuoka et al. 1984;

Ishihara and Yoshimine 1992) but was not widely adopted for fine-grained soils,

possibly due to absence of tools for predicting resulting axial strains. This fact also

limits extensive use Hyde et al.’s model.

As presented so far, most of the attention has focused on the quantification of

post-cyclic volumetric (reconsolidation) strains and cyclic shear straining response

was not extensively studied. Except the theoretically-based attempts (e.g. Wilson

and Greenwood 1974; Hyde and Brown 1976) proposed in the mid-1970s for the

prediction of plastic deformation of plastic fine-grained subgrade soils under

repeated loading, Hyodo et al. (1994) presented one of the few remarkable effort.

Hyodo et al. (1994) attempted to correlate cyclically-induced shear strains with

residual axial strains.

Considering the significant gap in the literature, the authors of this manuscript

have performed a comprehensive experimental-based study. Using the results of

cyclic and static triaxial test results on “undisturbed” silt and clay mixtures,

following semi-empirical models are developed for the assessment cyclic maxi-

mum shear and residual strain potential of silt and clay mixtures.

Fig. 19.24 Relationship

between Cdyn and OCR

(After Ohara and Matsuda

1988)
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where, τst/su and τcyc/su present the static and cyclic shear stress ratio for

cohesive soils, respectively; whereas, SSR is the ratio of static to cyclic shear

stresses (i.e. τst/τcyc).
The recommended framework requires index test results along with the

undrained shear strength (su) of soils, which could be determined via laboratory

or in-situ tests Ratio of τcyc/su presents the soil strength used by seismic loading nd

it could be estimated by either the simplified procedure of Seed and Idriss (1971) or

site response assessments; whereas, ratio of τst/su presents the soil strength used by

available static shear stresses, if there exists any. This latter term could be estimated

via simple analytical closed form elastic stress distribution solutions.

Assessment of the post-cyclic volumetric (reconsolidation) strains is the other

issue which needs to be addressed. For the purpose, a consolidation-theory based

approach is followed; however, unlike earlier efforts, Cdyn is defined as a function

of over consolidation ratio (OCR), maximum cyclic shear strain potential under

selected loading scenario and plasticity index of the soil, as presented in

Eq. (19.35). As outlined before, estimation of excess pore water pressure constitutes

the integral part of the problem, and by probabilistic assessment of the existing test

data, a new cyclic-pore water pressure model was also developed for silt and clay

mixtures as presented in Eq. (19.36).

Cdinamik ¼ 1þ 0:53 � OCR2 � 3:233 � OCR þ 5:927

1þ 1:118 � γmax
�0:404 þ 0:829 � lnPI

� 	
� Cr ð19:35Þ

618 K. Önder Çetin and H.T. Bilge
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Although close form expressions are easier and more practical, the graphical

solutions are also presented as given in Figs. 19.25, 19.26, and 19.27, to provide an
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insight to the users. More detailed discussion on database compilation and model

development phase are available in Bilge (2010).

The performance of these models was evaluated based on experimental mea-

surements and presented in detail by Bilge (2010). Evaluation of the post-cyclic

volumetric straining model is presented by Fig. 19.28, and it is concluded that the
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laboratory measurements could be estimated with a high success rate over a wide

strain range. Yet case history based calibration is still needed.

19.5 Summary and Concluding Remarks

Within the confines of this chapter, a summary of current state of practice in seismic

soil liquefaction engineering was presented. Since seismic soil liquefaction engi-

neering problems involve a five step assessment framework including the assess-

ment of (i) “triggering” or initiation of soil liquefaction, (ii) post-liquefaction

strength and overall post-liquefaction stability, (iii) expected liquefaction-induced

deformations and displacements, (iv) the consequences of these deformations and

displacements, (v) mitigation alternatives, if necessary, the discussion scheme also

followed the footprints of the first four steps of liquefaction engineering. Consid-

ering the increasing popularity of performance-based design trends, special empha-

sis was given on the assessment of cyclic strength and deformation performance of

both cohesionless and cohesive soils. New frameworks were introduced and some

recommendations listed for the practitioners. However, no conclusion can be

complete without emphasizing the need for further research aiming to understand

cyclic deformation response of soils.
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