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Development of Procedures for Evaluation of Liquefaction Resistance

uUuFol l owing 1964 earthquakes in Al aska a
Procedureo was devel oped by Seed and 1Id
and liguefaction resistance of granular soils

u In the simplified procedure, cyclic stress ratio, CSR, is calculated as a seismic
demand function: CSR = 0.65 (amax/g)( 0,/ Goyr,

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

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

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

U Thus, empirical procedures developed as the stateof-the art for liquefaction
resistance estimation



U Professor H. Bolton Seed, his students and colleagues led the development of
empirical procedures using standard penetration resistance (SPT N-values) as the key
index property to which liquefaction resistance was correlated

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

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

UAfter Professor Seedods death, research
of empirical techniques, including correlations with other index parameters such as
cone penetration test (CPT) resistance, shear wave velocity, energy relations, etc

U Seeing a need to update the stateof-the-art, | proposed to NCEER in 1996 a
workshop of 20 experts to review proposed changes and additions to the simplified
procedure and to write a consensus update paper that practitioners and others could
use with confidence (Youd et al 2001)



U By the end of the workshop endeavor in 2000, however, Professor Idriss was
proposing changes to the simplified procedure, including a revised r, parameter; he
pushed hard for the workshop to incorporate the revised r , parameter into the
workshop summary paper, but the participants resisted on the basis that the r  he
proposed had not been adequately vetted by the geotechnical profession.

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

U Other researchers were also suggesting changes

U Chaos was beginning to develop



Inherent Chaos In Empirical Procedure Development

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

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

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

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

U When differing opinions become heated and divisive, however, anxiety develops
within the practicing community who must select and apply a procedure, but are
unsure which alternative is best or which is an acceptable standard of practice



U This chaos is the present state of liquefaction affairs as the profession anxiously
awaits a calming influence that will restore harmony and confidence in acceptable
procedures

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

proposed by Idriss and Boulanger (EERI MNO 12) and by Cetin, Seed et al (2004)
and the consequences of those differences

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

u I will frequently refer to the following three publications, as well as to EERI
MNO 12
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This publication was prepared to evaluate and compare results from application of:
|driss and Boulanger (2008)
Cetin, Seed et al. (2004)
Youd et al (2001)

Report preparation began before Ray Seed publicized criticisms of EERI MNO 12




Liquefaction Case History Datasets

U A major contribution of Seed, his students and colleagues, is an enlarged and
critically examined liquefaction dataset of 201 case histories. Cetin, Seed et al
used that dataset in the development of their procedures.

U Idriss and Boulanger re-evaluated the Cetin, Seed et al dataset, using about
160 case histories with little change, deleted about 40 case histories (primarily
from Japan) that they felt were suspect, and added about 70 case histories
(primarily from other Japanese sources) making a total of 230 in their data set

Seed, 2010 statement _ _
In the end, a total of 201 of the lnghest quality field performance cases were selected for

nse m the development of the new SPT-based correlation. Nmety-five of these cases had also

been used by Seed et al (1984, 1983); the other 32 cases that had been used by Seed et al were

eliminated as we were able to set a hugher 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 detatled back-analysis process than had previcusly been

performed.  The best-available method, on a site-specific basis, was used to evalnate CSE within

the crifical straiom at each site. For 33 of the cases, where a smtably local ground motion

recording was available which could be used to generate an appropriate “inpot” motion, full site-

specific (and event-specific) dynamic response analyses were performed. For the rest of the
sites (where no local ground motion recording that could be uwsed to create a suitable “input™
motion was available), evaluation of CSE's was based on a new set of comrelations (rs valoes) for
prediction of CSE. on the basis of (1) ground conditions and (2) strong shaking charactenistics.




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




ldriss and Boulanger CRR curve
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Figure 75. SPT case histories of liquefaction in cohesionless soils
with various fines contents plotted versus their equivalent clean sand
(N1)eocs values forM = 7.5 and 0,. = 1 atm.

CRR relationship proposed by Idriss and Boulanger in EERI MNO 12
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Figure 7.1, Liuquefaction tnggering cormrelations for M= 7.5 and &', = 1 atm developed by: (1) Seed et al.
(1984), as modified by the NCEER/NSF Workshops (1997) and published 1n Youd et al. (2001);
(2) Idrss and Boulanger (2004, 2008); and (3) Cetin et al. (2004)

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




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



TLY comment on the compiled dataset:

U As | understand the process, the decision as to whether liqguefaction did or did
not occur at a particular site is based on observed or lack of observed surface
liguefaction effects, such as sand boil deposits, lateral spread, ground fissures,
ground settlement, etc

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

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

U Thus this site should be classified as nonliquefied?
U However, there is a shift of frequency to longer period motions late in the
acceleration record, a clear indication that the underlying soil softened due to

iIncreased pore-water pressure and that liquefaction likely occurred

U Could false negatives in the dataset significantly influence the positioning of
liguefaction curves?



S e e d&wluatian of r
241 Simplified ra (Seed and Idriss, 1971)

Prior to 2003, a mumber of sigmficant hquefaction tnggernng relationships were based on
the use of the “simplified” 1y recommmendations of Seed and Idnss (1971) as the basis for
assessment of m situ cyclic stress ratios (CSKE's) in back-analyses of the cnfical field
performance case histories upon which such correlations are based.  These onginal rq
recommendations of Seed and Idnss are shown i Figure 2-2. In situ CSR's were estimated
based cn the peak ground swface acceleration as

CSR;q = 0.65 a,mfg x G0 x 13 [Eq. 2-1]
where 13 15 a modal mass participation factor defined as per Figure 2-2. (Seed 2010)

-k Based on more than 2,000 ground response analyses,
Seed argues that | values taken from the 1971 fgraph

(at left) are too high and that use of those r, values in the
back analyses to calculate CSR led to plotted CSR values
that are too high; thus predicted CSR or CRR based on
past relationships, including that of Youd et al 2001,

yield values that are too high
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Seed also argues that ¢ variability is much greater than
S indicated on the 1971 @ graph




1 Va.on < 525 fps 1 wf E
: Vz.0n > 5251ps :' 200 ‘ §
e | e | b
i 1 a0} ’;-‘
] My, <6.8) 1 f
1 ] i
- o |y ey "’ g E
" :
: ail :
A (My >638) Al ;
iz wf 5
N V.00 <525 ps %0}
- Vam > 525fps lmo 12

‘igure 2-7: Comparison Between the Empincal r; Relationship of Cetin et al. (2004)
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Cetin, Seed et al (2004) equation for r,

Lo 230132949 ay,,, +0.999 =M, + 00525V, ;'

16.258 + 0.201 * %341 (—z+0.0785 &V, ,, +7.586)

Td{zFMw! Qs vs,lz :I =T

+ —23.013 — 2494 *a,_ .. +0999=M — 0.0525%V_,,]

16.258 1 0.201 = Eu.341[u.u?3531&u+?.535]




Idriss and Boulanger r4 curves (from EERI MNO 12)

Stress reduction coefficient, ry
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Figure 51. Variations of the stress reduction coefficient 7, with depth and
earthquake magnitude (Idriss 1999).




ldriss and Boulanger r 4 relationship

ldriss and Boulanger (2008) recommend Equations 22 - 24 for
calculation of r 4 to a limiting depth of 20 m (65 feet); because of
increasing uncertainty with depth they suggest use of site specific
response analyses for layers deeper than 2Gn and/or critical r

evaluations (EERI MNO 12, p. 68)
rqg = exp(a(z) + B(z) M) (22)
+ 5.133) (23)

Z
— — 1.126s1
a(z) 1.012 — 1.126 s1in <11‘73

B(z) :0.106—|—0.11831n<11228 +5.142> (24)




Proposed Ku curves
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Comparisons between procedures

Arkansas

Stie No. 1QL57

o Little Rock S
= Site N2 \

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




Stress Reduction Coefficient, rd
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Borehole log from SPT SR7, SapancaHotel site, Turkey where
liguefaction occurred during 1999 Kocaeli earthquake (M = 7.6)
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ldriss and Boulanger modification of C
EERI MNO 12 p. 84-87
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Overburden Blow Count Correction Factor, CN
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Clean Sand Corrected Blow Count, (N1)60cs (bpf)
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Final Factor of Safety (F.S.)
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Figure 69. Comparison of liquefaction analysis procedures from Idriss and an d B O U Ian g er FS an d th e
Boulanger (2006) with those from the NCEER/NSF workshop (Youd et al.
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Figure 70. Comparison of liquefaction procedures from Cetin et al. (2004)
with those from the NCEER/NSF workshop (Youd et al. 2001): (a) ratio of
the CRR values and (b) ratio of FSy;,.




TLY Summary Comments on Calculation of Liquefaction Resistance:

1. Both Idriss and Boulanger (EERI MNO 12)and Cetin, Seed et al (2004)
procedures incorporate improvements relative to Youd et al 2001, including
iImproved data sets, more refined liquefaction triggering or CRR curves, and
more careful analyses of the variables f, G, and K
Values of ry, G, and K, must not be substituted from one procedure to another
Cetin, Seed et al applied rigorous Bayesian statistical analyses in developing
their procedure
4. ldriss and Boulanger applied thoughtful and careful theoretical and empirical
adjustments in developing their procedure
5. Even with improvements, there is still considerable uncertainty in FS due to
data scatter, local variations in soil properties, estimates of seismicity, etc
6. The procedure of Cetin and Seed generally leads to lower calculated FS against
triggering of liquefaction compared to FS of Idriss and Boulanger (up to 30%
lower than the mean of the two procedures)
Which procedure is best will be determined by future use, testing and research
FS from the Youd et al procedure are also within 10% to 30% of the mean
Although a 10% to 30% difference may seem large, many calculations in
geotechnical engineering contain uncertainties of that magnitude
10.As noted later, FS is not the most important factor in analyzing overall
liguefaction hazard; hence differences in calculated FS may not be a major
| ssue for deterministic analyses wher .
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Comments of Ray Seed (2010)

AA |l arge and still growing body of | abt¢
to contradict the recommendations of Boulanger and Idriss with regard to

di fferentiation between sil ty-lankde oc |aanyde
sandkeo behaviors. |l n addition, <cl| osle

A
data al so appears to refute their recol

AUnfortunately, their r ecamonsenvaizet i ons |t
elimination of soils from consideration with regard to potential liqguefaction

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 I mplemented in practice. 0

TLY: | present here a few slides from my |.
| i ke o alnidkdiclalyassi fications are useful
Youd, T.L., DeDen, D.W., Bray, J.D., Sancio, R., Cetin, K.O., and Gerber, T.M., 2009,

N Z e-displacement lateral spreads. 1999 Kocaeli, Tur key earthquake, 0O
Geotechnical and Geoenvironmental Engineering, ASCE, v. 135, no. 1, p. 4661.
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Low-plasticity fine -grained sediments are divided into

two types by Boulanger and Idriss (2006): i s a-hidk e 0
and n c llilkey with a boundary between Pl of 3 and 8;

for general application, a single conservative bound of 7

IS recommended

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

Softened clay-like fine-grained sediments have finite
undrained strength or stiffness, which may be sufficient
to prevent lateral spread



Cyclic stress ratio, q.,/2p,'
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The MLR procedure [of Youd et al 2002] is not valid for analysis of lateral -
spread displacement in clay-like sediment. No case histories fromthose
types of sediments are included in the databasefrom which the MLR model
was regressed.

To analyze lateral displacement,Youd et al (2009) suggest calculating the
dynamic factor of safety (FS) againstincipient ground displacement using
pseudo-static procedures. For FS > 1.0, displacement should not occur. If
FSO1.0, displacement could occur and analytical procedures, such as the
Newmark sliding-block model could be used to estimate ground
displacement.

The following example illustrates the suggestedprocedure for clay-like soil:



Boulanger and Idriss (2006) suggest that the undrained cyclic shear
strength, S, of clay-like soil is:

Sua(geri 0,)/ Ny

where g.; = CPT tip resistance corrected for the influence of pore water
pressure, U, = total overburden pressure, and N, = a constant typically set
at 15 for soft sediment.

For the Cumhuriyet Avenue site the lowest average CPT tip resistanceq,
for a 0.5 m* thick segment of CPT 422 is 700 kPa (3.1 to 3.6 m depth); for
CPT4-24 the lowest average is 730kPa (4.2 to 4.7 m depth). Applying the
above equation and anN, of 15 yields estimated Su 042 kPa and 43 kPa

for CPT 4-22 and 4-24, respectively.
*Updated to values applied in Youd et al 2009



Using an infinite slope analysis, the static gravitational driving stress, U,
along a layer parallel to the ground surface at depth h, is

rr

U, = dh(cosa)(sin a)

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

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

CPT 4-23

slope = 0.3%

CPT 4-22
SPT 4-22

30

sl
|
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m 1: Sensitive, fine grained i R e T T E T
2: Organic soils - peats
m 3: Clays - silty clay to clay
4: Silt mixtures - clayey silt to silty clay
5: S8and mixtures - silty sand to sandy silt
6: Sands - clean sand to silty sand
m 7: Gravelly sand & dense sand
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The peak inertial shear stress, due to earthquake shaking is
approximately (Seed and Idriss, 1982):

rr

L-E)k = (A Vg) Amax!

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

Applying these parameters yields:
Q)k = 27 kPa and 36 kPa for CPT 22 and 24, respectively.



The factor of safety against onset of ground displacement is:

FS =S,/( q)k + l%t)
= 42 kPa/(27 kPa+ 0.1kPa) = 1.5 (CPT 4-22)

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

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

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

General conclusion:
ULow sensi tliiwietoy sibdllasy are generally reg
uCauti on: The sleinksead isvaitlys osfh oiucll da yb e
soils (such as Bootlegger Cove clay) may weaken and fail during seismic shaking




Post Liguefaction Shear Strength of Sands

The following discussion applies a logic path for liquefaction
hazard evaluation that | commonly apply as a consultant and

suggest to others




Evaluation of Liguefaction Hazard

Fundamental Questions:

1. WIll iquefaction occur (based on FS)?
No T no liguefaction hazard, no mitigation required
Yesi continue to guestion 2

2. Wil liguefaction lead to detrimental ground deformation,
ground displacement, or ground failure?

No T accept liquefaction hazard; no mitigation required
Yesi continue to Question 3

3.  What mitigation is required to reduce liguefaction hazard
to an acceptable risk?



Apply a verified evaluation procedure:

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

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

For those instances where FS is critical, more than one procedure
should be applied, with conservative engineering judgment to select an
appropriate FS for engineering design, evaluation of potential social
disruption, financial loss, etc



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

Types of liquefaction-induced ground failure
U Flow failure *
U Cyclic slope deformation
U Laterals spread*
U Ground oscillation
U Loss of bearing strength
U Ground settlement
*evaluation considered in this presentation




FLOW FAILURE

Liquefiable soil

Before
earthquake

After
earthquake




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




