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Development of Procedures for Evaluation of Liquefaction Resistance

üFollowing 1964 earthquakes in Alaska and Niigata, Japan ,the ñsimplified 
Procedureò was developed by Seed and Idriss (1971) for evaluating seismic demand 
and liquefaction resistance of granular soils

üIn the simplified procedure, cyclic stress ratio, CSR, is calculated as a seismic 
demand function:  CSR = 0.65 (amax/g)( ův/ůᾳv)rd

üInitially, extraction of samples from liquefiable layers for laboratory cyclic shear 
testing appeared to be a viable technique for measurement of capacity of soils to 
resist liquefaction

üHad laboratory testing been successful, a more orderly and theoretically rigorous  
procedure for evaluating liquefaction resistance would likely have developed

üHowever, disturbance  to granular soils during sampling, transport and sample 
preparation proved to be so severe that useful test results were not attainable  

üThus, empirical procedures developed as the state-of-the art for liquefaction 
resistance estimation
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üProfessor H. Bolton Seed, his students and colleagues led the development of 
empirical procedures using standard penetration resistance (SPT N-values) as the key 
index property to which liquefaction resistance was correlated 

üThere was some controversy over this approach, but Professor Seed had the stature 
and the unusual capacity to understand issues and select viable techniques so that 
development of empirical procedures based on SPT was generally orderly and proved 
to be viable.

üProfessor Seed  continued his research on the empirical approach and carefully 
reviewed the work of others.  He then wrote a paper about every five years to update 
the simplified procedure and the state-of-the-art

üAfter Professor Seedôs death, researchers and practitioners continued development 
of empirical techniques, including correlations with other index parameters such as 
cone penetration test (CPT) resistance, shear wave velocity, energy relations, etc  

üSeeing a need to update the state-of-the-art, I proposed to NCEER in 1996 a 
workshop of 20 experts to review proposed changes and additions to the simplified 
procedure and to write a consensus update paper that practitioners and others could 
use with confidence (Youd et al 2001) 
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üBy the end of the workshop endeavor in 2000, however, Professor Idriss was 
proposing changes to the simplified procedure, including a revised rd parameter;  he 
pushed hard for the workshop to incorporate the revised r d parameter into the 
workshop summary paper, but the participants resisted on the basis that the rd he 
proposed had not been adequately vetted by the geotechnical profession.   

üSimilarly, Professor Ray Seed was beginning a major overhaul of the simplified 
procedure by reevaluating case histories, analyzing the data statistically, etc

üOther researchers were also suggesting changes

üChaos was beginning to develop
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Inherent Chaos In Empirical Procedure Development

üThe present state-of-the-art for liquefaction hazard assessment relies heavily upon 
empirical procedures, which are based on analyses of collected case histories and 
performance assessments  

üDevelopment of empirical procedures usually occurs through research and analyses 
by individual investigators; these investigators do not always (or seldom) agree; thus 
development of empirical procedures tends to be a messy and often chaotic process; 
disputes are common and to be expected

üWith respect to liquefaction, many viable views and studied opinions about 
liquefaction have been proposed, including those by Professors Idriss and Boulanger 
and by those Cetin, Seed, et al. 

üFormulations of alternative viewpoints are important to the development process in 
that they bring into consideration a breadth of interpretations of the available data 
and allow vetting and selection of the more viable alternatives  

üWhen differing opinions become heated and divisive, however, anxiety develops 
within the practicing community who must select and apply a procedure, but are 
unsure which alternative is best or which is an acceptable standard of practice
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üThis chaos is the present state of liquefaction affairs as the profession anxiously 
awaits a calming influence that will restore harmony and confidence in acceptable 
procedures

üWith that said, let us examine the differences between the post 2001 procedures 

proposed by Idriss and Boulanger (EERI MNO 12) and by Cetin, Seed et al (2004) 

and the consequences of those differences

üIn this presentation, I will primarily discuss SPT based procedures, but much of 
the dialogue is applicable to CPT based procedures as well 

üI will frequently refer to the following three  publications, as well as to EERI 

MNO 12:
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This publication (available 
from UC Berkeley) spells out 
Ray Seedôs criticisms of EERI 
MNO 12 and provides 
additional supporting data 
and information for the Cetin, 
Seed et al procedure 

7



This publication (available 
from UC Davis) is a follow up 
to EERI MNO 12 and  provides 
updates and additional 
supporting information for the 
Idriss and Boulanger 
procedure
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Practical Recommendations for Evaluation and Mitigation of 
Soil Liquefaction in Arkansas

Principal Investigator and Graduate Student:

Dr. Brady R. Cox

Shawn C. Griffiths

Project Number: MBTC 3017

Date: February 2011

University of Arkansas
Department of Civil Engineering

copies of report should be available within a month or so from MBTC
(Mack -Blackwel Transportation Center, University of Arkansas) 

This publication was prepared to evaluate and compare results from application of:
Idriss and Boulanger (2008)
Cetin, Seed et al. (2004)
Youd et al (2001)

Report preparation began before Ray Seed publicized criticisms of EERI MNO 12
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Liquefaction Case History Datasets
üA major contribution of Seed, his students and colleagues, is an enlarged and 
critically  examined liquefaction dataset of 201 case histories.  Cetin, Seed et al 
used that dataset in the development of their procedures.
üIdriss and Boulanger re-evaluated the Cetin, Seed et al dataset, using about 
160 case histories with little change, deleted about 40 case histories (primarily 
from Japan) that they felt were suspect, and added about 70 case histories 
(primarily from other Japanese sources) making a total of 230 in their data set   

Seed, 2010 statement
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SPT-based, probabilistic  triggering curves of Cetin et al. (2004) with plotted 
field performance data (Region B highlighted by Seed); Cetin, Seed at al. 
recommend use of the PL = 15% curve for deterministic analyses (Seed 2010)

Cetin, Seed et al probabilistic liquefaction triggering curves
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CRR relationship proposed by Idriss and Boulanger in EERI MNO 12

Idriss and Boulanger CRR curve

12



13

Comparison of three liquefaction triggering curves  (Idriss and 
Boulanger  2010, p.102)



0

5

10

15

20

25

30

35

40

45

50

14-1513-1412-1311-1210-119-108-97-86-75-64-53-42-31-2

0-1

N
u

m
b

e
r 

o
f 
d

a
ta

 i
n

 c
a

s
e

 h
is

tr
o

y
 d

a
ta

s
e

t 

Average depth of liquefaiable layer, m

0-1

Average depth to liquefiable layer versus number of case histories with 
depths in the given depth range (from dataset listed by Idriss and 
Boulanger 2010); below a depth of about 12 m (40 ft), there is 
insufficient case history data to effectively constrain correlations, such 
as CRR or triggering curves; thus, below 12 m there is significant 
uncertainty in extrapolated liquefaction curves; also other factors, such 
as sediment age, may be important at depths > 12m

Depth limitation of dataset (TLY)
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TLY comment on the compiled dataset:
üAs I understand the process, the decision as to whether liquefaction did or did 
not occur at a particular site is based on observed or lack of observed surface 
liquefaction effects,  such as sand boil deposits, lateral spread, ground fissures,  
ground settlement, etc

üCould there be false negatives in the data set? that is sites where liquefaction 
occurred but did not generate surface effects.  I believe there are and that they are 
more likely to occur above deterministic liquefaction curves than below

üFor example, at the strong-motion instrument site on Treasure Island surface 
effects  of liquefaction were not reported within 30 m following the 1989 Loma 
Prieta earthquake 

üThus this site should be classified as non-liquefied?

üHowever, there is a shift of frequency to longer period motions late in the 
acceleration record, a clear indication that the underlying soil softened due to 
increased pore-water pressure and that liquefaction likely occurred

üCould false negatives in the dataset significantly influence the positioning of 
liquefaction curves?
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Seedôs re-evaluation of rd

Based on more than 2,000 ground response analyses, 
Seed argues that rd values taken from the 1971 rd graph 
(at left) are too high and that use of those rd values in the 
back analyses to calculate CSR led to plotted CSR values 
that are too high; thus predicted CSR or CRR  based on 
past relationships, including that of Youd et al 2001, 
yield values that are too high

Seed also argues that rd variability is much greater than 
indicated on the 1971 rd graph 
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Probabilistic r d curves published by 
Cetin, Seed et al 2004  
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Cetin, Seed et al (2004) equation for rd
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Idriss and Boulanger rd curves (from EERI MNO 12)
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Idriss and Boulanger (2008) recommend Equations 22 - 24 for 
calculation of r d to a limiting depth of 20 m (65 feet); because of 
increasing uncertainty with depth they suggest use of site specific 
response analyses for layers deeper than 20m and/or critical r d 

evaluations (EERI MNO 12, p. 68)

Idriss and Boulanger rd relationship
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Bridge sites in Arkansas for which comparisons were made 
between procedures of (1) Idriss and Boulanger; (2) Cetin, 
Seed et al; and (3) Youd et al.  Site 1 is used for comparisons 
in this presentation  (Cox and Griffiths 2011)

Comparisons between procedures
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Comparison of the rd values at Site No. 1 for three 
procedures; MW = 7.6, pga = 0.82 (Cox and Griffiths 2011)

Arkansas Site 1

Deficiency  of 
liquefaction case 
history data below 
this line
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Borehole log from SPT SP-7, SapancaHotel site, Turkey where
liquefaction  occurred during 1999 Kocaeli earthquake (M = 7.6)

Borehole log SP-7 
from SapancaHotel 
site, Turkey 
(liquefaction site) also 
used for comparisons

Source: DeDen, D.W. (2004). ñAnalysis of lateral spread sites from the 
1999 Kocaeli, Turkey, earthquake,ò MS Thesis, Dept. of Civil and 
Environmental Engineering, Brigham Young University, Provo, Utah
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Comparison of the rd values at MW = 7.0, pga= 0.4 for three 
procedures (Shawn Griffiths)

SapancaHotel site
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Idriss and Boulanger modification of C N

EERI MNO 12, p. 84-87
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Comparison of the CN values at Site No. 1 for three
procedures (Cox and Griffiths 2011)

Arkansas Site 1
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Comparison of the CN values at MW = 7.0, pga= 0.4 
for three procedures (Shawn Griffiths)

SapancaHotel site
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Comparison of the (N1)60cs values at Site No. 1 for 
three procedures (Cox and Griffiths 2011)

sand

clay
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SapancaHotel site

Comparison of the (N1)60cs values at Sapanca
Hotel site for three procedures (Shawn Griffiths)
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Comparison of the factor of safety (FS) against 
liquefaction at Site No.1 for three procedures; 
MW = 7.6, pga = 0.82 (Cox and Griffiths 2011)

clay

sand

Arkansas Site 1

For depths less 
than 70 ft, mean of 
calculated FS 
within +/ - 10% of 
individual values 
with Idriss and 
Boulanger FS 
highest  and Cetin, 
Seed et al FS lowest

FS > 2 plotted as 2
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Comparison of the factor of safety (FS) against 
liquefaction for SapancaHotel site, M W = 7.0, 
pga= 0.40 for three procedures (Shawn Griffiths)

SapancaHotel site

Mean of calculated 
FS within +/ - 30% 
of individual values 
with Idriss and 
Boulanger FS 
generally highest 
and Seed, Cetin et al 
FS lowest
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Comparisons of FS published 
in EERI MNO 12

Above 12 m (40 ft), the Idriss 
and Boulanger FS and the 
Cetin, Seed et al FS are 
generally within +/ - 30% of 
Youd et al FS
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TLY Summary Comments on Calculation of Liquefaction Resistance:
1. Both Idriss and Boulanger (EERI MNO 12) and Cetin, Seed et al (2004) 

procedures  incorporate improvements relative to Youd et al 2001, including 
improved data sets, more refined liquefaction triggering or CRR curves, and 
more careful  analyses of the variables rd, CN, and Ků

2. Values of rd, CN, and Kůmust not be substituted from one procedure to another
3. Cetin, Seed et al applied rigorous Bayesian statistical analyses in developing 

their procedure
4. Idriss and Boulanger applied thoughtful and careful theoretical and empirical 

adjustments in developing their procedure
5. Even with improvements, there is still considerable uncertainty in FS due to 

data scatter, local variations in soil properties, estimates of seismicity, etc
6. The procedure of Cetin and Seed generally leads to lower calculated FS against 

triggering of liquefaction compared to FS of Idriss and Boulanger (up to 30% 
lower than the mean of the two procedures)

7. Which procedure is best will be determined by future use, testing and research
8. FS from the Youd et al procedure are also within 10% to 30% of the mean
9. Although a 10% to 30% difference may seem large, many calculations in 

geotechnical engineering contain uncertainties of that magnitude
10.As noted later, FS is not the most important factor in analyzing overall 

liquefaction hazard; hence differences in calculated FS may not be a major 
issue for deterministic analyses where a ñyesò or ñnoò answer is sufficient 



ñSand-likeò and ñclay-likeò materials

Criteria of Idriss and Boulanger (EERI MNO 12) for 
classification of ñsand-likeò and ñclay-likeò materials  

PI =  7
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ñA large and still growing body of laboratory and field performance data appears 
to contradict the recommendations of Boulanger and Idriss with regard to 
differentiation between silty and clayey soils that will exhibit ñclay-likeò and 
ñsand-likeò behaviors.  In addition, close inspection of their own laboratory test 
data also appears to refute their recommendations.ò

ñUnfortunately, their recommendations too often lead to unconservative
elimination of soils from consideration with regard to potential liquefaction 
hazard, when in fact some of those soils can be expected to be potentially 
vulnerable to liquefaction. That, in turn, poses a potentially significant hazard to 
public safety if the recommendations of Boulanger and Idriss on this issue are 
widely implemented in practice.ò

Comments of Ray Seed (2010)

TLY: I present here a few slides from my 2007 CGEA lecture to explain why ñsand-
likeò and ñclay-likeò classifications are useful.  This analysis is now published in: 
Youd, T.L., DeDen, D.W., Bray, J.D.,  Sancio,  R., Cetin, K.O., and Gerber, T.M., 2009, 
ñZero-displacement lateral spreads. 1999 Kocaeli, Turkey earthquake,ò Journal of 
Geotechnical and Geoenvironmental Engineering, ASCE, v. 135, no. 1, p. 46-61.
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Why did lateral spread not occur at fine-
grained sites in Adapazari, Turkey?

üLow-plasticity fine -grained sediments are divided into 
two types by Boulanger and Idriss (2006): ñsand-likeò 
and ñclay like,ò with a boundary between PI of 3 and 8; 
for general application, a single conservative bound of 7 
is recommended

üSand-like fine -grained sediments from Adapazari (and 
many other localities) are strongly dilative (Bray and 
Sancio, 2006), which inhibits shear deformation

üSoftened clay-like fine-grained sediments have finite 
undrained strength or stiffness, which may be sufficient 
to prevent lateral spread 
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Stress-strain loops for ñsand-
likeò behavior contain flat 
segments where little shear 
resistance or stiffness develops 
during deformation; however 
steep ends of the loops, due to 
dilatency-induced hardening, 
limit shear deformation .   

Stress-strain loops for ñclay-
likeò behavior have sloping 
segments indicating significant 
resistance to shear deformation 
or stiffness, even in a softened 
condition. 

Graphs from Boulanger and Idriss, 2004

flat

sloping
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Suggested procedure for analysis of lateral 
spread in clay-like sediment

The MLR procedure [of Youd et al 2002] is not valid for analysis of lateral -
spread displacement in clay-like sediment.  No case histories from those 
types of sediments are included in the database from which the MLR model 
was regressed.

To analyze lateral displacement, Youd et al (2009) suggest calculating the 
dynamic factor of safety (FS) against incipient ground displacement using 
pseudo-static procedures.  For FS >  1.0, displacement should not occur.  If 
FS Ò1.0, displacement could occur and analytical procedures, such as the 
Newmark sliding -block model could be used to estimate ground 
displacement.

The following example illustrates the suggested procedure for clay-like soil: 
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Boulanger and Idriss (2006) suggest that the undrained cyclic shear 
strength, Su, of clay-like soil is:

Su å(qcTïův)/ Nk

where qcT = CPT tip resistance corrected for the influence of pore water 
pressure, ův = total overburden pressure, and Nk = a constant typically set 
at 15 for soft sediment. 

For the Cumhuriyet Avenue site the lowest average CPT tip resistance, qcT, 
for a 0.5 m* thick segment of CPT 4-22 is 700 kPa (3.1 to 3.6 m depth); for 
CPT 4-24 the lowest average is 730 kPa (4.2 to 4.7 m depth).  Applying the 
above equation and an Nk of 15 yields estimated Su of 42 kPa and 43 kPa
for CPT 4-22 and 4-24, respectively. 
*Updated to values applied in Youd et al 2009
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Using an infinite slope analysis, the static gravitational driving stress, Űst, 
along a layer parallel to the ground surface at depth h, is 

Űst = gh(cosa)(sin a)

where a= ground slope (0.3%), h = depth to the failure plane (3.5 m to 
4.5 m) and g= unit weight (estimated as 20 kN/m 3).  

This equation yields Űst between 0.10 kPa and 0.13 kPa, relatively small 
values.  

Cumhuriyet Avenue, Adaparazi, cross section
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The peak inertial shear stress, due to earthquake shaking is 
approximately (Seed and Idriss, 1982):

Űpk = (Ȃh/g) amaxrd

where h = depth to the liquefiable layer (3.4 m and 4.4 m for CPT 22 and 
24 respectively), g = acceleration of gravity, amax = peak horizontal 
surface acceleration generated by the earthquake (approximately 0.4 g), 
and rd = stress reduction coefficient (conservatively assumed as 1.0 for 
this analysis); note also that the factor 0.65 was also conservatively 
replaced by 1.0  

Applying these parameters yields:
Űpk = 27 kPa and 36 kPa for CPT 22 and 24, respectively.  
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The factor of safety against onset of ground displacement is: 

FS = Su/( Űpk + Űst)

= 42 kPa/(27 kPa + 0.1 kPa) = 1.5 (CPT 4-22)

= 43 kPa/(36 kPa + 0.1 kPa) = 1.2 (CPT 4-24)

thus, ground displacement should not have occurred at the Cumhuryet
Avenue site, if underlain by clay-like sediment, in agreement with the 
observed displacement.

Note:  Boulanger and Idriss suggest that the softened or residual strength of 
clay-like sediment is 0.83 Su; use of this reduced strength would be overly 
conservative because of (1) amax is used in the analysis rather than a reduced 
value, and (2) softened strength values are usually measured after tens of cycles 
of loading which is not appropriate for incipient failure analyses

General conclusion:
üLow sensitivity ñclay-likeò soils are generally resistant to lateral spread
üCaution:  The sensitivity of ñclay-likeò soils should be checked; highly sensitive 
soils (such as Bootlegger Cove clay) may weaken and fail during seismic shaking  
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Post Liquefaction Shear Strength of Sands

The following discussion applies a logic path for liquefaction 
hazard evaluation that I commonly apply as a consultant and 
suggest to others
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Evaluation of Liquefaction Hazard 

Fundamental Questions:

1. Will liquefaction occur (based on FS)? 

No ïno liquefaction hazard, no mitigation required 

Yes ïcontinue to question 2

2. Will liquefaction lead to detrimental ground deformation, 
ground displacement, or ground failure?

No ïaccept liquefaction hazard; no mitigation required

Yes ïcontinue to Question 3

3. What mitigation is required to reduce liquefaction hazard 
to an acceptable risk?
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Question 1. Will liquefaction occur?

Apply a verified evaluation procedure:

Several verified procedures are in use worldwide for evaluating FS 
against triggering of liquefaction, including those of Cetin, Seed et al 
(2004) and Idriss and Boulanger (EERI MNO 12)

Although there are differences between the procedures as discussed 
herein, they generally yield comparable FS (within +/ - 30% of mean 
value)

For those instances where FS is critical, more than one procedure 
should be applied, with conservative engineering judgment to select an 
appropriate FS for engineering design, evaluation of potential social 
disruption, financial loss, etc
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Types of liquefaction-induced ground failure
üFlow failure *
üCyclic slope deformation
üLaterals spread*
üGround oscillation
üLoss of bearing strength
üGround settlement
*evaluation considered in this presentation
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Question 2. Will liquefaction lead to 

detrimental ground deformation, 
ground displacement, or ground failure?



Before 
earthquake

After 
earthquake

Liquefiable soil
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Crest and upstream 
embankment of Lower San 
Fernando Dam slipped 
upstream and into reservoir 
due to  liquefaction -induced 
flow failure during 1971 San 
Fernando, California 
earthquake (photo by Les 
Youd)
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