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Prologue 
 
 

 This review draws heavily upon the works of many, including both colleagues and 
friends as well as other researchers and engineers whom I have not yet met.  The views 
expressed are, however, my own.  They do not represent the official positions of any individual 
agency, organization or research team.   In the interest of public safety, it must always be the 
duty of engineers, and organizations, to make their own evaluations of the views put forth by 
various experts, and to do so based on their education, experience and judgment; and on a 
project-specific basis.   Given the stakes, it is similarly the responsibility of experts, and of the 
expert community, to do all that is possible to put forth measured and prudent recommendations 
as potential input into such decisions.   In the end, suitable handling of issues affecting public 
safety must be the paramount consideration. 
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1.0    INTRODUCTION AND OVERVIEW 
 
 
The recently published monograph by Idriss and Boulanger (2008), issued by the Earthquake 

Engineering Research Institute as part of their ongoing monograph series, presents a number of 
potentially important correlations and recommendations for assessment of potential hazard 
associated with seismically induced soil liquefaction.  It is important that these recommendations 
be reviewed, and I have been asked to undertake such a review by a number of individual 
engineers as well as by a number of agencies and engineering firms. 

 

The views presented herein are my own, and do not represent the institutional views of any 
particular agency or other organization(s). 

 

The materials and recommendations presented in the monograph proceed in several distinct 
sections, and this review will not address all of these in detail.  Chapters 1 and 2 of the 
monograph present an introduction to the general principles and phenomena associated with soil 
liquefaction, based largely on a good sampling of the works of others, and I will not address 
these chapters except to note that they are well written and provide a very useful introduction to 
the subject.  Sections 4.3 through 4.6 similarly introduce a number of topics and issues 
associated with beginning to predict the consequences of soil liquefaction, but without 
attempting to resolve these into firm, quantitative recommendations for application to practice.  
This, too, is a generally useful discussion and it will not be reviewed in detail.  Finally, Chapter 5 
presents a few thoughts regarding mitigation of soil liquefaction hazard.  This is a short 
treatment, and I will not provide a review of that chapter either. 

 

The remaining sections of the monograph present five potentially important sets of 
recommendations, and these will be reviewed in detail herein (in Sections 2.0 through 6.0 of this 
review).   These deal with the following sets of topics from the EERI monograph: 

 
EERI Chapter 3:  SPT-based soil liquefaction triggering correlations (see Section 2.0 

of this review.) 
 
EERI Chapter 3:  CPT-based soil liquefaction triggering correlations (see Section 3.0 

of this review.) 
 
Sections 4.1& 4.2: Evaluation of post-liquefaction shear strengths (see Section 4.0 

             of this review.) 
 
EERI Chapter 6:  Differentiation between liquefaction behaviors of non-plastic and 

          low plasticity soils vs. more clayey soils (see Section 5.0 of this 
review.) 

 
      Sections 3.5 & 3.7: Assessment of liquefaction triggering potential at significant 

depths (see Section 6.0 of this review.) 
  
 Finally, Section 7.0 of this report provides a summary of the review comments, and some 
perspective as to what all of this may mean for practice. 
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2.0   SPT-BASED SOIL LIQUEFACTION TRIGGERING CORRELATIONS 

 
2.1   Introduction 
 

 Chapter 3 of the monograph presents a proposed new SPT-based liquefaction triggering 
correlation.   This is a potentially important set of recommendations, and it merits close review. 
 

 As with the CPT-based correlation discussed later in Section 3.0, the SPT-based 
correlation was based primarily on the field performance case history data acquired, processed, 
vetted, and back-analyzed by our own team (Cetin, 2000; Cetin et al., 2000; Cetin et al., 2004), 
and so it had an excellent underlying basis in terms of both quantity and verified quality of data 
available.   
 

 There were, however, a number of choices and judgments made in the subsequent use of 
those data and in preparation of the proposed CPT-based triggering correlation that warrant 
discussion, and that discussion is presented in the Sections that follow. 
 
2.2   Background 
 
 The seminal SPT-based liquefaction triggering correlation of Seed, Tokimatsu, Harder 
and Chung (1984, 1985) was the first major correlation 
inasmuch as it dealt for the first time with SPT equipment and procedure effects, fines 
adjustments, and other factors like K , KM, etc.   It was the chosen preference of the NCEER 
Working Group (Youd et al., 2001), and it continues to be widely used today.   
That represents an admirable 25 year effective life span; far more than most previous 
correlations. 
 

 When our own team began to work on development of SPT- and CPT-based triggering 
correlations, the correlation of Seed et al. (1984, 1985) was therefore an important point of 
reference.  Figure 2-1 shows the key figure from this correlation.   There were several sets of 
issues that we felt warranted further investigation in the face of accumulating field data, and 
these were: 
 

1.  
so the performance boundary with respect to triggering was poorly constrained in this 
high CSR region, 

 

2. The fines content correction had been a first effort, but warranted a second appraisal 
as more field data became available, 

 

3. As with many previous significant triggering correlations, evaluation of in situ CSR 
in the back-analyses of the field performance case histories had been based on the 

d-based procedure of Seed and Idriss (1971), and mounting evidence 
suggested that this would have lent an unconservative bias to these correlations, and 

 

4. There had been an unfortunate inconsistency involved in the treatment of K  effects 
in all prior correlations, as a result of the history of their development, and this would 
also have been expected to introduce some unknown additional degree of 
unconservative bias. 

 

The late Prof. H. Bolton Seed had been aware of these issues, and had begun to address 
Issue #3 above prior to his untimely death. 
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Our approach was to form a team of top international experts, and to thoroughly examine 
each of these issues.  We benefitted from the large amount of new field performance data 
available for our efforts.  In addition, we were able to apply higher-order probabilistic techniques 
(Bayesian regression) to the overall process, and thus to extract maximum possible insight from 
the data available (Seed et al., 2003, Cetin, et al., 2004; Moss et al., 2006.) 

 

Lessons learned from that process are important in evaluating the recent 
recommendations of Idriss and Boulanger (2008), as discussed in the Sections that follow. 
 
2.3   Collection, Selection and Back-Analyses of Field Performance Case Histories 
 
 The gathering, assessment, filtering, selection, and final detailed back-analyses of the 
field performance case history data (sites that liquefied, and sites that did not liquefy, in previous 
earthquakes) constitutes approximately 80% of the work involved in development of a 
liquefaction triggering correlation.  We were fortunate that a great deal of data had become 
available subsequent to the work of Seed et al. (1984, 1985).  A significantly greater amount of 
field performance data was available for our efforts, and much of that data was of high quality as 
strong motion instrumentation was increasingly available to help to establish actual acceleration 
levels at the sites of interest. 
 

 We gathered more than 500 candidate field performance case histories.   That does not 
correspond to approximately 500 SPT data; instead it represents more than 500 sites where 
multiple SPT data, and often multiple borings (and multiple CPT probes) were available to help 
characterize the subsurface conditions.   At each such site, there was only one critical stratum (or 
sub-stratum), so it might require multiple borings and numerous SPT tests to locally identify and 
define one case history, and one critical stratum.   Strata overlying that most critical stratum 
would be partially base-isolated if the critical stratum liquefied, and it would then not be possible 
to accurately assess CSR in those overlying strata.  Similarly, underlying strata would be 
partially top-isolated if the critical stratum liquefied, as there would be diminished transfer of 
shear loads downwards from the overlying strata (masses). 
 

 Once the critical stratum had been identified, an initial evaluation of key parameters and 
values was made.   Uncertainties were assessed at this stage, and those data with the largest 
uncertainties in either CSR (within the single critical stratum), or representative N-values and 
fines content (within the critical stratum) were then deleted.   Such deletions were most 
commonly the result of one or more of the following: (1) poor availability of strong motion 
instrumentation to properly characterize event-specific local acceleration levels (and resulting 
high CSR uncertainty), (2) lack of adequate information on soil character and/or fines content in 
the critical stratum, (3) poorly defined SPT procedures and/or equipment, or (4) a limited number 
of SPT performed within the actual critical stratum.  In addition, some sites were deleted because 
the overall soil profile was poorly characterized, making assessment of CSR within the critical 
stratum difficult. 
 

 In the end, a total of 201 of the highest quality field performance cases were selected for 
use in the development of the new SPT-based correlation.   Ninety-five of these cases had also 
been used by Seed et al (1984, 1985); the other 32 cases that had been used by Seed et al. were 
eliminated as we were able to set a higher standard due to the availability of a considerably 
larger body of candidate data.   One hundred and six new cases were added.   The 201 selected 
cases were then subjected to a more detailed back-analysis process than had previously been 
performed.   The best-available method, on a site-specific basis, was used to evaluate CSR within 
the critical stratum at each site.  For 53 of the cases, where a suitably local ground motion 
recording was available , full site-
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specific (and event-specific) dynamic response analyses were performed.   For the rest of the 
sites (where no local ground motion recordi
motion was available), evaluation of as based on a new set of correlations (rd values) for 
prediction of CSR on the basis of (1) ground conditions and (2) strong shaking characteristics.  
 

 The results of the back-analyses produced assessments not only of the best-estimated 
values of all key parameters; the uncertainties associated with each of the parameters were also 
estimated.   The group of top experts reviewed each of these back-analyses/assessments, and all 
questions and debates were resolved by the team at large; producing an unprecedentedly robust 
set of back-analyzed field performance case history data.  That, of course, had been the 
objective. 
 

 The detailed and fully transparent documentation of the process, and of the data (right 
back to source boring logs, etc.) was also unprecedented.   These are presented in Cetin (2000), 
Cetin et al. (2000), Cetin et al. (2004a,b) Moss et al. (2003) and Moss et al. (2006). 
 

 The selection, vetting, processing, back-analysis, etc. was, in fact, of such high quality 
that it drew strong praise from Dr. Idriss.  The extensive and fully transparent documentation 
was similarly admirable, and Dr. Idriss largely with 
regard to collection and processing of field performance data and instead adopted our field case 
history data set as a primary basis for his own work.  Accordingly, the SPT-based liquefaction 
triggering correlation of Idriss and Boulanger was also based on the availability of a field data set 
of unprecedented breadth and quality.   
  
2.4   Evaluation of In Situ Cyclic Stress Ratio 
 
2.4.1  Simplified rd (Seed and Idriss, 1971) 
 
 Prior to 2003, a number of significant liquefaction triggering relationships were based on 
the use of the simplified  rd recommendations of Seed and Idriss (1971) as the basis for 

-analyses of the critical field 
performance case histories upon which such correlations are based.   These original rd 
recommendations of Seed and Idriss are shown in Figure 2-2.  
based on the peak ground surface acceleration as 
 

  CSReq  =  0.65  x  amax /g  x  v / v  x  rd    [Eq. 2-1] 
 
where rd is a modal mass participation factor defined as per Figure 2-2. 
 

 The simplified rd recommendations of Seed and Idriss (1971) were developed at what 
was essentially the dawn of the modern field of geotechnical earthquake engineering.   
Engineering treatment of issues such as soil liquefaction, seismic site response analysis, strain-
dependent dynamic soil properties, etc. was evolving rapidly.    Each of these issues were largely 
in their infancy, and computational capacity was limited. 
 

 through the 
mainframe computer in the basement of the Mathematics building (next door to the Civil 
Engineering building.)   Performing a single site response analysis (by the equivalent linear 
method, using SHAKE; Schnabel et al., 1972) required punching a deck of cards and then 
carrying the box of punched cards to the basement of the Mathematics building and submitting 
them via the card reader.   The next morning, one would retrieve the results from alphabetically 
arranged shelves upon which the stacks of computer output would be placed.   If you were 
fortunate, you had a large stack.  If it was only a few pages, then the second page usually 
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informed you that you had divided by zero somewhere and the job had been aborted.   If it was a 
larger stack, that still did not necessarily mean a successful run; you might simply have divided 
by zero many times, rapidly.   If unsuccessful, you would closely examine the large deck of 
punched cards, make adjustments, and try again the next night. 
 

 As a result of the rudimentary computational facilities available, few site response 
analyses were performed to evaluate CSR vs. depth and thus to establish the initial rd 
recommendations of Seed and Idriss (1971).   Site conditions analyzed for this purpose consisted 
of uniform profiles of 100 feet of sand, directly underlain by rock.   Loose, medium, and dense 
profiles were modeled and analyzed.   These overly uniform profiles, underlain directly by rock, 
were not representative of the actual site conditions of interest for the back-analyses of most of 
the field performance case histories, but that was not recognized at the time.   Relatively few 
digitized ground motion records were availa
response analyses were performed.  And earthquakes were thought to be smaller back then, so 
levels of shaking were only moderate. 
 

 Over the decade that followed, site response analyses were increasingly commonly 
performed and much was learned, both by researchers and by practicing engineers.   It became 
increasingly clear that the overly uniform sand profiles upon which the early rd recommendations 
of Seed and Idriss (1971) had been based were not fully representative of the ranges of actual 
conditions encountered in the field.   Both research, and results from actual projects, showed that 
the range of variability in rd was considerably larger than that shown in Figure 2-2.  In addition, 
it was becoming -2, and the range, 
were both biased to the right relative to the results generally obtained from real sites with real 
stratigraphy and layering (e.g. Imai et al., 1981). 
 

 That, in turn, was potentially daunting with respect to liquefaction triggering correlations.  
If real site conditions typically produced rd profiles that were often to the left of those shown in 
Figure 2-2, then the use of Figure 2-2 would have resulted in statistically biased overestimation 

-analyses of the field performance case histories upon which a number of major 

especially severe at shallow depths; the depths represented by the critical field performance data.  
That, in turn, would have introduced a systematically unconservative bias to the triggering 
correlations, including the correlation of Seed, Tokimatsu, Harder and Chung (1984, 1985). 
 

 The late Prof. H. Bolton Seed had grown increasingly concerned about that.     The question 
was: How much?  (How unconservative?)  To answer that, a series of two research efforts were 
planned. The first would involve performing site response analyses for a range of ground 
conditions and shaking characteristics, using several different analytical approaches (the 
equivalent linear method, and several fully nonlinear methods) to evaluate the performances, 
accuracy and reliability of each of these for different sets of ground conditions and shaking 
conditions.   The lessons from this first study would then be applied in a subsequent study to the 
specific issue of evaluation of in situ CSR for a broad range of real site conditions, and for a 
broad range of input ground motions. 

 

 Unfortunately, the late Prof. Seed was diagnosed with cancer, and died during that first 
phase of investigation.  His doctoral research student, who was nearly finished, therefore 
completed his work under my supervision, and the second phase of the work was then delayed 
somewhat until it could eventually be completed by Cetin et al. (Cetin, 2000; Cetin et al, 2004). 
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2.4.2   Updated rd Relationships 
 
(a)  Cetin et al. (2000, 2004): 
 

 That work to properly re- d for a broad range of conditions was finally 
performed in 1998 and 1999 as part of our overall research effort targeted at investigation and 
development of improved liquefaction triggering correlations.   Because the results would be 
used to back-analyze those field performance case history sites for which full, site-specific 
dynamic response analyses could not be performed (due to lack of a suitably local strong motion 
recording), the sites selected for study of rd were 50 of the actual field performance case history 
sites; sites with real soil profiles, and real soil properties.  A roughly equal number of 

-
suitable breadth of soil profile types as to be representative of the 201 overall field performance 
case history sites (e.g. shallow, medium and deep; soft, medium and stiff; multi-layering, etc.) 
 

 A suite of 42 input strong motions were then developed, and these are summarized in 
Table 2-1.   These ranged from small magnitude to very large magnitude events, and in each 
magnitude range there were near-field, mid-field and far-field motions selected.   Some of the 
near-field events had pronounced near-field effects (directivity and/or fling), and some did not. 
 

 All 42 of the motions were run through all 50 of the sites, producing 
2,100 sets of results from which profiles of rd vs. depth could be evaluated.   In addition, 53 of 
the actual field performance case histories did have appropriate nearby strong motion recordings, 
and these were us
site-specific, and event-specific, dynamic response analyses for these 53 sites.    The result was a 
total of 2,153 rd profiles from a very broad range of real site conditions and for a broad range of 
shaking characteristics.    These 2,153 rd profiles for real sites are shown in Figure 2-3.  In this 
figure, the heavy black line is the median result, and the less heavy black lines are the +/- one 
standard deviation values. 
 

 The imme d 
recommendations of Seed and Idriss (1971), which had been based on a limited and largely non-
representative set of response analyses?   Figure 2-4 shows that comparison.   As can be seen in 
this figure, the simplified rd relationship of Seed and Idriss over-predicted rd, especially at the 
shallow depths (upper 30 feet) which were critical for the liquefied/non-liquefied field 
performance case histories (as liquefaction vs. non-liquefaction is difficult to discern with 
certainty at greater depths for the level sites of the field performance case history database.) 
 

 Because the simplified rd of Seed and Idriss (1971) had over-predicted rd, the data points 
in Figure 2-1 were plotted too high on the figure, resulting in an unconservative assessment of 
liquefaction potential.   Further study (Cetin, 2000; Cetin et al., 2004a,b) showed that the average 
resulting degree of unconservatism was on the order of 10% to 20% in terms of CSR required to 
trigger liquefaction for the case histories used.   
 
(b)  Idriss (1999)  
 

 Dr. Idriss had, over this same time period, developed his own new rd recommendations, 
and as these were subsequently employed in the development of the liquefaction triggering 
correlation of Idriss and Boulanger (2008) they warrant close inspection. 
 

 Figure 2-5 shows these new rd recommendations of Idriss (1999).   Figure 2-5 also shows 
a comparison of these vs. the results of the 2,153 cases analyzed by Cetin et al.  The details of 

d recommendations have never been documented, and so 
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their derivation cannot be properly reviewed in detail.  I am, however, unusually aware of some 
of the details and that serves to provide some insight. 
 

 Shortly after completing his doctoral work on cross-comparisons of a suite of dynamic 
site response analysis methods under my supervision (due to the untimely death of my father), 
which had been intended to be the first of a two-step process to more properly evaluate rd, that 
recent graduate (Dr. Ramin Golesorkhi) was taken aside by Dr. Idriss; with the understanding 
that he and Dr. Idriss would shortly co-author a journal article with a new rd correlation.  I was a 
more junior figure in the field at that time, and was unable to suitably protect Dr. Golesorkhi.  As 
a result, Dr. Golesorkhi has never managed to properly publish his excellent doctoral work.  The 
journal paper with Dr. Idriss never materialized either, but he was eventually a co-author of a 
short and informal workshop paper by Idriss and Golesorkhi (1997) that Dr. Idriss briefly 
referred to as the source reference document for his new rd recommendations before finally 
settling on the subsequent paper of Idriss (1999) that he now cites as that reference.   Even more 
unfortunately, because Dr. Idriss was an influential figure in the field, Dr. Golesorkhi did not feel 
able to accept our invitation to be a co-author of our journal paper regarding rd (Cetin et al, 
2004); a privilege that his earlier work and contributions had certainly merited.    
 

It should be noted that the TRB Workshop paper that Dr. Idriss now cites as the reference 
for his new rd recommendations was an un-refereed publication.   Dr. Idriss has variably stated 
that his rd recommendations are b and that they are an 
extension of that work and are based on additional analyses as well (up to several 
hundred  analyses total.)   
evaluation of rd across a broad range of field conditions, and even his more limited suites of 
analyses do not agree well with the rd recommendations of Idriss (1999); an issue that will be 
discussed further a bit later. Although he claims to have based his new rd recommendations on 

in the end a total of as many as several hundred site response 
analyses, none of that has ever been properly documented and it cannot be properly checked and 
reviewed.   
 
(c)   Comparisons Between the Various rd Recommendations 
 

 In developing his new rd recommendations, Dr. Idriss added causative magnitude as an 
additional parameter.  As shown in Figure 2-4 that serves to spread out the overly narrow range 

d recommendations to some minor degree.   It does not, however, produce 
nor by the work of Imai 

(1981) or Golesorkhi (1989), and it also does not capture the main issues at work here. 
 

 This is one of the best-studied problems in dynamics.   Every structural engineer setting 
out to seismically design a multi-story structure begins by estimating the shear forces that must 
be safely resisted at each level.   This involves determination of the modal mass shear 
participation factor (rd) in a column shaken from the bottom, and often with variable floor 
characteristics (analogous to different soil strata).    Accordingly, rd pth reduction 

instead it is a modal mass participation factor.   
 

 Four principal issues that influence this modal mass participation factor (rd) are well 
established, and they are (1) depth, (2) stiffness of the column being shaken, (3) severity and 
modal characteristics of shaking intensity, and (4) duration of shaking.   Dr. Idriss partially 
captured the fourth and least important of these by invoking causitive magnitude, as this 
correlates approximately with duration (and thus with potential for wave-stacking or resonance).   
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Duration is, however, only a minor issue.  In addition to depth, the main issues are the 
other two; interaction between (1) stiffness of the system and (2) severity of shaking intensity.   
In simple terms, the harder a column is shaken, and the softer that column is, the more 
nonlinearity occurs; reducing modal mass participation.   Sub-layering, or stiffness variations 
between levels or strata, also reduces modal mass participation (rd). 
 

 Cetin et al. used Bayesian regression to develop a predictive correlation for rd vs. depth 
based on four sets of issues: (1) depth, (2) shaking intensity (amax), (3) site stiffness (VS,40ft), and 
(4) duration (Mw).    The resulting correlation is expressed in an equation that lends itself to 
spread-sheet use, and it is fully probabilistically based so that values of +/- selected levels of 
standard deviation can also be rapidly calculated (Cetin, 2000; Cetin et al., 2004). 
 

 The application, and accuracy/reliability, of this new rd correlation is illustrated in 
Figures 2-6 through 2-8.   In these figures, the 2,153 rd profiles from Figure 2-3 are sub-divided 
into 12 sets or , each with common ranges of (a) severity of shaking, (b) site stiffness, and 
(c) causative magnitude.   Figure 2-6 shows rd profiles for low shaking levels of amax 0.12g, 
Figure 2-7 shows profiles for moderate shaking levels of 0.12 max 0.23g, and Figure 2-8 
shows profiles of modal mass participation factor for amax 0.23g.   In each of these figures, the 
top two sub-figures are for Mw 6.8, and the bottom two for Mw  >  6.8 events, while the left two 
sub-figures are for softer sites (VS,40ft 525 ft/sec) and the right-hand two sub-figures are for 
stiffer site conditions  (VS,40ft > 525 ft/sec). As shown, the proposed correlation performs well, 
following the actual calculated rd profiles across the full range of variations in ground conditions 
and shaking characteristics. 
 

 As shown in Figure 2-5 d recommendations continue 
hey provide values that are too high, 

especially at the shallow depths (upper 30 feet) that are so critical for back-analyses of the field 
performance case histories upon which his new liquefaction triggering correlation is based.   As a 
result, his case history data are plotted too high on Figure 2-19, and a systematically 
unconservative bias of approximately 9% to 15% is introduced in terms of the CSR required to 
trigger liquefaction. 
 

 The 50 sets of real site conditions analyzed by Cetin et al. were documented in 
unprecedented detail, (and so were the 53 sites for which event-specific dynamic response 
analyses were performed).  In addition, the analytical procedures, the methods used to develop 
and model shear wave velocities, the material-specific strain-dependent dynamic modulus 
degredation and strain-dependent damping relationships employed, the background soils and site 
characterization data, the background source boring logs and CPT logs used to define site 
conditions, and the characteristics of the input motions employed were also clearly documented 
(Cetin, 2000; Cetin et al. 2004).   By contrast, Dr. Idriss has never documented the site 
conditions analyzed in development of his rd recommendations, nor the input motions employed, 
nor even the number of analyses performed for this purpose.  And the actual individual rd 
profiles produced by those analyses have never been presented either. 
 

 Equally importantly, the rd recommendations of Idriss (1999) are clearly incorrect for the 
purpose of back-analyses of the large suite of critical field performance (liquefaction and non-
liquefaction) case history data.   
 

Imai et al. (1981) were among the first to systematically investigate this, and their results 
from 143 site response analyses performed for sites with varying soil profiles and input motions 
produced rd profiles typically well to the left of those corresponding to the simplified 
recommendations of Seed and Idriss (1971), and also well to the left of the new rd 
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recommendations of Idriss (1999), as shown in Figure 2-9.   The rd profiles of Imai et al. (Figure 
2-9) agree fairly well, however, with the rd profiles calculated by Cetin et al. (see Figure 2-3). 
 

 Figure 2-10 shows rd profiles calculated by Golesorkhi (1989) for sites with overly 
uniform sand profiles; despite being uniform sand profiles these again agree fairly well with the 
types of rd profiles calculated by Cetin et al. (Figure 2-3) and by Imai et al. (Figure 2-9).  Dr. 
Golesorkhi performed suites of site response analyses to investigate rd profiles for hypothetical 

 of different densities, using varying input motions from different magnitude 
events, and a summary of the results of these analyses are shown in Figure 2-11
rd curves expressed as a function of causative magnitude.  The simplified rd recommendations of 
Idriss (1999) are then added to Figure 2-11 (red lines) for direct comparison.   As shown in 
Figure 2-11, despite the overly uniform sand profiles analyzed, the simplified recommendations 
of Idriss (1999) fall well to the right of even the relatively limited initial suite of analyses 
performed by Golesorkhi; even though Dr. Idriss states that Dr. 
are a principal basis of his recommendations. 
 

 Next, it must be noted that the soil profiles of principal interest here are not those that 
will arise in future project works; instead they are the range of site profiles and soil conditions 
represented within the critical field performance case history database.  Correctly back-analyzing 

stratum in each of these cases, is vital to establishing a correct overall liquefaction triggering 
correlation.   Once the correlation is correctly established, the best and most suitable means of 
assessing CSR for forward application to actual project works is then a second issue. 
 

 Most of the field performance case histories involve sites that do not consist of uniform 
sand deposits; instead layering and stratigraphy are often variable.  Because the suite of 50 site 
conditions analyzed by Cetin et al. were specifically selected in order to be representative of the 
range of site conditions within the large field performance case history database, the empirical 
relationship of Cetin et al. (2004) is deliberately ideally suited to the back-analyses of these data. 
 

 A key objective of the work of our project team (Seed et al., 2003; Cetin et al., 2004; 
Moss, et al., 2006) was to develop liquefaction triggering correlations that would be compatible 
with the use of site-specific and project-specific dynamic response analyses for purposes of 
evaluation of in situ CSR values.    For that reason, 53 of the field case histories (for which 
suitable nearby ground motion recordings were available) were back-analyzed using event-
specific full dynamic site response analyses to evaluate CSR within the critical strata, and for the 
remaining 148 field case histories the empirical rd correlations of Cetin et al. (2004) which had 
themselves been based on site response analyses for well-representative site conditions were 
used as a basis for evaluation of CSR.  That means that the resulting SPT- and CPT-based 
correlations (Cetin et al., 2004; Moss et al, 2006) are the first liquefaction triggering correlations 
fully compatible with the use of project-specific dynamic response analyses for purposes of 

viable, alternative is to use the empirical correlation of Cetin et al. (2004) for this purpose for 
relatively level site conditions not requiring two-dimensional or three-dimensional analyses. 
 

 Recognizing that Imai et al. (1981) and so many others had been correct, and that the 
ear d recommendations of Seed and Idriss (1971) had inadvertently resulted in 

-analyses of the field performance case histories, our team 
next worked to evaluate the degree of unconservative bias that this had introduced into the 
important triggering correlation of Seed, Tokimatsu, Harder and Chung (1984, 1985).  It was 
found that this unconservative bias would have been on the order of 10% to 20% in terms of the 
CSR required to trigger liquefaction (Cetin, 2000; Cetin et al. 2004). 
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It should be noted that the rd recommendations of Idriss (1999) are essentially identical to 
 very similar unconservative 

bias to the liquefaction triggering correlation of Idriss and Boulanger (2008); on the order of 9% 
to 15% when the correlation is used in conjunction with CSR values calculated by means of site-
specific and project-specific dynamic response analyses, as is usually done for major projects 
(e.g. dams, etc), and as is increasingly being done for lesser projects as well. 

 

This unconservative bias can be reduced greatly by using the same rd recommendations 
(Idriss, actual project analysis and design 
purposes that were used for the back-analyses of the field performance case histories; one can 
eliminate much of 
forward that was made going backward.   The price, however, is then loss of accuracy and also 
the potential for other sources of unconservatism; especially for projects wherein topographic, 
stratigraphic or and one-dimensional) 

 
 

A d 
recommendations of Seed and Idriss (1971) have not always been employed in conjunction with 
the use of those same rd relationships for forward application to real engineering projects.   Major 
earth dams are an important and common example.    Topographic and stratigraphic effects for 
significant dams require the performance of at least two-dimensional dynamic response analyses 

ering correlation of Seed, Tokimatsu, Harder and 
Chung (1984, 1985) is now known to be incompatible with that application, and to be 
unconservatively biased, yet it is still sometimes used in that manner. 

 

The proposed SPT-based triggering correlation of Idriss and Boulanger (2008) is 
similarly incompatible for use in conjunction with directly calculated in-situ CSR values 
developed based on project-specific site response (or SSI) analyses, and the degree of 
unconservative bias is essentially the same if their triggering relationship is used in that manner. 

  

Idriss and Boulanger (2008) state clearly in their monograph (pg. 99) that their triggering 
correlation is suitable only for use in conjunction with the same rd values/relationship used to 
develop the triggering correlation in the first place (those of Idriss, 1999), but this has not been 
generally understood by the profession at large.  Even more unfortunately, I have myself 
watched Dr. Idriss personally advocate the use of their triggering correlation in conjunction with 
two-dimensional dynamic response analyses for major dams, both in public presentations and on 
individual projects.  That is a potentially dangerous (unconservative) error, counter to his own 
written recommendations (see pg. 99 of the monograph), and it should not be permitted. 
 
2.5  K  Effects 
 
 There is an interesting (and important) nuance to the history of development of methods 
for dealing with K -effects which causes most existing liquefaction triggering correlations to be 
slightly unconservative. 
 

 Empirical liquefaction triggering correlations have all been based on observations of field 
performance (liquefaction or non-liquefaction) at shallow depths; as it is only at relatively 
shallow depths that we can be suitably certain whether or not liquefaction was triggered.    
 

 As the -
deeper cases (e.g. large embankment dams, etc.), it was necessary to consider Critical State 
phenomena associated with increased effective overburden stress and their effects on 
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liquefaction triggering potential. Increasing effective overburden stresses serve to suppress 
dilation and to enhance contraction during cyclic shearing.  Accordingly, as initial effective 
overburden stresses progressively increase, the empirical triggering correlations based on 

 unless appropriate adjustments are 
made. 
 

 
of conditions with initial effective v v,i -effects were 
initially assessed as v,i grew progressively larger than 1.0 atmosphere.  Accordingly, treatment 

K ion 
as  
   CSRliq = CSR1atm x K      [Eq. 2-2] 
 
where values of K  were taken as 1.0 for v,i and K  had values progressively 
less than 1.0 as v,i increases above 1 atm. (see Section 6.0). 
 

 Unfortunately: (1) K   v,i  = 1 atm., instead they are smoothly 
c
correlations were not based on an average or mean vertical effective overburden stress of 1 atm., 
instead they were based on field performance data sets with lower mean and median effective 
vertical stresses.  As a result, the use of K  = 1.0 for v,i , 
and served to inappropriately limit K  v,i of less than 1 atm.  That, in turn, caused an 
incorrect bias in the back-analyses of field performance case histories, and a corresponding bias 
in the resulting triggering correlations as well.   Because a majority of the field performance case 
histories involved critical soil strata wherein initial effective overburden stresses were less than 1 

capped K  
strata; so the corresponding bias introduced into triggering correlations was an unconservative 
one. 
 

 Cetin et al. (2004) were able to perform a single overall regression (using Bayesian 
regression methods) that permitted, for the first time, evaluation of K  based directly on the field 
performance case history data.   The results are shown in Figure 2-12.   Also shown in this figure 
is a histogram of the effective vertical overburden stresses ( v,i) of the critical strata from the 
201 full scale field performance (triggering) case histories studied. 
 

 As shown in this figure, K  is by definition equal to a value of 1.0 at 1 atm., but it is not 
equal to t v,i < 1atm., instead it is a smoothly continuous function to smaller overburden 
stresses.   Also, as shown in this figure, a majority of the field performance case histories involve 
critical strata with effective vertical overburden stresses of less than 1 atm.   Indeed, it was found 
t initial effective overburden stress was approximately v,i  0.7 atm., 
and also that most previous liquefaction triggering correlations had also been v,i < 
1 atm.   For the liquefaction triggering correlation of Seed, Tokimatsu, Harder and Chung (1984, 
1985) the resulting unconservative bias (if the triggering correlation is assumed to represent 
CSRliq for v,i = 1.0 atm. is approximately 7% to 11%.    The triggering correlation of Cetin et al. 

 
CSRliq for v,i exactly equal to 1.0 atm. 
 

 In developing their initial SPT-based liquefaction triggering correlation, Idriss and 
Boulanger (2006) - K  at a value of 1.0 for v,i  1atm.   
In the monograph version of their SPT-based liquefaction triggering correlation they claim to 
have made a minor improvement by - to K    (Idriss and 
Boulanger, 2008), but they state that this made no discernable difference.   That was to have been 
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expected; this revised cut-off of K  still left a majority of the data subject to unrealistic values 
that were unduly constrained by the cut-off imposed.  -
restrictive, and the average overall impact of imposing this type of cut-off on the correlation 
would be to lower the CSR values required to trigger liquefaction by approximately 5% to 8%.   
Their treatment of K  is made worse, however, by the use of overly optimistic values of K  for 
greater depths wher v,i 
overall error (or bias) due to their treatment of K  to approximately 6% to 10%. 
 
2.6   Drawing the Lines 
 
 The two issues discussed in the previous section (Sections 2.4 and 2.5) introduced 

case histories.  The rd -related bias would have been on the order of about 9% to 15% in terms of 
the CSR required to trigger liquefaction, and the K -related bias would have been smaller, on the 
order of about 6% to 10% in terms of the CSR required to trigger liquefaction.   These do not by 
themselves, however, serve to fully define the accuracy, suitability or conservatism of the overall 
correlation. 
 

 Three additional factors that warrant review are: (1) field case histories added to or 
deleted from the field case history database compiled by Cetin et al. (which is the fundamental 
underlying basis of the overall correlation), (2) details and judgments made in the plotting of 
some of these case history data, and (3) the manner in which the boundary line defining the 
overall correlation was drawn.   These are discussed in the sections that follow. 
 
2.6.1   Selection and De-Selection of Case History Data 
 
 Figure 2-13 shows the SPT-based correlation of Cetin et al. (2004), along with the 
centroids (in both CSR and N1,60,CS) of the field case history data upon which it is based (all 

-14 shows the proposed SPT-based correlation of 
Idriss and Boulanger (2008), along with their own interpretation (and plotting) of the field 

correlations are based primarily on the same overall field case history database assembled by our 
team (Cetin, 2000; Cetin et al., 2000; Cetin, et al., 2004).    
 

The dashed line in Figure 2-13 
in which the corrected blowcounts are high (N1,60,CS 
0.26).  The corresponding -14 are generally a bit higher for each of the 
individual case histories shown due to the error made in estimation of in situ CSR due to use of 
the simplified rd of Idriss (1999), as discussed previously in Section 2.4, but it is possible to 

-13, but the corresponding sector of 
Figure 2-14 
Boulanger have deleted at least six liquefied case histories in this sector.   The basis for those de-
selections has never been properly documented or reported, and it is not even possible to tell 
which cases were deleted.   The upper right-hand boundary of the recommended liquefaction 
triggering correlation of Idriss and Boulanger is less conservative than that of Cetin et al., 
reaching a value of N1,60,CS = 30.5 at CSR = 0.50 (vs. N1,60,CS = 33.5 at CSR = 0.50 for PL = 20%; 
the recommended deterministic  boundary for the correlation of Cetin et al.)   It 
thus appears that the less conservative upper right-hand boundary of the Idriss and Boulanger 
correlation is the result, at least in part, of undocumented deletions of a significant number of 
field performance case histories that the large team of experts involved in the work of Cetin et al. 
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had found to be cases of high quality and reliability.    And it appears that the deletions of case 
history data were somewhat selectively targeted at those cases positioned farther to the right, 
allowing the final boundary curve to move to the left (in an unconservative direction). 

 

Further insight can be gleaned by the verbal description of Idriss and Boulanger (2006), 
who claim that their boundary curve in this upper right-hand region was guided by the similar 
upper right-hand boundary region of the correlation of Yoshimi et al. (1989, 1994), which was 
developed based on testing of frozen samples that were carefully thawed and then subjected to 
laboratory undrained cyclic testing.  Figure 2-15 shows a comparison between the correlation 
proposed by Idriss and Boulanger (2008) and the work of Yoshimi et al. (1989); the upper right-
hand boundary of the relationship proposed by Idriss and Boulanger (2008) is clearly 
unconservative based on this comparison.  
 

 Figure 2-16 shows a similar comparison, this time between the SPT-based empirical 
triggering correlation proposed by Cetin et al. (2004), and the work of Yoshimi et al. (1989) 
based on testing of frozen samples.   In this figure, it can be seen that the SPT-based correlation 
of Cetin et al., which was based entirely on full scale field performance case history data, agrees 
very closely with the work of Yoshimi et al.   [The correlations of both Cetin et al., and of Idriss 
and Boulanger, do not conform well to the work of Yoshimi et al. at very low N1,60,CS values 
because the frozen samples underwent significant volumetric changes during reconsolidation 
prior to undrained cyclic testing; producing erroneously .   At higher 
N1,60,CS values, these reconsolidation volume changes were small and it can be argued that the 
tests on frozen samples provide good insight.]  The excellent agreement between the two efforts 
(Cetin et al., 2004 and Yoshimi et al., 1994) means that the two best data sets for determination 
of the location of the boundary curve at this upper right flank (full scale field performance data, 
and high quality lab testing of frozen samples) both serve to provide essentially the same answer 

 
 
2.6.2  Adjustments of Field Case History Data 
 

 Figure 2-17 repeats Figure 2-13, this time highlighting a second region at the lower 
boundary of the triggering relationship of Cetin et al. .  Figure 2-18 repeats Figure 
2-17, highlighting this same region for the proposed triggering correlation of Idriss and 
Boulanger.   This is a much more crowded region, and it is even less possible to track the 
correspondence of the plotting of field data points between the two representations.    There is 
again no comprehensive description available regarding the details of the processing and plotting 
of the case histories by Idriss and Boulanger, nor of case histories that they added to and/or 
deleted from the database of Cetin et al., and there is no overall tabulation that can serve as a 
basis for checking these important details.    
 

 In a cryptic discussion of their work in their journal paper, Idriss and Boulanger (2006) 
state that four field performance case histories in this sector (Region B in Figures 2-
17 and 2-18)  on the correlation plot.   This 
is a serious matter, and so their text will be quoted directly as follows: 
 
 The K   for the re-evaluation of the SPT and CPT 

 liquefaction correlations presented later, although conceptually the K  values should  
 vo/Pa is less than unity.  The reasons for imposing  
 this restriction  on K   are as follows.  F irst, the primary purpose of the K  relation is for  
 the extrapolation of the semi-empirical correlation to depths beyond which the empirical 

             data are available, and thus the K  R-based 
 analysis results for 1 < vo/Pa  < 10  [23] .  A consequence of this focus on higher confining 
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 stresses was that the derived K  R-based K  values  
vo/Pa  < 1 for the relative densities of most interest.   For example, for DR = 50%  

vo/Pa  R-based K  value is 1.05 while Eq. (13) gives 1.07.  In contrast, the 
 Hynes and Olsen [25] relations give K  = 1.19 and the empirical relation by Seed et al.  
[17] gives K  R-based analyses show that K  only slightly 
 exceeds 1.0 at vo/Pa  < 1 because the critical state line is relatively flat at low confining 
 stresses (F ig. 7).  In addition, it was subsequently found that letting K  exceed 1.0 [using  
Eq. (13) but without an upper limit of unity] , caused four data points for the clean sands  
from shallower depths to fall somewhat below the recommended CRR  (N1)60 curve.  These 
data points were not far below the curve, and would have been closer to the curve if the 

R-based K  values had been used.  Since the effect of K  at vo/Pa  < 1 is generally only  
a few percent, and since it was desirable for the curve not to be controlled by these  
few points from shallower depths, it was decided to maintain the simple limit of K   
for both re-evaluating the case histories and for use in practical applications. 
 
Section 6.0 of this review presents a detailed discussion of the K  recommendations of 

Idriss and Boulanger.  At this juncture, it should be noted that the R-based K  values
to above are values derived based entirely on a theoretical and constitutive construct, and that 
they lack empirical verification. That stands in sharp contrast to the K  values of Cetin et al. 
(2004) which are empirically based directly on the full scale field performance case history data, 
and which are specifically accurate over the range of that critical full-scale field performance 
data.   In the end, the above discussion states that such field-based empirical evidence was over-
ridden by a purely theoretical construct, and that the reason that this was done was to re-position 
four 
match the desired location of the final triggering correlation  (N1)60 

   This was an unusual approach that differed from common practice in two ways: 
 
1. Ordinarily, empirical physical data is given precedence over purely theoretical 

constructs, especially when that physical data is full-scale field performance data, and  
 

2. Ordinarily, field performance data are left where nature has caused them to be, and 
the boundary curve is then adjusted to conform to the data.    

 
Making direct adjustments of critical data in this manner  would thus serve to cast doubt 

upon this region of the proposed correlation. 
 

A slight modification was made from this journal paper to the EERI monograph (Idriss 
and Boulanger, 2008) K  from K  K  

K  continues to serve to displace these four errant data points (and with them the overall 
correlation) from what is arguably their rightful position.    
 
2.6.3  Drawing of the Line 
 

 A final issue is the manner in which the boundary line (correlation) itself was then drawn.   
As the proposed liquefaction triggering correlation of Idriss and Boulanger has no formal 
underlying probabilistic basis, this is an entirely judgmental process and it thus warrants close 
inspection and review. 
 

 Figure 2-19 again shows the proposed triggering correlation of Idriss and Boulanger, with 

near to the boundary curve have little influence on the correlation, and so a very rough 
(approximate) check on the probability of liquefaction (PL) associated with the boundary curve 
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drawn can be obtained by delineating a zone close alongside the boundary curve, as shown in 
Figure 2-19, and then counting the number of liquefied and non-liquefied case histories in this 
region. Dr. Idriss has repeatedly stated publicly that his intent was to draw a boundary 
corresponding to PL  10%, and he has publicly chided Cetin et al. (2004) for selecting a 
boundary at PL f their triggering correlation.   
Based on Figure 2-19, there are 28 liquefied case histories in the boundary zone shown, and only 
20 non-liquefied case histories.   Even allowing for under-representation of non-liquefied case 
histories in the overall database (see Cetin et al., 2004) it is still clear that the boundary curve 
drawn by Idriss and Boulanger corresponds to a considerably higher probability of liquefaction 
triggering than PL = 10%. 
 

 The late Prof. H.B. Seed had typically employed a more conservative enveloping of the 
: see Figure 2-20), and it was his 

objective to achieve an enveloping such that the boundary curve drawn would correspond to 
approximately PL  10% to 15%.   The boundary curve of the triggering correlation proposed by 
Idriss and Boulanger clearly does not correspond to this customary level of conservatism. 
 
2.7   Transparency and Documentation 
 
 A final issue that must be addressed is the suitability of the documentation and 
explanation of the work that went into the development of the new SPT-based liquefaction 
triggering correlation of Idriss and Boulanger.    
 

 It has been customary to fully document these types of efforts, so that they can be 
properly checked and reviewed by others.   Ordinarily, liquefaction triggering correlations of this 
potential import are published for review and discussion in the Journal of Geotechnical and 
Geoenvironmental Engineering of ASCE, or in other top journals (e.g. Geotechnique, or Soils 
and Foundations), and often with large tables presenting a full (and transparently checkable) 
tabulation of all key variables from the back-analyzed field performance case histories that are, 
in the end, the critical basis for the overall correlation.   And those journal papers are usually 
backed up by obtainable reports with additional details and explanations of analysis protocols, 
decisions and judgments made, references to data source documentation, full tables of data, etc.    
 

 That was not done in this case.  The proposed SPT- and CPT-based triggering 
correlations of Idriss and Boulanger were not published in the ASCE Journal, instead they were 
published jointly in a single article in the less widely circulated Journal of Soil Dynamics and 
Earthquake Engineering (Idriss and Boulanger, 2006).  Given the space limitations associated 
with this joint publication of two correlations together, there were no tables presented and the 
descriptions of procedures, etc. were limited.   And there are no tables, nor additional 
background details and explanations available in back-up reports either.  Instead, the 
correlations, and the critical details of their development, are unusually poorly and incompletely 
documented; and they simply cannot be properly checked in detail.  In addition, the studies 
performed to derive the new rd recommendations are also largely undocumented, and they cannot 
be properly checked either.  Overall, this represents a lack of necessary overall transparency that 
should be considered unacceptable for work of such potential import. 
 
2.8   Getting the Right Answer 
 
 Despite the errors and problems discussed in the preceding sections, it is still possible to 
garner useful insight from the work of Idriss and Boulanger. 
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 The errors introduced by their treatments of rd in back-analyses of the critical field 
performance case histories caused an average unconservative bias of approximately 9% to 15% 
in terms of the vertical locations of the data points (a 9% to 15% error in CSR).   The erroneous 
treatment (truncation) of K  at shallow depths introduced a lesser average unconservative error 
of approximately 6% to 10% in terms of CSR.   It is not possible to precisely 
individual case history data point, as their selection and plotting of the individual field 
performance case histories is wholly undocumented (see Section 2.7), but some useful insight 
can be gained by correcting each data point by the approximate average overall unconservative 
bias introduced by those two errors.  That would entail lowering each data point by 
approximately 12% + 8% = 20%. 
 

 Figure 2-21 illustrates the effect of lowering each of the field data points by this amount.   
All points on the figure (both the solid circles representing liquefied sites, and the open circles 
representing non-liquefied sites) should be lowered by 20%, but as the triggering correlation of 
Idriss and Boulanger has no underlying probabilistic basis it is sufficient instead simply to lower 

case history data that occur near to the boundary curve, as shown in the figure. 
 

 Next, the problems of insufficient enveloping of these data can be addressed, and the 
resulting adjusted boundary curve can then be re-drawn as indicated by the dashed red line near 
the bottom of the figure. 
 

 Then, as Idriss and Boulanger themselves noted, the upper right flank of the triggering 
relationship ( performance case history data 
occurred) can be alternatively defined based on the testing of high quality frozen samples by 
Yoshimi et al. (1994).  Since this upper right-hand flank of the curve by Yoshimi et al. agrees 
essentially perfectly with the empirical curve independently developed by Cetin et al. (2004) 
based on formal probabilistic regression of the full suite of 45 years of field performance case 
history data, it can be argued that the best available full scale field performance data, and the best 
available laboratory test data, jointly serve to define the correct location of the curve here.  This 
portion of the curve is thus added at the upper right flank of the plot in Figure 2-21. 
 

 Finally, the resulting composite adjusted figure can be compared to the triggering 
relationship developed by Cetin et al. (2004), which was independently developed and which 
does have a formal underlying probabilistic basis.  This comparison is shown in Figure 2-22.   As 
shown, agreement with the corrected lower curve of Idriss and Boulanger, and with the upper 
right hand boundary curve of Yoshimi et al., is excellent. 

 

Dr. Idriss has been relentlessly negative over the past decade with regard to the work of 
our team (Seed et al., 2003; Cetin et al., 2004; Moss et al., 2006), with the interesting result that 
the work of our team has now arguably been more thoroughly reviewed, and in an adversarial  
manner, than any previous work on this topic. Dr. Idriss has been unable to identify specific 
technical shortcomings, and has instead simply 
al. was too complicated, and too different from previous triggering correlations.  His new 
correlation appears to rectify both of those concerns, re-introducing errors that had been 
eliminated by Cetin et al., and in the end managing to put the triggering boundary curve back 
nearly to its previous (1984) position.   It is unlikely that his 15 years of work on this were 
intended to confirm our triggering relationship (Cetin et al, 2004).   Yet, as shown in Figure 2-
22, when the obvious errors are corrected, that would appear to be the end result of his efforts. 
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2.9   Summary and Overall Evaluation 
 
 The work involved in the development of the proposed new SPT-based liquefaction 
triggering correlation of Idriss and Boulanger (2008) suffers from a lack of transparency; key 
details and important decisions including processing and addition and deletion (de-selection) of 
field performance case histories are wholly undocumented, and much of the work simply cannot 
be properly checked and reviewed in proper detail. 
 

 There are two sets of straightforward errors that each lead the correlation in a 
systematically unconservative direction
rd recommendations of Idriss (1999) for -analyses of the 
field performance case histories upon which the correlation is based, and (2) inappropriate 
limitation of K  values at shallow depths (K    1.1) in back-analyses of these same field 
performance case histories.    This first issue (rd) causes the field performance data to be plotted 
too high on the figures, and results in an unconservative bias of approximately 9% to 15% in 
terms of the CSR required to trigger liquefaction (see Section 2.4).   The second issue (K  cut-off 
at shallow depths) causes an additional, but lesser, bias on the order of approximately 6% to 10% 
in terms of the CSR required to trigger liquefaction (see Section 2.5). 
 

 Additional problems occur with regard to: (3) undocumented deletion (de-selection) of 
field performance case histories (see Section 2.6.1), (4) briefly described direct adjustment  of 
some of the critical field case history data to positions considered more desirable in order to 
agree better with the correlation (see Section 2.6.2), and (5) the final drawing of a boundary 
curve that does not correspond either to their stated objectives with regard to approximate 
probability of triggering, nor with previous, similar works by others (see Section 2.6.3). 
 

 In the end, the overall SPT-based liquefaction triggering correlation of Idriss and 
Boulanger (2008) appears to be unconservative by about 30% to 35% in terms of the CSR 
required to trigger liquefaction. That means that the use of this correlation is essentially 

analysis ground motions by 
30% to 35%; a level of unconservative error that would be inappropriate in most potential 
applications. If this is combined with the additional error introduced by their proposed treatment 
of K  (see Section 6.0) then this unconservative bias increases even further, especially for large 
dams and slopes, and for other case wherein liquefaction at significant depth is of potential 
concern.   
 

 Some fraction of this unconservative error can be reduced by employing the same 
d recommendations of Id

the back-
, however, an inappropriate 

approach for projects wherein the 
response analysis is warranted (e.g. dams, levees, slopes, and significant structures where 

hese types of projects, 
dynamic response 

analyses) can introduce additional unconservative errors. 
 

 Use of the same on K  as that employed by Idriss and Boulanger (2008) in their 
back-analyses of the underlying field performance case histories cannot similarly reduce the 
unconservative error associated with this K  cut-off; it can partially reduce the error for project 
locations wherein effective overburden stresses are less than 1 atmosphere, but it cannot reduce 
the unconservative error even partially for project locations wherein the initial effective 
overburden stresses are greater than 1 atm.  
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 Finally, the right-hand flank of the SPT-based liquefaction triggering correlation 
proposed by Idriss and Boulanger is also unconservative (see Section 2.7), and this appears to be 
the result in part of (1) undocumented deletion (de-  
histories from the high quality database developed by Cetin et al. which is the principal 
underlying basis of the overall correlation, and (2) the manner in which the final boundary curve 
(the overall correlation) was drawn.   This right-hand boundary of the proposed correlation of 
Idriss and Boulanger is less conservative than that of the better-documented correlation 
developed by Cetin et al. (2004), and it is also (and similarly) less conservative than the 
relationship of Yoshimi et al. (1994) which was independently developed based on cyclic testing 
of high quality frozen soil samples.   Given the confluence of the upper right-hand portions of the 
triggering curves independently developed by Cetin et al. and by Yoshimi et al. and based on the 
two best-available data sets (regression of the full field performance case history data set, and 
laboratory testing of high quality frozen soil samples), it must be asserted that these serve to 

best data currently available to the Profession. 
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    Table 2- d for  

           a Wide Range of Ground Conditions Reflective of Conditions at the Liquefaction 
           Field Performance Case History Sites (Cetin, 2000; Cetin et al. 2004) 

  

No. Event Type Event Name Mw Scaled PG A PG A D (km) Near F ield Mid F ield Far F ield Total #
1 ? 1985 Michoacan-Ocotito 8.1 0.1 0.05 337* x
2 Strike Slip Synthetic Seismograph 8 0.3 0.54 5 x
3 Reverse Synthetic Seismograph 8 0.3 0.63 5 x 3
4 ? 1978 Miyagioki-Ofunato Bochi 7.4 0.15 0.22 30* x
5 Reverse 1978 Tabas-Dayhook 7.4 0.3 0.36 17* x
6 Strike Slip 1992 Landers-Lucerne 7.3 0.4 0.76 1.1 x
7 Strike Slip 1992 Landers-Silent Valley 7.3 0.09 0.045 51.3 x
8 ? 1979 Alaska-Munday Creek 7.3? 0.1 0.05 72 x 5
9 ? 1994 Euroka-Cape Mendocino 7.2 0.05 0.03 126* x

10 Strike Slip 1999 Hector Mines-LA City Terrace 7.1 0.08 0.04 184* x
11 ? 1971 Adak Alaska-Naval Base 7.1 0.15 0.15 66.2* x
12 Reverse 1992 Cape Mendocino-Cape Mendocino 7 0.55 1.25 3.8* x
13 Strike Slip 1989 Loma Prieta-Gilroy # 1 7 0.3 0.44 10 x
14 Strike Slip 1989 Loma Prieta-Lick Lab 7 0.3 0.42 18 x
15 Strike Slip 1989 Loma Prieta- Piedmont Jr. High 7 0.15 0.075 73 x
16 Strike Slip 1995 Kobe-Chihaya 6.9 0.15 0.11 48.7 x
17 Strike Slip 1995 Kobe-Kobe University 6.9 0.3 0.31 0.2 x
18 Reverse 1985 Nahanni-Site1 6.8 0.55 1.04 6 x
19 Reverse 1985 Nahanni-Site3 6.8 0.15 0.2 16 x
20 Reverse 1976 Gazli-Karakyr 6.8 0.35 0.66 3 x 12
21 Strike Slip 1987 Superstition Hills-Superstition Mtn 6.7 0.3 0.78 4.3 x
22 Reverse 1994 Northridge-Lake Hughes # 9 6.7 0.15 0.18 28.9 x
23 Reverse 1994 Northridge-Vasquez Rocks 6.7 0.15 0.14 24 x
24 Reverse 1971 San Fernando-Cedar Springs 6.6 0.05 0.03 86.6 x
25 Reverse 1971 San Fernando-Carbon Canyon 6.6 0.12 0.07 66.4 x
26 Reverse 1971 San Fernando-Lake Hughes#4 6.6 0.25 0.17 19.6 x
27 Reverse 1983 Coalinga-Parkfield Cholame 3E 6.6 0.08 0.05 38.4 x
28 Strike Slip 1979 Imperial Valley-Cerro Prieto 6.5 0.25 0.163 23.5 x
29 Strike Slip 1979 Imperial Valley-Superstition Mt Cmr 6.5 0.23 0.146 26 x 9
30 Strike Slip 1986 Chalfant Valley-Paradise Lodge 6.2 0.25 0.163 23* x
31 Strike Slip 1986 Chalfant Valley-Tinemaha 6.2 0.06 0.037 40.6 x
32 Strike Slip 1984 Morgan Hill-Gilroy # 1 6.2 0.13 0.082 16.2 x
33 Strike Slip 1984 Morgan Hill-USCS Lick Observatory   6.2 0.09 0.054 44.1 x
34 Reverse 1986 N. Palm Springs-Silent Valley 6 0.13 0.125 25.8 x
35 Reverse 1986 N. Palm Springs-Murieta Hot Springs 6 0.09 0.051 63.3 x
36 Reverse 1987 Whittier Narrows-Mnt. Wilson 6 0.25 0.15 28* x
37 Strike Slip 1980 Victoria-Cerro Prieto 5.9 0.4 0.604 34.8* x
38 Dip :80 1981 Westmorland-Camera (Sup) 5.9 0.1 0.09 23.9 x
39 Reverse 1983 Coalinga-Oil Fields Fire Station 5.8 0.25 0.2 10.9 x
40 Reverse 1983 Coalinga-Skunk Hollow 5.8 0.25 0.3 12.2 x
41 Reverse 1983 Coalinga-Oil Transmitter Hill 5.8 0.4 0.95 9.2 x
42 Strike Slip 1979 Cayote Lake-Gilroy Array # 1 5.7 0.12 0.116 9.1 x 13

15 10 17 42   
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     Figure 2-1:   The SPT-Based Liquefaction Triggering Correlation of Seed,  
    Tokimatsu, Harder and Chung (1984, 1985) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
 
 

            
        Figure 2-2:   The Simplified rd Recommendations of Seed and Idriss (1971) 
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           Figure 2-3:     Results of 2,153 Seismic Site Response Analyses to Evaluate rd for  
           a Broad Range of Site Conditions and a Broad Range of Site Conditions  
           and Shaking Characteristics (Cetin, 2000; Cetin et al.,2004) 

 
 
 
 
 
 
 
 
 
  
 
     
 
 
 
 
 
 
 

      
 
 
 

            Figure 2-4:     Comparison of the Simplified rd Recommendations of Seed and Idriss 
           (1971) with the Results of 2,153 Seismic Site Response Analyses to 
           Evaluate rd for a Broad Range of Site Conditions and a Broad Range  
           of Shaking Levels and Shaking Characteristics (Cetin, 2000; Cetin et 
           al.,2004) 
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         Figure 2-5:    Comparison Between  the Magnitude-Dependent Simplified rd Recommen-  
         dations of Idriss and Golesorkhi (1997) and the Results of 2,153 Seismic  

       Site Response Analyses (Cetin, 2000; Cetin  et al.,2004) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             Figure 2-6:    Comparison Between the Empirical rd Relationship of Cetin et al. (2004)  

            and the Results of Site Response Analyses for amax  
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         Figure 2-7:    Comparison Between the Empirical rd Relationship of Cetin et al. (2004)  

        max  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Figure 2-8:    Comparison Between the Empirical rd Relationship of Cetin et al. (2004)  

        and  the Results of Site Response Analyses for amax  
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                   Figure 2-9:    Values of rd (rd Profiles) From 143 Dynamic Site Response  

      Analyses of a Range of Site Conditions (Imai et al., 1981) 
 

   
 
 
 
             
 
 
 
 
               

             Figure 2-10:   Results of Site Response Analyses of Uniform Sand Sites of Low  
            Relative Density (DR  
            Motions (Golesorkhi, 1989) 

 

(66  ft.)  

Idriss  (1989)  
  

      [M  =  7.5]  
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       Figure 2-11:    Summary of the Site Response Analyses for Uniform Sand Sites of All 

                   Densities as a Function of Causitive Earthquake Magnitude (Golesorkhi, 
       1989), with the rd Recommendations of Idriss (1999) Added for Comparison 
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Figure 2-12:  Values of K  Derived by Cetin et al. (2004) Based on Regression of 

v,i  from 
            Those Case Histories 

K  

v (lb/ft2) 

  

   Idriss  (1999)  M  =  5.5        6.5          7.5      8.5  
Golesorkhi  (1989)  
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               Figure 2-13:   The SPT-Based Triggering Correlation of Cetin et al. (2004) with 

    
   
 

                           
 
          Figure 2-14:   The SPT-Based Triggering Correlation of Idriss and Boulanger (2008)  
            With Again Highlighted 
 
 

Region  A  

Region  A  
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      Figure 2-15:   Comparison Between the Empirical SPT-Based Liquefaction Triggering 

     Relationship of Idriss and Boulanger (2008) and the Relationship of Yoshimi 
            et al. (1994) Based on Cyclic Laboratory Testing of Frozen Samples 
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      Figure 2-16:   Comparison Between the Empirical SPT-Based Liquefaction Triggering 

     Relationship of Cetin et al. (2004) and the Relationship of Yoshimi 
            et al. (1994) Based on Cyclic Laboratory Testing of Frozen Samples 
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              Figure 2-17:   The SPT-Based Triggering Correlation of Cetin et al. (2004) with 

                            
 
 

                             
 
               Figure 2-18:   The SPT-Based Triggering Correlation of Idriss and Boulanger (2008)  
                 B  

Region  B  

Region  B  
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          Figure 2-19:   The Triggering Correlation of Idriss and Boulanger (2008) Showing the 

         -Liquefaction 
             Cases Were Manually Counted. 

          Figure 2-20:   The Triggering Correlation of Seed, Tokimatsu, Harder and Chung  
                       ata 
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      Figure 2-21:    
       Triggering Case Histories Plot by 20% Based on Average  

     Errors Introduced Due to Their Treatments of  rd and K  , and with the  
     Relationship of Yoshimi et al. (1994) Added at the Upper Right Flank 

                                                      
 

                     
      Figure 2-22:   Figure 2-22 Repeated, with the Empirical SPT-Based Liquefaction Triggering 
       Relationship of Cetin et al. (2004) Added for Comparison (The Cetin et al. 

    L = 15%) 
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3.0   CPT-BASED SOIL LIQUEFACTION TRIGGERING CORRELATIONS 
 
 

3.1   Introduction 
 

 Chapter 3 of the monograph presents a proposed new CPT-based liquefaction triggering 
correlation.  This is a potentially important set of recommendations, and it merits close review. 
 

 As with the SPT-based correlation discussed previously in Section 2.0, the CPT-based 
correlation was again based primarily on the field performance case history data acquired, 
processed, vetted, and back-analyzed by our own team (Moss et al., 2003; Moss, 2003; Moss et 
al, 2006), and so it had an excellent underlying basis in terms of both quantity and verified 
quality of data available.   
 

 There were, however, a number of choices and judgments made in the subsequent use of 
those data and in preparation of the proposed CPT-based triggering correlation that warrant 
discussion, and that discussion is presented in the Sections that follow. 
 
3.2    Evaluation of CSR 
 

 As with their SPT-based correlation, Idriss and Boulanger used the rd values proposed by 
Idriss (1999) to estimate in situ CSR  within the critical stratum at each of the field performance 
case history sites.  As discussed previously in Section 2.4, this served to re-introduce essentially 
the same error that had long persisted in earlier (pre-2003) triggering correlations due to their use 
of the simplified rd values originally recommended by Seed and Idriss (1971). 
 

 As the simplified rd recommendations of Idriss (1999) provide unreasonably high 
estimates of CSR at the shallow depths that are of principal interest in the back-analyses of the 
field performance case histories, this in turn causes the data points to be plotted too high on the 
plot of CSR vs. normalized CPT tip resistance.  This introduces a source of systematically 
unconservative bias to the triggering correlation on the order of 9% to 15% in terms of CSR 
required to trigger liquefaction (see Section 2.4).  
 
3.3   Treatment of K  
 

 As with their SPT-based correlation, Idriss and Boulanger again used a cut-off value of 
K  -analyses of the field performance case histories in the development of this 
correlation.   As was discussed previously in Section 2.5, this introduces an additional 
systematically unconservative bias, though this bias is somewhat smaller (probably on the order 
of 6% to 10% in terms of CSR required for liquefaction). 
 
3.4   Fines Corrections 
 

 The fines correction for CPT-based triggering evaluation proposed by Idriss and 
Boulanger appears reasonable, and appears to be in relatively good general agreement with that 
proposed by Moss et al. (Moss et al., 2006; Seed et al., 2003.)     The fines correction that they 
propose has the same form as that of Moss et al., as 
 
    qc1N,cs  =  qc1N  qc1N     [Eq. 3-1] 
 
but it differs from the fines correction of Moss et al. inasmuch as their recommended values of 

qc1N  are a function of fines content (percent fines), whereas the fines correction of Moss et al. 
the CPT indices qc and fs jointly.)    
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The use of a character-based fines adjustment allows the fines adjustment to be applied 
without the need for an adjacent boring and sample (to determine fines content), and is thus a 
more useful procedure.  In fact, Idriss and Boulanger were able only to make use of a limited 
subset of the available field performance (liquefaction and non-liquefaction) case histories data 
in development of their new CPT-based triggering correlation as they were able only to use case 
histories for which CPT probes had nearby (adjacent) boreholes with samples retrieved at the 
depths necessary to provide the needed fines content data. 

 

The fines correction proposed by Idriss and Boulanger (2006, 2008) is essentially 
undocumented with regard to the details of its inception and development.  It is not clearly 
explained in either their journal article (2006) nor their monograph (2008); this lack of 
transparency should be remedied if the overall CPT-based correlation is to be used in practice.   
In the end, it appears to be closely parallel to that of Moss et al., but has the following drawbacks 

 

(1) It cannot be used without data from adjacent boreholes to provide data regarding fines 
content. 
 

(2) In vertical profiles with variable fines content, the advantage of continuity of CPT 
data is lost due to the need to have locally accurate fines content data from adjacent 
borehole samples. 

 

(3) The fines correction proposed has similar form and fairly similar scale as that of Moss 
et al., but grows somewhat larger at fines contents greater than about 10%, especially 
at high qc1N values.  As it was not so rigorously developed as the fines correction of 
Moss et al., and as it was based on more limited data, the Idriss and Boulanger fines 
correction may be somewhat unconservative in this range. 

 

(4) The basis for the inception and development of this fines correction has never been 
clearly presented and explained.  It is presented as a set of equations, giving the 
impression of some underlying level of theory or at least empirical fitting, but this 
cannot be checked.   

 
3.5   Drawing the Lines 
 

 As with the SPT-based correlation, another critical issue for the Idriss and Boulanger 
CPT-based triggering correlation is the manner in which the actual boundary lines (between 
liquefaction and non-liquefaction) are drawn.  This again takes on special importance, as there is 
no underlying probabilistic basis for these new proposed correlations, so that they are instead 
based on judgment. 
 

 Figure 3-1 shows Figure 67 from the EERI monograph, in which the plotting of the 
-based field performance data used by Idriss and Boulanger is compared 

against the boundary curve that they propose.  (The comparisons against the CPT-based 
triggering correlations proposed by all others in this figure are not fully valid, as the different 
correlations are based on different procedures for normalizing qc to account for effective 
overburden stress effects, and also differing interpretations of CSR values, and so their plotting 
of the field data applies only to their own correlation.)  In this figure, it can be seen that two 

 field cases transgress the proposed 
-

probabilistic basis for their proposed boundary curve, but Dr. Idriss has publicly suggested that 
he was targeting PL 
probability of liquefaction associated with the boundary line drawn (based on their own data as 
plotted) is considerably higher than 10%. 
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3.6   Overall Evaluation 
 

 The issues discussed in the preceding Sections 3.2 through 3.5 are important sub-
elements embedded within the overall correlation, but they do not suffice by themselves to 
define the suitability of the overall correlation.   There are a number of additional factors that 
also contribute to the overall accuracy, the overall conservatism or unconservatism, and the 
acceptability of the proposed CPT-based correlation for use in practice.  These include 
 

(1)   Data (field performance case histories) deleted or added to the large field 
  performance data set originally developed by our research team,  
 

(2)   Transparency of the work, and of the underlying data, so that the critical steps 
  and details can be adequately checked and reviewed, and 
 

(3)  Overall conservatism of the correlation. 
 

Transparency is again a major problem with this second proposed triggering correlation.  
Ordinarily, a liquefaction triggering correlation of this potential import would have been 
expected to have been published in the ASCE Journal of Geotechnical and Geoenvironmental 
Engineering.   Instead, this work was published in the less widely circulated Journal of Soil 
Dynamics and Earthquake Engineering (Idriss and Boulanger, 2006), and that article did not 
include presentation of the expected large table defining the parameters and details of the critical 
back-analyses of the field case histories which are, in the end, the fundamental underlying basis 
of the overall correlation.  Also undocumented are the detailed protocols used, and the basis and 
delineation of field cases deleted (de-selected) and added to the large field performance data set 
developed by our team.  In addition, there are also no background reports or other documentation 
behind the short journal paper presenting additional details regarding choices, analyses, 
judgments, etc, made in developing the correlation as is generally expected for works of this 
type.  As a result, the work cannot be properly checked in detail. 

 

Because of this lack of transparency, the proposed triggering correlation cannot be fully 
checked on the basis of the work involved in its development.  Instead, it must be checked 
principally based on cross-comparison with other (and ideally better documented) correlations. 

 

Comparison with the well-documented CPT-based correlation of Moss et al. (2006) 
shows good general agreement at relatively low qc1N,CS 
That would suggest that sum of the choices and judgments made, but not well documented, have 
served to largely offset the unconservatism introduced by the erroneous treatments of rd and K .   
In this low qc1N,CS region, the new correlation of Idriss and Boulanger is in good agreement with 
that of Moss et al. (2006). 

 

This conclusion is further supported by cross-comparison with the proposed SPT-based 
correlation of Idriss  and Boulanger s monograph (see Section 2.0).   At low qc1N,CS values 
(qc1N,CS 50 kPa), Idriss  -based correlation can be compared directly with 
their own SPT-based correlation.   Although the text of the EERI monograph states that the two 
correlations were developed specifically to be mutually compatible (pg. 100), their CPT-based 
correlation is approximately 35% more conservative (in terms of CSR required to trigger 
liquefaction) than their SPT-based correlation in this low penetration resistance region. 

 

In th 0.3), the degree of conservatism represented by the new 
correlation of Idriss and Boulanger cannot be directly evaluated even by means of direct 
comparison with other correlations, as the lateral positions of the field performance data points 
(both liquefaction and non-liquefaction cases) are affected by the approach employed for 



34  
  

normalization of qc1N,CS values for the effects of effective overburden stress.  This means that 
direct cross-comparisons cannot be made, and it also means that each correlation can only be 
used in conjunction with those same normalization (and fines correction) procedures.    

 

In the mid range (50 kPa    qc1N,CS    150 kPa), direct cross comparisons again cannot 
be made with other relationships due to the overburden stress normalization approach taken.   A 
recent conference presentation (Liao, 2010) serves to provide some insight in this range.  In that 
study, field data from CPT probes and closely adjacent borings with SPT data from California 
levees (and their foundation soils) in the Central Valley were compared.  Using the 
recommended procedures of Idriss and Boulanger for both their new SPT-  and CPT-based 
correlations, the conclusion was that the SPT-based correlation provided less conservative 
assessments of CSR required for liquefaction, and by factors of up to 60%, in this mid-CSR 
range. 
 

These cross-comparisons would suggest that the new CSR-based liquefaction triggering 
correlation is approximately accurate for low values of qc1N,CS, at least for clean sands, and also 
that it is considerably more conservative than the companion SPT-based triggering correlation of 
Idriss and Boulanger.  The adequacy, and the conservatism, of the new correlation cannot be 
similarly assessed for higher easily be properly assessed for non-clean 
sands wherein the fines correction becomes large.   
 
3.7   Summary 
 

 Overall, the new proposed CPT-based correlation of Idriss and Boulanger appears to be 
somewhat promising in terms of accuracy and degree of conservatism, except that the fines 
correction may grow a bit too large for fines contents greater than about 15% (thus resulting in 
potentially unconservative assessments of liquefaction hazard in this range.) 
 

 The overall correlation is unlikely to become very popular or to see much use in practice, 
however, due to the nature and form of the fines correction employed.   The recommended fines 
correction requires knowledge of the percent fines content, as opposed to the fines corrections 
employed in the CPT-based triggering correlations of Suzuki et al. (1995), Robertson and Wride, 
(1998) and Moss et al. (2006), which all employ fines corrections based on CPT-derived 
behavior indices which are functions of qc and fs.  The use of the Idriss and Boulanger correlation 
thus requires closely adjacent borehole samples, whereas the other correlations do not.   This 
need for adjacent samples eliminates the two principal positive advantages of CPT (relative to 
SPT); (1) the continuous nature of the data obtained (vs. the intermittent SPT N-values that can 
be obtained), and (2) the rapid rate and relative economy of CPT probes as a means of obtaining 
data (vs. the higher cost and slower rate associated with borings and sampling.)    
 

 Given the overall lack of transparency and documentation, the need for separate 
information to locally define fines contents in order to make the necessary fines corrections, and 
the availability of a number of alternate correlations that do not suffer from these drawbacks, it 
appears unlikely that this new correlation will see much use in practice.  
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       Figure 3-1:     Fig. 67 from the EERI Monograph Showing the Recommended CPT-Based 

      Liquefaction Triggering Correlation of Boulanger and Idriss (2008) 
      [Mw = 7.5, v = 1 atm.]
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4.0   EVALUATION OF POST-LIQUEFACTION RESIDUAL STRENGTHS 

 
 

Chapter 4 of the EERI monograph presents a set of recommendations regarding the 
engineering assessment of post-liquefaction residual strength. This is a topic of equal importance 
to the assessment of liquefaction triggering potential, and so it warrants close review.  

 
4.1   Background 
 
 The topic of evaluation of post-liquefaction strength has a colorful and contentious 
background, and the brief history of that is important in setting the context for the current 
recommendations of Idriss and Boulanger. 
 

4.1.1   The Steady State Method 
 
 , Poulos, Castro 
for assessment of expected in situ post-liquefaction strengths.   Their procedure was based on 
some very high-order field sampling and laboratory testing methods, and involved an elegant 
procedure for making corrections to account for the effects of sampling disturbance and 
reconsolidation prior to undrained shearing in the laboratory. 
 

 Figure 4-1 illustrates this set of procedures.   The first step was to obtain fully disturbed 
(bulk) samples of the subject soil, and then to reconstitute samples in the laboratory to different 
initial void ratios and then subject them to monotonic IC-U triaxial testing.   The results of a 
suite of such tests were then plotted as void ratio vs. residual undrained steady-state strength 
(Su,r), which is essentially analogous to the critical state line for reconstituted samples of the 
ma -
walled push sampler or by hand carving, and changes in void ratio during and after sampling 
were closely monitored.   Void ratio changes were also monitored during laboratory mounting 
within a triaxial cell, and also during reconsolidation prior to undrained shearing.  These nearly 
undisturbed samples were then subjected to monotonic IC-U triaxial tests.  The results of each of 
these individual tests (the laboratory measured shear strengths, Su,r,lab) of the nearly undisturbed 
samples were then corrected for void ratio changes from sampling through reconsolidation by 
assuming parallelism with the steady state line that had previously been established by testing of 
reconstituted samples. 
 

 Figure 4-1 illustrates this process for a nearly undisturbed sample of the hydraulic fill 
material (a silty sand) from near the base of the Lower San Fernando Dam, which suffered a 
massive liquefaction-induced landslide as a result of the 1971 San Fernando Earthquake (Seed et 
al. 1989).   The heavy solid line in this figure is the steady state line from testing of reconstituted 
samples (see Figure 4-2), and the solid square near the bottom right corner of the figure 
represents the laboratory measured strength (Su,r,lab) and the post-reconsolidation laboratory void 
ratio (elab).   This laboratory-measured strength is then corrected back to the estimated original in 
situ void ratio (ein-situ) in order to estimate the in situ post-liquefaction strength (Su,r,in-situ) by 
transiting parallel to the steady state line for reconstituted samples, as shown in this figure. 
 

 Figure 4-2 shows the laboratory test data from ICU triaxial tests on reconstituted samples 
of this same material performed in four different labs that were used to create the steady state 
line of Figure 4-1.   Figure 4-

estimates of Su,r,in-situ as per the recommended procedures of Poulos et al.   It is immediately 
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apparent that the corrections required are very large, often more than an order of magnitude, and 
so the validity of the procedure (and especially the validity of the assumed parallelism upon 
which these large corrections were based) came into question.   In addition, it was noted that the 
Su,r,in-situ values typically produced by this method appeared to be counter-intuitively high, raising 
concerns that there might be systematic issues leading to a lack of overall conservatism. 
 

 That led to most of a decade of research, jointly coordinated by the U.S. Army Corps of 
Engineers (USACE), the Bureau of Reclamation (BuRec) and the California Division of Safety 
of Dams (DSOD); three agencies with considerable responsibilities for seismic dam safety. 
 

 It was relatively quickly found that the steady state method, based on high quality lab 
testing and then correction for effects of disturbance and void ratio changes, produced results 
that were often unconservatively high in terms of estimated in situ post-liquefaction strengths.  
Figure 4-4 shows 35 values of Su,r developed by Poulos and Castro, using the steady state 
method, for a number of soils at five dams under study by BuRec during this time period.   These 
values were developed as research to check the steady state method, and they were not used for 
engineering of these dams.   Also shown in Figure 4-4 are a pair of dashed lines that define a 
zone within which Seed (1987) found that Su,r values back-calculated from 17 full-scale field 
failures occurred.    As it turns out, there was an error in some of those back analyses by Seed 
(see Section 4.2.2), and the zone had to be later corrected to the position shown in Figure 4-5.   
As shown in Figure 4-5, only 4 of the 35 Su,r values developed by the steady state method fall 
within the range of values determined by back-analyses of full scale field failures, and some of 
the steady-state-based values are higher than the field case history range of values by an order of 
magnitude and more.    
 

 This served to demonstrate that the steady state method, despite the high quality of 
sampling and testing and the apparent initial elegance of the correction procedure, was 
unconservative and thus unsafe.    The next question was: why? 
 

 Answering that required several additional years of research.   There were found to be 
 

 
 The first problem was an apparent moderate dependence of Su,r upon the initial effective 
consolidation stress ( v,i), especially in samples tested in simple shear within which localized 
void redistribution during shearing could result in the ability of the sample to access a 
preferential failure surface that had a lower density (and thus a lower strength) than had been 
present prior to cyclic loading.    The original procedure of Poulos et al. recommended that 
laboratory samples be consolidated to as high an initial effective stress as possible, as that would 
produce residual Su,r values at the smallest possible strains (before excessive sample distortion 
made estimation of representative  stresses within the deformed sample increasingly difficult.)   

uld, for instance, have been instead 
consolidated to the estimated in situ stresses. 
 
 The second significant problem had to do with stress path effects (effects of mode of 
shear loading.)   The original procedure of Poulos et al. was based on monotonic ICU triaxial 
compression tests.    Triaxial compression (TX-C) tests are largely representative of conditions at 
the back heel of a slide mass, but conditions at the toe are better represented by triaxial extension 
tests (TX-E).   For liquefaction induced instability, the base of the slide surface is especially 
important, and conditions there are better represented by direct simple shear (DSS) testing 
conditions.   A number of researchers investigated this, and found that both TX-E and DSS tests 
produced significantly lower values of Su,r than did TX-C tests, and often by as much as an order 
of magnitude or so.  Figure 4-6 shows a comparison between the steady state lines (Su,r vs. e) 
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based on TX-C, TX-E and DSS tests on Sacramento Sand, clearly showing the lower values (at 
any given void ratio) associated with TX-E and DSS vs. TX-C. 
 
 Figure 4-7 further illustrates this point, presenting two sets of tests (TX-C and TX-U) on 
samples of essentially identical void ratio after consolidation to ranges of different initial 
effective consolidation stresses.    As shown in this figure, the TX-E tests (the four tests at the 
bottom of the figure) produced significantly lower Su,r values. 
 

 
in TX-C, TX-E and DSS, as appropriate for different sections of potential failure surfaces, but 
the costs and difficulty would have been high. 
 

 The third problem with the steady state method proved to be insurmountable, and that 
issue was void redistribution.   Figure 4-8 shows a photograph of the hydraulic fill material near 
the base of the Lower San Fernando Dam; the zone where liquefaction occurred.   In this photo, 
horizontal striations of lighter and darker material can be clearly seen.   If one was to approach 
closer and examine just one of the lighter strata (or to examine tube samples from within one of 
the lighter strata), one would again see thinner light and dark mini-strata within the overall 
lighter macro-strata visible in the photo.  And so on, to smaller and smaller scales.     
 

 The depositional processes that result in emplacement of cohesionless or low plasticity 
(liquefiable) soils tend to produce layered deposits, and the scales of such sub-layering are 
difficult to predict, or to discern and characterize by means of conventional site investigations.  
Some of the sub-strata have higher permeabilities, and some have lower permeabilities. 
 

 The higher permeability strata often tend to be more problematic with respect to cyclic 
pore pressure generation, so during an earthquake pore pressures can increase within such strata 

lume change of the sub-stratum), 
as these pore pressures can be temporarily 
sub-strata.   Although the overall volume (and thus the average density) of the sub-
stratum may thus be held constant (globally undrained), the base of the sub-stratum tends to 
densify a bit as solid particles settle, and by conservation of overall volume the void ratio at the 
top of the sub-stratum increases as water (and void space) move up.   This localized, real-time 
movement of water and void space within what is a globally undrained sub-stratum is called 
localized void redistribution.   Because slight increases in void ratio can result in large decreases 
in Su,r (see Figures 4-1 through 4-4), the loosened zones at the tops of the sub-strata become 
preferential failure/shear zones.   In some cases, a blister of water can temporarily form at the top 
of a sub-stratum (trapped by the lower permeability of the overlying stratum), and this can 
locally produce a localized region with a shear strength of zero. 
 

 It is not possible to predict the scale (e.g. sub-stratum thickness) at which localized void 
redistribution effects will be critical, nor to identify a priori those specific sub-strata that will 
control potential failure within a heterogeneous soil region.   Accordingly, it is not possible to 
perform sampling of targeted sub-strata, nor to test samples at a laboratory scale matching the 
scale (sub-stratum thicknesses) that will control localized void redistribution within the critical 
stratum (or strata) during an earthquake.   So the steady state method type of approach, based on 
laboratory testing, is not currently useful for engineering evaluation of in situ post-liquefaction 
strengths. 
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4.1.2  Empirical Methods 
 
 As localized void redistribution defeats our current ability to use laboratory testing 
methods as a basis for evaluation of in situ post-liquefaction strengths, we have instead adopted 
methods based on empirical correlation of in situ parameters (e.g. penetration resistance) with 
back-calculated values of Su,r from full scale field failures (in which void redistribution effects 
were naturally present.) 
 

 The first such method was developed by Seed (1987), who back-analyzed 17 full-scale 
field failure case histories and presented a correlation of back-calculated Su,r values vs. fines and 
overburden corrected SPT N-values (N1,60,CS).   Unfortunately, there was an error in those back 
analyses inasmuch as he used the pre-failure geometries as a basis for evaluation of driving shear 
stresses (and thus for evaluation of the apparent Su,r).    
 

 Figure 4-9 shows cross-sections through the Lower San Fernando Dam before and after 
the liquefaction induced landslide of the upstream face.  The slide moved more than 150 feet 
back into the reservoir, and the post-failure geometry differs greatly from the pre-failure 
geometry.    If the Factor of Safety (based on post-liquefaction strengths) had been nearly 1.0, 
then the slide would have moved at most only a few feet (as strong shaking had ceased by the 
time the slide began to move.)   The fact that the slide mass moved so far indicated that the 
Factor of Safety was instead much lower than 1.0, and thus that the shear stresses of the pre-
failure geometry provide an unconservative basis for back-calculation of Su,r, producing 
estimates that would be high by factors of as much as 1.5 to 1.8 for some of the field case 
histories in which very large displacements had occurred. 
 

 The post-failure geometry is also a poor basis for direct back-calculation of Su,r.  The 
slide mass develops considerable momentum as it travels, initially accelerating as movements 
develop, and then decelerating as this moving mass must be brought back to rest.   Accordingly, 
when the mass is finally brought back to rest, the final geometry typically has a factor of safety 
(based on Su,r 2 in the case of the Lower San Fernando 
Dam.)   The proper analysis is one in which momentum effects are calculated progressively over 
time, both as momentum is first developed and then as momentum is subsequently dissipated, 
iterating the post liquefaction strengths (Su,r) in order to find the value needed to achieve the final 
displaced geometry. 
 

 I had been invited to co-author the paper by Seed (1989), but told him that it was his idea 
and that he should proceed on his own.   Unfortunately, we both became busy and I did not see 
the material again until it had been published in the ASCE Journal of Geotechnical and 
Geoenvironmental Engineering.   At that juncture, I pointed out that an error had been made, and 
that the back-calculated Su,r values would be too high, especially for cases in which overall 
displacements were large.   Even more unfortunately, Prof. Seed was then diagnosed with cancer, 
and he died before he was able to correct the error. 
 

 
students) and I undertook to correct it for him.    Ordinarily, work of such potential import would 
have been published in the ASCE Geotechnical Journal.   This was, however, a delicate matter as 
it represented the posthumous repair of an error by the late Prof. Seed, and so the paper 

Symposium (Seed and Harder, 1990). 
 

 Figure 4-10 shows the resulting back-calculated values of Su,r vs. N1,60,cs. 
 
 



40  
  

 
4.2   The Current Situation 
 
 Soon after the publication of the corrected correlation of Seed and Harder (1990), Stark 
and Mesri (1992) proposed that the effects of initial effective consolidation stress ( v,i) were in 
fact a potentially dominant issue with regard to Su,r, and of more importance than density (as 
reflected by N1,60,cs.)   As a result, there arose two basic schools of thought.   One school of 
thought is rooted primarily in Critical State theory, and involves estimation of Su,r based 
primarily on correlation with density (via correlation with N1,60,CS or qc1,CS).     The now ageing 
correlation of Seed and Harder (shown previously in Figure 4-10) continues to be the most 
commonly used version of this approach. 
 

 The second approach, initiated by Stark and Mesri (1992), involves back-calculation and 
plotting of Su,r /P  (which is Su,r / v,i)  vs. either N1,60,CS or qc1,CS
was updated by Olsen and Stark (2002), who added additional field case histories, and their 
proposed correlation is presented in Figure 4-11.   This is currently the most widely used 

Su,r -Critical State model, though 
there have been other significant sets of recommendations/correlations proposed using the Su,r/P 
type of approach (e.g.: Ishihara, 1993; Wride et al., 1999; and Yoshimine et al., 1999.) 
 

 The correlation proposed by Olsen and Stark (2002) in Figure 4-11 warrants close 
examination.   Simple inspection suggests that the slope of the recommended relationship is not 
the result of regression of the data as plotted, and that is the case.   Examination of the case 
histories back-analyzed shows that the case history plotted at an N1,60,CS value of zero blows/foot 
(which was the El Cobre tailings dam, which failed in the 1964 Chilean Earthquake) has 
insufficiently well documented geometry for back-calculation of Su,r/P, and also insufficient in 
situ data as a basis for evaluation of N1,60,CS.  Idriss and Boulanger (2008) independently concur 
with this, rating both the geometry and the in situ data as being insufficient for this case.    Other 
cases from the suite of failure case histories added by Olsen and Stark are also in the process of 
being re-assessed (Weber, 2010), but for now it is interesting simply to properly regress the rest 
of the case histories from Figure 4-11 as plotted.   Figure 4-12 shows the results.   The best fit 
line from this regression is then transferred back to the original plot of Figure 4-11, and this is 
presented as Figure 4-13. As shown, the slope of the best fit line is considerably flatter than that 
recommended by Olsen and Stark (2002), and the R2 value for the regression is only R2 = 0.23.    
An R2 value of less than about 0.40 is statistically insignificant, suggesting that plotting the data 
in this form (Su,r / P) fails to capture much of the underlying physics of the issue. 
 

 Figure 4-14, in contrast, shows the results of a regression of the data of Seed and Harder 
(1990) plotted in the Critical State context as Su,r vs. N1,60,CS.    The best fit line is shown with a 
heavy, dashed red line, and the R2 value is 0.64.     This is not an outstanding R2 value, but it is 
considerably better that the value of R2 = 0.23 from the Su,r/P approach of Figure 4-13, 
suggesting that Critical State theory, and the corollary Su,r-approach, serve to better characterize 
the underlying fundamentals of this problem. 
 
4.3   The Idriss and Boulanger Monograph Recommendations 
 
 In the EERI Monograph, Idriss and Boulanger (2008) do not formally make a choice 
between the critical state (Su,r) approach and the Su,r /P approach, as they present two sets of 
recommendations; one cast in each of the two frameworks.   Their Su,r -based recommendations 
are, however, only a relatively modest adjustment of those presented by Seed and Harder (1990), 
while their Su,r /P-based recommendations are strongly different from prior recommendations 
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made by others.   As these new Su,r /P-based recommendations are significantly less conservative 
that previous recommendations, these are the recommendations that most warrant close scrutiny, 
as they are otherwise likely to be very attractive, and to be widely implemented. 
 

 Figure 4-15 shows the Su,r /P-based recommendations of Idriss and Boulanger (Fig. 89 
from the EERI monograph.)   In this figure, they claim to have plotted three sets of field 
performance data, from Seed (1989), Seed and Harder (1990), and Olsen and Stark (2002).   
These are not really three independent sets of data, however.   Instead many of the same field 
performance case histories had been back-analyzed by the three different sets of investigators. 
 

 
previously in Section 4.1.2, Seed (1989) had made an error in the back-calculation of Su,r values 
for field performance cases in which liquefaction induced displacements had been large large; he 
had used the pre-failure geometry, resulting in considerable over-estimation of Su,r for those 
cases. Seed and Harder (1990) had repaired this error for him, and that repair had then been 
independently confirmed by Olsen and Stark (2002) who had back-calculated values of Su,r very 
similar to those of Seed and Harder for those cases.   The late Prof. H. B. Seed had himself 
recanted the erroneous values, and it is thus inappropriate to plot them and to attempt to employ 
them as a basis for establishment of correlations. 
 

 As indicated in Figure 4-16, Point A was the back-calculated value of Su,r for the Lower 
San Fernando Dam failure case history; both Seed and Harder (1990) and Olsen and Stark (2002) 
found that, accounting for momentum  effects and considering progressive evolution of the final 
post-failure geometry observed, this case history should plot at Locations A* and A** in Figure 
4-16.  Similarly, Points B and C also represent acknowledged and similarly verified 
overestimates of Su,r for the Calaveras Dam and Fort Peck Dam cases; these have been re-
analyzed by both Seed and Harder as well as by Olsen and Stark, and are also re-plotted at lower 
locations in this same figure. 
 

 
Figure 4-17 (which shows Points A, B, and C 
back-analyses of Seed and Harder (1990) and Olsen and Stark (2002), the remaining Class 1  
data (the large dots) can then be regressed, producing the line shown in Figure 4-17.   The R2 
value for this relationship is only 0.36, which shows a relatively low level of correlation, again 
suggesting that the Su,r /P approach does not serve well to capture much of the underlying 
fundamentals of this issue.    
 

 More importantly, the data and regressed relationship of Figure 4-17 are not strongly 
suggestive of the type of upward curvatures recommended by Idriss and Boulanger for (1) soil 

, as indicated by their 
recommendations (Lines 1 and 2, respectively, in this figure.)   
(Su,r-based approach) has theoretical and constitutive underpinnings that suggest that upward 
curvature should exist in Figures 4-10 and 4-14, and that such increasing upwards curvature will 
persist to higher N1,60,CS values, thus providing a partial framework for extrapolation.   And the 
available data (see Figures 4-10 and 4-14) support this.  For the Su,r/P approach, there is no 
corresponding theoretical or constitutive framework to suggest that upwards curvature should be 
expected, and the available field performance data (see Figures 4-13 and 4-17) show no 
indication of pronounced upward curvature of this sort. 
 

 The recommendations of Idriss and Boulanger thus appear to be strongly unconservative; 
their recommendations result in prediction of Su,r values that are considerably higher (for the 
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critical range 1,60,CS currently available field 
performance data.     
 

In addition, it should be noted that all of the available field failure case history data 
pertain to soils for which void redistribution effects may be expected to have been significant.   I 
am unaware of any applicable field failure case histories for which that is not the case.   Given 
the nature of the processes by which the pertinent types of soils are deposited, it appears likely 
that the only potential exceptions (cases wherein void redistribution effects can be expected to be 
negligible with confidence) might be cases wherein relatively closely spaced drains (e.g. vibro-
installed gravel drains, etc.) have been installed and serve to successfully prevent accumulation 
of void space (and water) at and near sub-strata. 

 

So the recommended Line 2 in Figure 4-17, representing the recommendations of Idriss 
 effects are expected to be 

, has no basis in the field performance data, and it is instead a purely theoretical/ 
judgmental construct on their part.   

 

Unfortunately, none of that is clear in their figure as published (see Figure 4-15.)    
 

As a result, their Figure is misleading as published, and it may be expected to lead some 
engineers to employ values of Su,r that are significantly higher than can be justified based on the 
data currently available.    This degree of unconservative error can be by a factor of as much a 2 
and more (based on Line 1) for significant dams and embankments with heights of up to about 
150 to 250 feet (as the higher Su,r/P values shown in Figures 4-15 through 4-17 correspond to 
embankments in this height and overburden stress range.)    If the Idriss and Boulanger 
recommendations of Figure 4-15 are applied to embankments of greater height, the degree of 
unconservative error would increase further, as the available evidence also shows that Su,r /P is 
not a robust basis for extrapolation to higher initial effective overburden stress levels and that 
such extrapolation would be unconservative. 

 

Similarly, it is misleading and potentially very dangerous to posit (and to show) the 
recommended curve of Idriss and Boulanger (2008) for regular conditions (with potential for 
void redistribution) on the same Figure with the line for cases wherein void redistribution can 
safely be discounted.   This second line (Line 2 in Figure 4-17) has no connection to the data, but 
by plotting it onto their figure in a manner that begins by following the data shown it is made to 
appear that this hypothetical line also has some empirical underpinnings.  It does not.  Instead it 
is a purely theoretical/judgmental construct, without field data for support.   An additional danger 
of plotting this second line in the same figure is the risk that engineers, hopeful that void 
redistribution effects may be relatively moderate for their project conditions, might elect to chose 
a value somewhere between Line 1 and Line 2; there is currently no basis for making such an 
assessment, and there is no basis at present for selection and use of values in this range. 
 
4.4   My Current Recommendations 
 
 Both Seed and Harder have been somewhat surprised to see their recommendations of 
1990 last as long as they have.   There is clear evidence that initial effective overburden stress (or 
initial effective consolidation stress) is a potentially significant secondary factor, so that the 
original Su,r-based recommendations of Seed and Harder (1990) are likely to be slightly 
overconservative at very high effective overburden stresses, and slightly unconservative at very 
low effective overburden stresses.   Research efforts are currently underway at several 
institutions to attempt to better address this. 
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 In the interim, it is noted that (1) Su,r -based approaches provide a stronger correlation 
with observed field behavior than do Su,r /P-based approaches, and (2) the Su,r -based approaches 
omit a potentially significant additional factor (initial effective overburden stress). 
 
 My recommendations for any specific application are project specific and material 
specific, but by way of general interim guidance I would suggest: 
 

(1) The heavy dashed line shown in Figure 4-14 represents the best current set of 
recommendations based on the Critical State (Su,r-based) approach.  
 

(2) The heavy dashed lines of Figure 4-13 or 4-17 show the most valid interpretations of 
the available field performance data within the alternative Su,r /P-based framework. 

 

(3)  Su,r -based 
approach provides a better estimate of Su,r than does the Su,r /P approach; for these 
soils I recommend that values of Su,r be estimated at the locations of interest using 
both the Su,r -based and Su,r /P-based approaches, and that the final analysis and/or 
design values be developed by weighted averaging of these, with weighting factors of 
approximately 3:1 to 4:1 in favor of Su,r -based values.    This serves to make Su,r -
based assessment the primary approach for these soils, but incorporates some partial 
dependence upon initial effective overburden stress. 

 

(4) For liquefiable silty/sandy soils with somewhat higher fines contents (soils with 
higher compressibility), the same type of approach can be employed, but with 
somewhat lower weighting ratios. 

 
Finally, under no circumstances should the Su,r /P-based recommendations of Idriss and 

Boulanger be employed.   These produce values of Su,r that are considerably higher than can 
currently be supported based on the available data, especially in the critical range 1,60,CS 

and they are unsafe. 
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     Figure 4-1:   Example of Use of the Steady State Method of Poulos, et al. (1985) for 
    Estimation of In Situ Post-Liquefaction Residual Strength Based on Correction 
    of Laboratory-Measures Undrained Residual Strengths for Effects of Void 
    Ratio Changes (Seed, et al, 1989) 

       
     Figure 4-2:     Data Establishing the Steady State Line for Material from the Lower Section  

    of the Hydraulic Fill in the Lower San Fernando Dam Based on IC-U Tests 
    Peformed at Four Independent Laboratories (Seed, et al, 1989) 
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       Figure 4-3:    Summary of Tests Performed on Nearly Undisturbed Samples of Hydraulic  
     Fill from the Base of the Lower San Fernando Dam Showing Corrections for 
     Changes in Void Ratio (Seed, et al, 1989) 

 

                 
 

         Figure 4-4:   Values of Laboratory-Based Post-Liquefaction Strength Developed Using  
      the Steady State Method vs. the Range of Values (Dashed Lines) Back- 
      Calculated from a Suite of Full-Scale Field failures by Seed (1987);   
      [Figure by Harder, 1988; Modified After Von Thun, 1986] 
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       Figure 4-5:    Figure 4-4 Repeated, But with the Zone Indicating the Range of Su,r Values 

     Back-Calculated from a Suite of Full-Scale Field Failures Corrected as per 
     Seed and Harder (1990) 

 

              
 
       Figure 4-6:    Comparison Between Steady State Lines (Su,r  vs. e) Based on Three Types  

     of IC-U Laboratory Tests: TX-C, TX-E and DSS (After Riemer, 1992)  

(Seed  &  Harder,  1990)  
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         Figure 4-7:    Results (Stress Paths) of Eight IC-U Triaxial Tests of Samples of  
       Sacramento River Sand Consolidated to Initial Void Ratios of  
       e = 0.818 (± 0.003); the Top Four Tested in Triaxial Compression  
       (TX-C), and the Bottom Four in Triaxial Extension (TX-E);  [Riemer, 1992] 

 

            
 
         Figure 4-8:     Photograph of the Hydraulic Fill Material Near the Base of the Lower San 

        Fernando Dam Showing Layering and Striations 
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       Figure 4-9:     Cross-Sections Through the Lower San Fernando Dam Before and After  

      the Liquefaction-Induced Landslide of the Upstream Face During the 1971 
      San Fernando Earthquake  (Seed, et al., 1989) 

 

         Recommended Relationship Between Su,r and
      N1,60, CS (Seed and Harder , 1990)

              Relationship Between Su,r/P vs. N1,60, CS as
                    Proposed by Stark and M esr i (1992)

 
 
 
           Figure 4-10:     Back-Calculated Values of Su,r (as a Function of N1,60,CS) from Full- 

            Scale Field Failure Case Histories    [Seed and Harder, 1990] 
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                  Figure 4-11:     Back-Calculated Values of Su,r/P  (as a Function of N1,60) from Full- 

               Scale Field Failure Case Histories    [Olsen and Stark, 2002] 
 

                     
 
       Figure 4-12:     Re-Regression of the Full-Scale Field Performance Data from Figure 4-11, 

        with Values of Su,r / P  and N1,60  as determined by Olsen and Stark  
        (Except for Elimination of the El Cobre Tailings Dam Case History) 

El  Cobre  Tailings  Dam  

R2 = 0.23 
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          Figure 4-13:     Re-Regressed Relationship of Su,r / P  vs. N1,60  Superimposed Back  
            Onto Figure 4-11. 

 

         Recommended Relationship Between Su,r and
      N1,60, CS (Seed and Harder , 1990)

              Relationship Between Su,r/P vs. N1,60, CS as
                    Proposed by Stark and M esr i (1992)

 
 
       Figure 4-14:     Regression of the Full-Scale Field Failure Case History Data of Seed and  
                                Harder (1990) Plotted in the Critical State Context as Su,r vs. N1,60,CS.     

R2 = 0.23 

R2 = 0.64 
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           Figure 4-15:    Fig. 89 from the EERI Monograph, Showing the Su,r /P-Based 

           Recommendations of Idriss and Boulanger (2008) and Their Plotting  
           of the Full-Scale Field Failure Case History Data 

            
 
              Figure 4-16:   Figure 4-15 Repeated, Showing Erroneous Data Points A, B and C 
 

A 

A*, A** 
B 

C 
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            Figure 4-17:   Figure 4-15 Repeated, With the Erroneous Data Points A, B and C  
             Group 1 Data 

            (Based on the Interpretations of Boulanger and Idriss, 2008)  
 
           
 
        

 
 
 
 

R2 = 0.36 

Line  1  

Line  2  
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5.0  DIFFERENTIATION BETWEEN LIQUEFACTION-TYPE BEHAVIORS OF LOW 
PLASTICITY SANDY AND SILTY SOILS AND MORE CLAYEY SOILS 

 
 
5.1   Introduction 
 

Chapter 6 of the EERI monograph re-presents the earlier recommendations of Boulanger 
and Idriss (2004) regarding differentiation between the classic cyclic liquefaction behavior of 

-
 

 

This material had previously been presented in an article in the ASCE Journal of 
Geotechnical and Geoenvironmental Engineering (Boulanger and Idriss, 2006), and it has been 
the subject of extensive discussion and controversy.   I have encountered issues with this subject 
in the context of a number of projects over the past several years, and I frequently encounter 
questions from engineers on this topic in the course of my travels for lectures, meetings and 
conferences. 

 

A number of independent researchers and research teams have performed a considerable 
amount of work on this topic, and the resulting accumulating body of laboratory and field data 
(e.g.: Wahler Associates, 1974; Wang, 1979; Bennet et al., 1998; Holzer et al. 1999; Perlea, 
2000; Guo and Prakash, 2000; Polito, 2001; Yamamuro and Covert, 2001; Sancio, 2003; Bray et 
al, 2004; Chu et al. (2004), Wijewickreme and Sanin, 2004; Bray and Sancio, 2006; Gratchev et 
al., 2006; Bilge and Cetin, 2007; Donahue, 2007; Bilge, 2010; ) increasingly serve to refute the 
recommendations of Boulanger and Idriss with regard to their proposed criteria for 
differentiating between classically liquefiable soils vs. more clayey soils that are instead subject 
to cyclic softening. 

 

Boulanger and Idriss correctly note that this behavior margin, or boundary, is open to 
alternate interpretations.   Unfortunately, as the profession had previously grown accustomed to 
using these types of criteria as a basis for excluding soils from liquefaction-related consideration 
(e.g. the Modified Chinese Criteria; Seed and Idriss, 1982), the new criteria of Boulanger and 
Idriss are now being miss-used in exactly that same manner.   That, in turn, leads to potential 
endangerment of the public. 

  

The accumulating stream of both field and laboratory data developed by multiple 
researchers now greatly outnumber the data upon which Boulanger and Idriss have based their 
recommendations, and these new and evolving data can be expected to carry the day.   In the 
interim, it is important that engineers closely review the available data and make their own 
decisions. 
 
5.2   Examination of the Background Behind the Boulanger and Idriss Recommendations 
 

In that regard, it is interesting to examine the data upon which Boulanger and Idriss have 
based their recommendations. Their own data are both limited in number and poorly 
documented, appearing only in a university report (Boulanger and Idriss, 2004).   That report 
presents only a limited number of laboratory tests that are their own work (performed as part of 
an M.S. thesis at U.C. Davis; Romero, 1995), and a limited amount of additional data developed 
by others.   These data are now vastly outnumbered by the accumulating body of data developed 
by others, but even more interestingly it turns out that a close examination of the data presented 
by Boulanger and Idriss appears to show that their own data contradict their recommendations. 
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The problematic issue here is the criteria recommended by Boulanger and Idriss for 
- -

boundary between these two types of behaviors occurs at a Plasticity Index of PI  7%. 
 

 Figure 5-1 shows Fig. 2-3 from the report of Boulanger and Idriss, 2004 (and also Fig. 
16 from the EERI monograph).   They use this figure, which is a cyclic triaxial test on 
Sacramento River sand (a clean, fine, river sand), to illustrate what the -
under cyclic loading; behavior characterized by high cyclic pore pressure generation under cyclic 
loading and subsequent dilatent behavior at large strains that produces stress-strain loops that are 
not ovaloid, but instead have 
Figure 5-2 shows Fig.2-11 from the report of Idriss and Boulanger, 2004 (and Fig. 126 from the 
EERI monograph), which they use to illustrate the contrasting -
loading; behavior characterized by lesser levels of cyclic pore pressure generation, and 
distinctively more ovaloid cyclic stress-strain loops (shaped like an American football, or a 
rugby ball) without the dilational reverse curvatures. 

 

A series of both monotonic and cyclic tests were performed at U.C. Davis by Romero 
(1995) on samples of non-plastic silt to which increasing amounts of clay had been added to 
produce samples with Plasticity Indices of PI = 0%, 4%, and 10.5%.   Figure 5-3 shows Fig. 2-13 
from the Idriss and Boulanger (2004) report showing the results of monotonic ICU triaxial tests 
on three of these samples.   Clearly the boundary of demarcation for change of behavior is not 
between the two samples with PI = 4% and PI = 10.5%.     

  

It is more important, however, to examine their cyclic test data, as it under cyclic loading 
conditions that the issue matters most.   Figure 5-4 presents Fig. 2-16 from the University report 
of Idriss and Boulanger (2004).  This figure shows the stress-strain loops from three cyclic 
triaxial tests on samples with PI = 0%, 4% and 10.5%.   The selected loop shown for each test is 
the first stress-strain loop to achieve a double-amplitude axial strain of +/- 5% total amplitude; a 

 Examining these data closely, it would be difficult to 
conclude that there had been some distinct change in behavior for the three samples at a PI 
between 4% and 10.5%.   Indeed, all three of the stress- -

cteristics (due to high cyclic pore pressure generation and then cyclic dilation at large 
- -strain 

- resented previously in Figure 
5-1.  T - -
2.  Accordingly, the limited new laboratory data developed and presented by Idriss and 
Boulanger themselves appear to show that the transition in behavior occurs at a higher Plasticity 
Index than PI = 7%, as has been suggested by other researchers and experts (e.g. Seed et al., 
2003; Bray and Sancio, 2006, etc.) 

 

In their Journal article, Boulanger and Idriss (2006) present limited additional laboratory 
data developed by other investigators, but these data are presented only as summaries (in both 
the journal article and the background university report), 
representing sand-like behavior, clay-like behavior, and intermediate (or transitional) behavior.   
The detailed stress-strain loops and cyclic pore pressure time histories from the actual tests are 
not available for inspection, however, so their judgments in this regard cannot be checked.   
Given the problems associated with their interpretations of their own U.C. Davis data shown in 
Figures 5-3 and 5-4, limited confidence can be placed in these data without proper background 
documentation (availability of the stress-strain loops for inspection by others.) 

 

Turning next to field data, including data developed by others and included (with suitable 
attribution) by Boulanger and Idriss in their papers and report,  Figure 5-5 presents Fig. 1-4 from 
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the university report of Boulanger and Idriss (2004), showing the characteristics of soils that 
were found to have liquefied in the City of Adapazari during the 1999 Kocaeli Earthquake.   
Also shown in this figure are our own current recommendations for starting to delineate the 
differences between liquefiable, transitional, and clay-like soils (Zones A and B).   Similarly, 
Figure 5-6 presents Fig. 1-1 from the university report of Idriss and Boulanger (2004) showing 
the characteristics of soils that were judged to have liquefied in China during strong earthquakes 
(mainly during the Tangshan Earthquake of 1976); after Wang, 1979.   The boundary curves of 
Zone A and Zone B proposed by Seed et al. (2003) were not shown on the original figure, but 
they can be added as shown in Figure 5-6.    

 

Finally, as shown in Figures 5-7 and 5-8, the recommendations of Boulanger and Idriss 
(2004, 2008) can be added to both figures.   In these figures, it is clear that a significant number 

recommended by Boulanger and Idriss.   My own recommendations are that soils in Zone A (PI 

liquefaction, and that soi a 
transitional zone within which some soils are potentially susceptible to liquefaction, or at least 
significant pore pressure related softening and loss of strength, and that soils in Zone B should 
therefore be sampled and tested.   Prof. Ishihara (1996) makes recommendations that are fairly 
similar to those of Seed et al. (2003) and to those of Bray and Sancio (2006), suggesting that 
soils with PI  10% are progressively less classically liquefiable. 

 

It should be noted that I do not feel that the recommendations of Seed et al. (2003) are the 
best way to differentiate between liquefiable sand-like soils, clay-like soils (potentially 
vulnerable only to cyclic softening), and transitional soils.    The better criteria for this purpose 
are those of Bray and Sancio (2006), and these are illustrated in Figure 5-9 (which was Figure 1-
3 in the university report of Boulanger and Idriss, 2004.)  These are finer criteria, but it is 
typically hard for geotechnical engineers to develop an intuitive sense and understanding of these 
as the axes on which the data are plotted are not familiar to most.   As the recommendations of 
Seed et al. (2003) o  
understood; engineers can start there, and then progress to the finer razor provided by the work 
and recommendations of Bray and Sancio. 
 
5.3   Summary 
 

 A 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 

- -
inspection of their own laboratory test data also appears to refute their recommendations. 
 

 Unfortunately, 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. 
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       Figure 5-1:     Fig. 2-3 from the University Report of Boulanger and Idriss (2004)  

      -  
      Cyclic Loading for a Test on Clean Sand (Sacramento River Sand).   

                            
       Figure 5-2:     Fig.2-11 from the University Report of Idriss and Boulanger (2004), [and  

      also Fig. 126 from the EERI Monograph), for a Test on Cloverdale Clay,  
      Used -  
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       Figure 5-3:     Fig. 2-13 from the University Report of Idriss and Boulanger (2004) 

      Showing the Results of Monotonic ICU Triaxial Tests on Three Samples  
      of Slightly Clayey Silt with Plasticity Indices of PI = 0%, 4%, and 10.5% 

                          
           

           Figure 5-4:     Fig. 2-13 from the University Report of Idriss and Boulanger (2004) 
          Showing the Results of Cyclic Tests on Three Samples of Slightly  
          Clayey Silt with Plasticity Indices of PI = 0%, 4%, and 10.5%; The  
          Stress-Strain Loop Shown for Each Sample Corresponds to the First  
          Cycle to Achieve ±5% Double Amplitude Strain 
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       Figure 5-5:     Fig. 1-4 from the University Report of Boulanger and Idriss (2004), Showing 
      the Characteristics of Soils that were Found to have Liquefied in the City of  
      Adapazari During the 1999 Kocaeli Earthquake, Along with Zones A and B  
      As Proposed by Seed et al. (2003) 

 

                       
 
       Figure 5-6:     Fig. 1-1 from the University Report of Idriss and Boulanger (2004), Showing 

      the Characteristics of Soils that were Judged to have Liquefied in China 
      During Strong Earthquakes (after Wang, 1979), with Zones A and B of Seed 
      et al. (2003) Added to the Original Fig. 1-1.    

Zone  A  

Zone  B  
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       Figure 5-7:     Figure 5-5 Repeated, Showing the Characteristics of Soils that were Found to 
      have Liquefied in the City of Adapazari During the 1999 Kocaeli Earthquake; 
      with the Recommended Criteria of Idriss and Boulanger Added 

 

                      
 

 
          Figure 5-8:     Figure 5-6 Repeated, Showing the Characteristics of Soils that were Found  

         to have Liquefied in Several Chinese Earthquakes (After Wang, 1979); 
         with the Recommended Criteria of Idriss and Boulanger Added 

 
 

Zone  A  

Zone  B  

Idriss  &  Boulanger  

Idriss  &  Boulanger  



60  
  

 
 
         Figure 5-9:    Recommendations of Bray and Sancio (2006) Regarding Characterization  
                                of Potentially Liquefiable Fine Soils 
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6.0   ASSESSMENT OF LIQUEFACTION TRIGGERING POTENTIAL AT LARGE DEPTHS 
 
6.1   Introduction 
 
 Section 3.5 of the monograph presents recommendations for the normalization of SPT N-
values to N1-values, and qc-values to qc1-values, to account for the effects of effective 
overburden stress.   Section 3.7 of the monograph presents recommendations for adjustment of 
liquefaction triggering potential estimates to account for Critical State effects associated with 
increased effective overburden stress and its effects on liquefaction triggering potential.   
Together, these two sections represent recommendations for assessment of liquefaction 
triggering potential at significant depths (at high effective overburden stresses.) 
 

 This is a potentially important section of the monograph, and it appears to be the 
principal contribution of Dr. Boulanger with regard to the liquefaction triggering correlations. 
 

 The overburden correction factor (K ) in liquefaction triggering correlations is a 
composite factor representing a combination of two effects.  These are (1) errors in 
normalization of SPT  N-values and CPT  qc-values to the values that would have been measured 
if the effective overburden stress at the test depth had been equal to 1 atmosphere (CN-effects), 
and (2) the effects of increased overburden stress on liquefaction triggering resistance, as 
increased effective overburden stress suppresses dilation and/or increases contractive behavior 
during shearing -effects). 
 

 Idriss and Boulanger present specific recommendations for normalization of N-values 
and qc-values (to N1 and qc1), and as is true of all such correlations, the use of their SPT-based 
and CPT-based triggering correlations depends upon the use of these same approaches. 
 

 In the end, however, their recommendations for extension of normalization (CN) and K -
v

all currently prevalent liquefaction triggering correlations, as all current correlations are 
v proposed treatments 

of liquefaction triggering potential at significantly greater depths do not serve to differentiate 
much between the various available liquefaction triggering correlations and they are instead a 
largely separable issue. 
 
6.2   The Idriss and Boulanger Recommendations for CN    
 
 Normalization of SPT N-values and CPT qc-values is accomplished by either of the 
following 
    N1 = N x CN                       [Eq 6-1] 
 

     or 
 

    Qc1 = qc x CN       [Eq 6-2] 
 
 For both the SPT (Equation 6-1) and the CPT (Equation 6-2), the CN recommendations of 
Idriss and Boulanger are a function of the densities of the soils themselves, and they are thus a 
function of the N1-values or qc1-values, as shown in Figure 6-1.   They differ a bit from the 
values recommended by Seed, Tokimatsu, Harder and Chung (1984), and also from the values 
employed by Cetin et al. (2004) and by Moss et al. (2006).    These variations are, however, 
relatively modest and within what may be considered to be the range of acceptable differences of 
expert opinion.  Indeed, there are many other sets of recommendations regarding CN, as 
illustrated for example in Figure 6-2. 
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 In the end, however, these minor differences are of relatively little consequence with 
regard to practice, as it is the looser (and thus potentially liquefiable) soils that are of greatest 
concern, and the CN values for soils with blow counts of approximately N1,60  20, or with CPT 
tip resistances of qc1  130 kPa, agree fairly closely with the CN values used by Cetin et al. 
(2004) and Moss et al. (2006) for SPT and CPT, respectively.   For looser soils, the CN 
recommendations of Idriss and Boulanger result in slightly lower normalized resistance values at 
very high effective overburden stresses, and they are thus slightly more conservative. 
 
6.3   Overburden Stress Correction Factor, K  
 
 The overburden stress correction factor K  is intended primarily to represent the 
additional critical state phenomena that cause liquefaction resistance (in terms of dimensionless 
cyclic stress ratio, CSR) to decrease as effective overburden stress increases.   Values of K  have, 
in the past, generally been based primarily on laboratory cyclic test data. 
 

 Idriss and Boulanger have developed their recommendations for K  based on critical state 
theory, and associated modeling of constitutive behavior (Boulanger, 2003). In making these 
projections, Boulanger uses the state parameter ( R), defined as the offset between initial void 
ratio and the critical state void ratio at the initial effective vertical stress, as the key parameter.   
The ensuing derivation then requires assumption of a representative critical state line.   It is here 
that he runs into some difficulty.  The slopes (and shapes, including curvature, etc.) of critical 
state lines vary as functions of soil gradations, particle angularity, soil mineralogy, etc.   The 
selection of just one critical state line thus raises quest
ranges of types of soils of principal interest.   Any number of alternate models, or alternate 

uld have been 
employed, and the resulting K  values would have been altered as a result. 
 

 Figure 6-3 shows the K  recommendations of Idriss and Boulanger (2008). These 
recommendations are fairly compatible in general form with the K  recommendations of the 
NCEER Working Group (Youd et al., 2001), which are shown in Figure 6-4, but they are 
somewhat less conservative.   The precise details of the derivation of these new K  
recommendations are not fully documented; they are not fully documented in the journal paper 
and technical note (Boulanger, 2003a,b), and there were no background reports, theses,  or 
similar documentation in which further explanation and details were presented.    
 

 The work of Seed et al. (2003) and Cetin et al. (2004) differs from all of this, inasmuch as 
they were able for the first time to regress K  factors based on full scale field performance case 
history data (liquefaction and non-liquefaction case histories), but only at relatively moderate 
depths.   These field performance case history based K  values were presented previously in 
Figure 2-12, and they are added (heavy blue line) to Figure 6-5.   They found that their field 
performance-based K  values were in good agreement with the laboratory-based K  values that 
had been recommended by the NCEER Working Group (Youd et al., 2001), which had been 
based on Hynes and Olsen (1998), but they were only able to regress K  at relatively shallow 
depths and so they could not definitively differentiate between various K  recommendations for 
depths wherein initial effective stresses are greater than about 2 atmospheres. The original 
recommendations of Cetin et al. (2004) for extension to greater depths were to use values similar 
to those recommended by the NCEER Working Group, based on the available data.   
 

 As shown in Figure 6-5, the field performance-based K  values of Cetin et al. do not 
agree well with the purely theoretically-based values proposed by Idriss and Boulanger (2008).  
Accordingly, the NCEER Working Group recommendations (Youd et al., 2001) would appear to 
be the most appropriate values to use at this time. 
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 Additional new laboratory data also support this.  Kammerer (2002) and Wu (2002) 
performed a series of unusually high quality cyclic simple shear tests to examine K  effects and 
post-liquefaction shear strain and volumetric behaviors, and in the course of that testing also 
produced new cyclic simple shear based K  values for low stresses.   Data collected for their 
studies are shown in Figure 6-6, in which it can be seen that: (1) the lab data also agrees fairly 
well with Youd et al. (2001), -  at values as low as 1.1 or 
less as was done by Idriss and Boujlanger in developing their proposed SPT-based liquefaction 
triggering correlation (see Section 2.6.2). 

 

The values recommended by Idriss and Boulanger (2008) provide for somewhat larger K  
values at high effective overburden stresses than earlier K  recommendations (e.g. Seed and 
Harder, 1990;  Hynes and Olsen, 1998; Harder and Boulanger ,1997; Youd et al., 2001), and 
especially so for loose soils (soils with low penetration resistances); these are the soils of 
principal concern with regard to liquefaction hazard.   The derivation of these values is not well 
documented, and it is based on a theoretical and constitutive construct.   In the past, better 
documentation, and better empirical support, has been generally required before adoption of new 
criteria that are less conservative than procedures and criteria already in place.   As those 
standards have not yet been met, it can be argued that the K   recommendations of Idriss and 
Boulanger (2008) do not appear to be fully suitable for use in practice at this time. 
 

Most earlier K  recommendations were based primarily on laboratory cyclic triaxial test 
data.   Laboratory cyclic simple shear test data by Vaid and Sivathayalan (1996) suggest that K -
effects are somewhat less pronounced in cyclic simple shear, but these are limited data, and the 
cyclic simple shear tests of Vaid et al. were performed with unusual test conditions (samples 
were non-saturated, and a fixed height top cap was employed; the resulting progressive changes 
in vertical effective stress as the sample cyclically densified away from the fixed-height top cap 
were taken as being analogous to the cyclic pore pressures generated in more conventional cyclic 
testing of saturated specimens.)    

 

Additional high quality cyclic simple shear data was recently developed in a test program 
by Kammerer (2002) and Wu (2002), and these tests performed on conventional saturated 
specimens showed a more pronounced influence of K -effects than the cyclic simple shear tests 
of Vaid et al.   These, too, are only limited data however as the two foci of the testing program 
were on (1) multi-directional K -effects, and (2) post-liquefaction shear and volumetric strain 
potential. 

 

This is an important area of concern for major dams and other significant projects, and 
further work on this subject is warranted in order to eventually develop the physical (laboratory 
and/or field) data needed to empirically calibrate and verify treatment of K -effects, especially at 
effective overburden stresses greater than about 2 atmospheres.  In the interim, the K  
recommendations of Idriss and Boulanger (2008) are a purely theoretical construct, they are not 
well supported by empirical data, and they appear to be unconservative relative to better-founded 
K  recommendations that are based on the currently available laboratory and field performance 
data. 
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       Figure 6-1:   Fig. 60 from the EERI Monograph Showing the Recommendations  

      of Idriss and Boulanger Regarding CN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
 
 
               Figure 6-2:    Examples of Various Recommendations Regarding CN (Castro, 1985) 

  



65  
  

                  
      Figure 6-3:  Fig. 64 from the EERI Monograph Showing the Recommendations of  

   Idriss and Boulanger (2008) Regarding K   
 

 

                   
     Figure 6-4:   Figure 6-3 Repeated, Adding the  Recommendations of the NCEER  
                           Working Group (Youd et al., 2001) 

NCEER  Working  Group:  

DR       (N1,60       8)  

DR     60%    (N1,60   18)  
  
DR     80%    (N1,60       32)  
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         Figure 6-5:   Figure 6-4 Repeated, Adding the Findings of Cetin et al. (2004)  

        Based on Regression of Field Performance Case Histories 
  

          
 
 
            Figure 6-6:   Collection of Cyclic Laboratory Test Data by Kammerer and Wu, and  

           Comparison to Field Data Based rd Findings of Cetin et al. (2004) 

NCEER  Working  Group:  

DR       (N1,60       8)  

DR     60%    (N1,60   18)  
  
DR     80%    (N1,60   2)  
  

Cetin  et  al.  (2004)  

+ 

+ 

Cetin  et  al.  (2004)  
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7.0   SUMMARY FINDINGS AND RECOMMENDATIONS 

 
7.1    General 
 
 There are four sets of recommendations in the monograph that appear to be 
unconservative, and to pose a potential hazard to public safety if they used for significant 
projects. These are: (1) the SPT-based soil liquefaction triggering correlation, (2) the 
recommendations regarding assessment of post-liquefaction strengths, (3) the criteria proposed 
for differentiation between liquefiable soils and more clay-like materials susceptible instead to 
cyclic softening, and (4) the recommendations for dealing with liquefaction triggering at high 
effective overburden stresses (K -effects).  Brief summary comments regarding each of these 
will be presented in Sections 7.2 through 7.5 that follow. 
 

In addition, there is a lack of transparency and documentation associated with most of the 
above-mentioned sets of recommendations, and several key elements also suffer from a lack of 
robust empirical verification.   

 

Finally, Section 7.6 presents a summary of the overall review findings, and some 
thoughts as to what all of this may mean. 
 
7.2   SPT-Based Liquefaction Triggering Correlation   
 
 As discussed in Section 2.0 of this review, the SPT-based liquefaction triggering 
correlation proposed by Idriss and Boulanger (2008) incorporates several clear errors, including: 
 

(1) Overestimation of back- cessing of the 
critical field performance case histories upon which the overall correlation is based, 
 

(2) Miss-handling (truncation) of K  effects at the shallow depths where most of the 
critical field performance case histories occur, and 

 

(3) Failure to suitably envelope the data (even as plotted) with regard to establishing a 
 

 

Unfortunately, each of these errors serves to cause the overall triggering correlation to 
lean in an unconservative direction. 
 

In addition, large elements of the work are undocumented, and overall transparency is 
insufficient inasmuch as critical elements of the development of the correlation cannot be 
suitably checked.  This includes undocumented deletion of field case histories from the field 
performance data set that had originally been developed by our own team (and which forms the 
underlying basis for the correlation.)   Details as to which cases were deleted, and the reasons for 
those deletions, are unavailable.  These undocumented deletions appear to contribute additional 
unconservatism to the final correlation 

upper right flank of the correlation.) 
 

In the end, the overall triggering correlation is approximately 35% unconservative with 
-specific 

dynamic response analyses for determination of project-
most major dams, and as is increasingly being done for other significant projects.   This means 
that use of the proposed triggering correlation is essentially analogous to arbitrarily (and 
incorrectly) reducing the design ground motions by approximately 35%. 
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The degree of unconservatism is less (only about 10% to 20%) in terms of CSR if the 
d relationship proposed by Idriss (1999) is used as a basis for 

le level of accuracy for 
less significant  projects, but it should be noted that these simplistic rd-based CSR estimates are 
not appropriate for dams and other major embankments, slopes, and levees where non-level 
ground conditions can significantly affect , nor for major structures where soil-structure 

and that their use in such cases can introduce an 
additional (and unknown) degree of unconservatism. 

 

The proposed triggering correlation is also demonstrably 
the range of loading typically used for analysis and for design of mitigation in highly seismically 
active regions (see Section 2.7). 

 

Overall, the proposed triggering correlation is strongly unconservative, and thus 
unsuitable for use on significant projects.  In addition, lack of proper documentation and 
transparency with regard to key details involved in the development of this correlation should 
give pause to engineers who might otherwise consider it for possible use on projects where 
public safety issues are involved. 
 
7.3   Post-Liquefaction Residual Strength   
 
 Chapter 4 of the monograph presents a set of recommendations regarding the engineering 
assessment of post-liquefaction residual strength.  This is a topic of equal importance to the 
development of correlations for assessment of liquefaction triggering. 
 

 -liquefaction residual 
strengths, and when this error is corrected the recommendations of Idriss and Boulanger (2008) 
cannot be supported by the remaining data (see Section 4.0 of this review.)  These 
recommendations have not been published in refereed journals prior to their promulgation via the 
EERI monograph, and so they have not been properly subjected to proper review and discussion 
by the profession at large.  These recommendations are strongly unconservative, and they 
represent a significant potential hazard if adopted for practice. 
 
7.4  Differentiation Between Liquefaction Behaviors of Non-Plastic and Low Plasticity  
          Soils vs. More Clayey Soils 
 

Chapter 6 of the monograph presents the earlier views of Boulanger and Idriss with 
regard to cyclic softening of clays and plastic silts.   These had been previously presented in the 
ASCE Journal of Geotechnical and Geoenvironmental Engineering (Boulanger and Idriss, 2004) 
and they have thus been the subject of significant discussion and countervailing work (see 
Section 5.0 of this review.)  Significant work, and data, continues to be developed by a number 
of independent research teams and this growing body of work increasingly refutes the relatively 
low Plasticity Index (PI) at which Boulanger and Idriss suggest that the transition from sand-like 
to clay-like behavior occurs. 

 

Unfortunately, as the profession had previously grown accustomed to using these types of 
criteria as a basis for excluding soils from liquefaction-related consideration (e.g. the Modified 
Chinese Criteria), the new criteria proposed by Boulanger and Idriss are now being miss-used in 
exactly that same manner.   That, in turn, leads to potential hazard with regard to public safety.   
This problem is further exacerbated because the new criteria proposed by Boulanger and Idriss 
are unconservative, and are thus potentially attractive relative to alternate recent criteria (e.g. 
Seed et al., 2003; Bray and Sancio, 2006) for owners who wish to minimize apparent 
liquefaction risk and/or costs of remediation.   
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This is the least serious of the four main sets of monograph recommendations that appear 
to pose potentially hazards, and this overall issue appears to be in the process of being addressed 
by a number of recent and ongoing research efforts and the associated accumulating data (and 
papers) that now increasingly strongly refute these unconservative recommendations.   In the 
interim, the recommendations of Boulanger and Idriss, which are re-iterated in the EERI 
monograph, appear to represent a potential hazard to public safety and it must be the 
responsibility of working engineers, and of oversight agencies, to make their own judgments and 
decisions as to the advisability of their use in practice. 
 
7.5   K  Effects 
 
 The recommendations of Idriss and Boulanger (2008) for dealing with assessment of 
liquefaction triggering hazard at high effective overburden stresses (K  effects) are based on a 
theoretical and constitutive construct, and they lack suitable empirical underpinnings.   Cetin et 
al. (2004) were able, for the first time, to regress K  values based directly on full scale field 
performance (liquefaction triggering) case history data, and their findings appear to show that the 
K  recommendations of Idriss and Boulanger are unconservative at large overburden stresses.    
The empirical K  values of Cetin et al. are only well-defined at effective overburden stresses of 
less than approximately 2 atmospheres, however, and so they do not serve to definitively 
characterize K  effects at significantly greater depths.    
 

 In the past, purely theoretical constructs have not been allowed to take precedence over 
empirical (physical) data, and full scale field data have been given precedence over laboratory 
test data, especially when the laboratory test data are inconclusive.   Overall, a majority of both 
the field and laboratory data available appear to indicate that the K  recommendations of Idriss 
and Boulanger are unconservative, probably by on the order of 20% to 35% at effective 
overburden stresses of 3 to 8 atmospheres (and for 15   N1,60,CS  
CSR required to trigger liquefaction.   
 
 It should be noted that if the unconservatism of their SPT-based triggering correlation is 
on the order of 35% in terms of the CSR required to trigger liquefaction, and an additional 
unconservatism of on the order of 25% is added due to the error in K  , then the overall error in 
terms of CSR required to trigger liquefaction for a large dam would then be on the order of 1.35 
x 1.25 = 1.69 or about 70%.   That, in turn, would suggest that major dams and other significant 
projects that may have been engineered based on the recommendations presented in the 
monograph would warrant re-evaluation. 
 
7.6   Summary 
 
 There are four sets of potentially influential recommendations presented in the 
monograph which appear to be either based in part on errors or to be largely unfounded based on 
the data currently available, and all four appear to be unconservative and thus likely to pose a 
hazard if they are implemented in practice.  These recommendations are also inadequately 
documented, with regard to the details of their development, as to permit full and appropriate 
review and checking.  These recommendations are all potentially dangerous for several reasons 
as follow: 
 

(1)   They are authored by acknowledged experts with a good prior history of 
  contributions to the field of geotechnical earthquake engineering,  
 

(2)   Because they appear to be unconservative, they will be potentially attractive to 
  s and engineers who will wish to minimize the costs otherwise 
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  associated with  proper mitigation of liquefaction-related hazard, and 
 

(3)   Because they were published as an EERI monograph, they will appear to have the 
  endorsement of that important professional organization. 

 

 Recommendations of this type and potential import are generally first published in the 
ASCE Journal of Geotechnical and Geoenvironmental Engineering, or similar front-line journals, 
and are thus usually subjected to both discussion and debate prior to publication in a venue like 
the EERI monograph series.   That was not done here, however, as the critical liquefaction 
triggering relationships were instead published in the less widely circulated Journal of Soil 
Dynamics and Earthquake Engineering, and without the benefit of full tables of values for 
checking of case history data, and without the benefit of more detailed back-up reports allowing 
full inspection and review of data, assumptions, analyses, etc.  The similarly dangerous post-
liquefaction strength recommendations were simply not published in an archival journal, and 
instead appeared only as evolving drafts in conference papers prior to being published in the 
EERI monograph. The proposed criteria for differentiation between clayey soils and classically 
liquefiable sandy soils had been published in the ASCE Journal, but they had drawn significant 
discussion and have since been a source of considerable and unresolved controversy.   And the 
K  recommendations are a purely theoretical and constitutive construct, and they appear to be 
contradicted by the best available physical test data. 
 

 The EERI monograph is widely available, with many copies already sold, and the 
issuance of this particular monograph was also accompanied by a multi-city tour of one-day 
seminars by the two authors, leading to unusually wide and rapid dissemination of the materials 
and lending further to the appearance of institutional endorsement by EERI. 
 

 That now creates a problem that has no precedent as far as I am aware.   Never before in 
the field of Geotechnical Earthquake Engineering have unconservative recommendations posing 
such a large risk to public safety been so widely disseminated under such apparent authority. 
 

 EERI is an admirable professional society, committed both to advancing the earthquake 
engineering profession and to protecting public safety.   At an institutional level they appear to 
have been largely unaware that materials presented in the monograph would be controversial, 
and that they might potentially be dangerously unconservative as well.   It must now be expected 
that this organization will undertake to address, and resolve, the issues raised herein in the best 
interests of public safety and the overall integrity and well-being of the Profession. 
 

 There are a number of Federal and State agencies who will need to have these issues 
addressed and resolved for their own regulatory oversight purposes, and of course there are 
innumerable engineers and firms who will also need some guidance as they proceed to make 
their own judgments and decisions in their daily practices.   With projects constantly moving 
forward, there is a need for timely resolution of these issues.   Accordingly, the Pacific 
Earthquake Engineering Research Center (PEER) has formally proposed to convene a panel of 

and unbiased with regard 
to any direct connection with any of the potentially competing points of view, in order to resolve 
these issues in a timely manner if the individual experts directly involved cannot come to 
common agreement in the interim.  I am strongly supportive of that proposal.  Given the 
potential stakes in terms of public safety, the Profession should expect nothing less. 
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