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ABSTRACT: Application of the Cone Penetration Test (CPT) for the evaluation of seismic performance is
reviewed and updates presented. The role of the CPT in geotechnical earthquake engineering is presented. The
use of the CPT to identify soil behavior type and the normalization of CPT parameters is also reviewed and
updates presented. The case-history based method to evaluate the resistance of sand-like soils to cyclic loading is
reviewed and compared with the expanded and re-evaluated case history database. The laboratory based method
to evaluate the resistance of clay-like soils to cyclic loading is reviewed and modified for application using the
CPT. A new combined CPT-based method to evaluate the resistance to cyclic loading is proposed that covers all
soils and is evaluated using an expanded case history database. The CPT-based method is extended to estimate

both volumetric and shear strains for all soils and evaluated using the expanded case history database.

1 INTRODUCTION

The seismic performance of geotechnical structures
often requires an estimate of potential post-earthquake
displacements. Historically, geotechnical earthquake
design has focused extensively on evaluation of lig-
uefaction in sandy soils since deformations tend to be
large when soils experience liquefaction. Liquefaction
analyses have traditionally focused on the evaluation of
factor of safety and using this as an indicator of poten-
tial post-earthquake deformations. Recently there has
been growing awareness that soft clays can also deform
during earthquake loading.

In North American building codes (e.g. NBC 2005,
FEMA 356 and SEAOC 1995), the design philoso-
phy for earthquake loading is to accept some level of
damage to structures, i.e. to accept some level of defor-
mation. The acceptable level of damage and deforma-
tion is a function of the importance of the structure
and the earthquake return period. The importance of
the structure is a function of the risk. The evalua-
tion of post-earthquake deformations is therefore a key
element in any performance based earthquake design.

Due to size limitations, this paper will only discuss
the application of the Cone Penetration Test (CPT) for
the evaluation of post-earthquake deformations. The
intent of this paper is not to imply that all earthquake
geotechnical design can be accomplished using only
the CPT; other in-situ tests along with sampling and
laboratory testing also play a role, depending on the
risk of the project.

2 ROLE OF CPT IN GEOTECHNICAL
EARTHQUAKE ENGINEERING

Since this paper is focused on the application of CPT
results for the evaluation of post-earthquake deforma-
tions, it is appropriate to briefly discuss the role of the
CPT in geotechnical earthquake engineering practice.
Hight and Leroueil (2003) suggested that the appro-
priate level of sophistication for a site characterization
and analyses program should be based on the following
criteria:

Precedent and local experience
Design objectives

Level of geotechnical risk
Potential cost savings

The evaluation of geotechnical risk was described
by Robertson (1998) and is dependent on hazards
(what can go wrong), probability of occurrence (how
likely is it to go wrong) and the consequences (what are
the outcomes). Earthquake loading can be a significant
hazard, but the resulting risk is primarily a function of
the probability of occurrence and the consequences.
General recommendations for the appropriate level
of sophistication for site investigation and subsequent
design can be summarized in Table 1. Although Table 1
indicates only two broad outcomes, Robertson (1998)
and Lacasse and Nadim (1998) showed that the level
of risk cover a range from low to high and that the
resulting site characterization program should vary
accordingly.



Table 1.

Appropriate level of sophistication for site characterization and analyses.

Rating Criteria Rating

Good Precedent & local experience Poor

Simple Design objectives Complex

Low Level of geotechnical risk High

Low Potential for cost savings High

Low risk project High risk project
Traditional Advanced

(simplified) methods

(complex) methods

For low risk projects, traditional methods, such as
in-situ logging tests (e.g. CPT, SPT) and index test-
ing on disturbed samples combined with conservative
design criteria, are often appropriate. For the evalua-
tion of liquefaction and post-earthquake deformations
the Simplified Procedure, first proposed by Seed and
Idriss (1971) and recently updated by Youd et al.
(2001), is appropriate for low risk projects. For mod-
erate risk projects, the Simplified Procedure should
be supplemented with additional specific in-situ test-
ing where appropriate, such as seismic CPT with pore
pressure measurements (SCPTu) and field vane tests
(FVT) combined with selective sampling and basic
laboratory testing to develop site specific correla-
tions. Sampling and laboratory testing is often limited
to fine-grained soils where conventional sampling is
easier and appropriate. For high risk projects, the Sim-
plified Procedure can be used for screening to identify
potentially critical regions/zones appropriate to the
design objectives. This should be followed by selec-
tive high quality sampling and advanced laboratory
testing. The results of laboratory testing should be
correlated to in-situ test results to extend the results
to other regions of the project. The Simplified Proce-
dure for liquefaction evaluation should be used only
as a screening technique to identify potentially crit-
ical regions/zones for high risk projects. Advanced
techniques, such as numerical modeling, are often
appropriate for more detailed evaluation of potential
post-earthquake deformations for high risk projects.

One reason for the continued application of the
Standard Penetration Test (SPT) as a basic logging
test is that the test provides a soil sample suitable for
index testing, even though the test can be unreliable.
A common complaint about the CPT is that it does not
provide a soil sample. Although it is correct that a soil
sample is not obtained during the CPT, most commer-
cial CPT operators have a simple push-in soil sampler
that can be pushed using the CPT installation equip-
ment to obtain a small (typically 25 mm diameter)
disturbed sample of similar size to that obtained from
the SPT. Often the most cost effective solution is to
obtain a detailed continuous stratigraphic profile using
the CPT, then to move over a short distance (<1 m)

and push a small diameter sampler to obtain discrete
selective soil samples in critical layers/zones that were
identified by the CPT. Continuous push samplers are also
available to collect plastic-lined near continuous small
diameter, disturbed soil samples. The push rate to
obtain soil samples can be significantly faster than the
2 cm/s required for the CPT therefore making sam-
pling rapid and cost effective for a small number of
discrete samples. For low risk projects the efficiency
and cost effectiveness of CPT, combined with adja-
cent discrete push-in soil samples, is usually superior
to that of CPT plus adjacent boreholes with SPT.

Many of the comments and recommendations con-
tained in this paper are focused on low to moderate risk
projects where traditional (simplified) procedures are
appropriate and where empirical interpretations tend
to dominate. For projects where more advanced proce-
dures are appropriate, the recommendations provided
in this paper can be used as a screening to evaluate
critical regions/zones where selective additional in-
situ testing and sampling may be appropriate. Risk
based site investigation and analysis is consistent with
performance based design principles where the design
criteria are in terms of deformation based on the risk
of the structure.

3 BASIC SOIL BEHAVIOR UNDER
EARTHQUAKE LOADING

Boulanger and Idriss (2004b, 2007) showed that, for
practical purposes, soils can be divided into either
‘sand-like’ or ‘clay-like” soils, where sand-like soils
can experience ‘liquefaction’ and clay-like soils can
experience ‘cyclic failure’. In a general sense, sand-
like soils are gravels, sands, and very-low plasticity
silts, whereas clay-like soils are clays and plastic silts.

In general, all soils deform under earthquake load-
ing. Earthquakes impose cyclic loading rapidly and
soils respond undrained during the earthquake. In
general, all soils develop some pore pressure during
earthquake loading and at small strains these pore pres-
sures are almost always positive. Sand-like soils can
develop high positive pore pressures during undrained



cyclic loading and can reach a condition of zero
effective confining stress. At the condition of zero
effective stress, the initial structure of the soil is lost
and the stiffness of the soil in shear is essentially zero
or very small and large deformations can occur during
earthquake loading. The condition of zero effective
stress is often defined as ‘liquefaction’ or ‘cyclic lig-
uefaction’. Loose, young, uncemented sand-like soils
are more susceptible to ‘liquefaction’ than dense sand-
like soils. The ability of sand-like soils to liquefy is a
function of in-situ state (relative density and effective
confining stress), structure (age, fabric and cementa-
tion) and the size and duration of the cyclic loading.
Most liquefaction cases occur in young uncemented
sand-like soils. During earthquake loading, loose
sand-like soils can experience very large shear strains
which can result in large lateral and vertical defor-
mations, depending on ground geometry and external
static loads (e.g. buildings, embankments, slopes,
etc.). Very loose sand-like soils can also experience
strength loss after earthquake loading that can result
in flow slides with very large deformations depending
on ground geometry and drainage. Following earth-
quake loading, sand-like soils can also experience
volumetric strains and post-earthquake reconsolida-
tion settlements. The resulting volumetric strains can
be large due to the loss of initial soil structure at zero
effective stress and resulting small volumetric stiffness
(constrained modulus) during initial reconsolidation.
These settlements generally occur rapidly after the
earthquake (i.e. in less than a few hours), depending
on soil stratigraphy and drainage conditions.
Clay-like (cohesive) soils can also develop pore
pressures during undrained cyclic loading, but gener-
ally do not reach zero effective stress and hence retain
some level of stiffness during cyclic loading and gen-
erally deform less than sand-like soils. Traditionally,
clay-like soils are considered not susceptible to lique-
faction, since they generally do not reach a condition
of zero effective stress. However, clay-like soils can
deform during cyclic earthquake loading. The amount
of pore pressure buildup is a function of in-situ state
(overconsolidation ratio), sensitivity, structure (age,
fabric and cementation) and size and duration of cyclic
loading. Soft normally to lightly overconsolidated and
sensitive clay-like soils can develop large positive
pore pressures with significant shear strains during
earthquake loading that can result in lateral and ver-
tical deformations, depending on ground geometry
and external static loads (e.g. buildings, embank-
ments, slopes, etc.). Very sensitive clay-like soils can
also experience strength loss after earthquake loading
that can result in flow slides with very large defor-
mations depending on ground geometry. Following
earthquake loading, clay-like soils can also experience
volumetric strains and post-earthquake reconsolida-
tion settlements. However, these settlements generally
occur slowly after the earthquake due to the lower

permeability of clay-like soils and are also a function
of soil stratigraphy and drainage conditions. The volu-
metric strains during post-earthquake reconsolidation
are generally small since clay-like soils often retain
some original soil structure and hence, maintain a high
value of volumetric stiffness during reconsolidation.

Following earthquake loading, pore-water redistri-
bution can result in some sand-like soils changing void
ratio and becoming looser. This can result in strength
loss and the potential for instability.

Recent research has indicated that the transition
from sand-like to clay-like soils can be approximately
defined by Atterberg Limits (e.g. plasticity index) of
the soil (Seed et al, 2003; Bray and Sancio, 2006;
Boulanger and Idriss, 2007). Sangrey et al. (1978)
suggested that the transition was controlled by the
compressibility of the soil, where, in general, clay-like
soils have a higher compressibility than sand-like soils.
In a general sense, soft normally consolidated clay-
like fine grained soils respond in a similar manner to
loose sand-like soils in that they are both contrac-
tive under shear and develop positive pore pressures
in undrained shear. Highly sensitive clay-like soils
are similar to very loose sand-like soils in that both
can experience a large increase in pore pressure under
undrained shear and can experience significant strength
loss (i.e. strain soften). Stiff overconsolidated clay-like
fine grained soils respond in a similar manner to dense
sand-like soils in that they both dilate under shear at
high strains. Soil response in fine grained soils is con-
trolled partly by the amount and type of clay minerals.
The plasticity index is an approximate measure of the
mineralogy of the soil, where the amount and type of
clay mineral influences soil behavior.

Traditionally, the response of sand-like and clay-like
soils to earthquake loading is evaluated using different
procedures. It is common to first evaluate which soils
are sand-like, and therefore susceptible to liquefaction
based on grain size distribution and Atterberg Lim-
its, and then to determine the factor of safety (FSy;q)
against liquefaction. A key element in performance
based geotechnical earthquake design is the evalua-
tion of post-earthquake deformations. The challenge
is to develop procedures that capture the correct soil
response as soil transitions from primarily sand-like
to clay-like in nature. The objective of this paper is to
outline a possible unified approach for all soils using
CPT results with the ultimate goal to evaluate possible
post-earthquake deformations.

4 CPT SOIL BEHAVIOUR TYPE

One of the major applications of the CPT has been the
determination of soil stratigraphy and the identifica-
tion of soil type. This has been accomplished using
charts that link cone parameters to soil type. Early
charts using . and friction ratio (Ry) were proposed



by Douglas and Olsen (1981), but the charts proposed
by Robertson et al. (1986) have become popular.
Initially these charts were based on empirical cor-
relations, but theoretical studies have supported the
general concepts. Robertson et al. (1986) and Robert-
son (1990) stressed that the charts were predictive of
Soil Behaviour Type (SBT) since the cone responds to
the mechanical behaviour of the soil and not directly to
soil classification criteria based on grain-size distribu-
tion and soil plasticity. Fortunately, soil classification
criteria based on grain-size distribution and plastic-
ity often relate reasonably well to soil behaviour and
hence, there is often good agreement between soil
classification based on samples and SBT based on
the CPT. Several examples can be given when dif-
ferences arise between soil classification and SBT
based on CPT. For example, a soil with 60% sand and
40% fines may be classified as ‘silty sand’ using the
unified classification system. However, if the fines
are composed of a highly active clay mineral with
high plasticity, the soil behaviour may be controlled
more by the clay and the SBT from the CPT will
reflect this behaviour and predict a more clay-like
behaviour, such as ‘clayey silt’. If the fines were non-
plastic the soil behaviour may be controlled more by
the sand, the CPT SBT would predict a sand like
soil type, such as ‘silty sand’. Saturated loose silts
often behave like soft clay in that their undrained
strength is low and undrained response often gov-
erns geotechnical design. Hence, SBT based on CPT
in soft saturated silts is often defined as clay. Very
stiff heavily overconsolidated fine-grained soils tend
to behave similar to coarse-grained soil in that they
dilate at large strains under shear and can have high
undrained shear strength compared to their drained
strength. These few examples illustrate that the SBT
based on the CPT may not always agree with tradi-
tional classification based on samples. Geotechnical
engineers are usually interested in the behaviour of the
soil rather than a classification based only on grain-
size distribution and plasticity, although knowledge of
both is useful.

The corrected cone (tip) resistance (q;) responds to
the average shear strength (depending on soil sensitiv-
ity, heterogeneity and macro fabric) of the soil ahead
and behind the advancing cone, whereas the sleeve
friction (fs) and measured pore pressure (uy) responds
to the larger strain behaviour of the soil in contact with
the cone. There is also a small scale effect and physical
offset between the q; and f; measurements. Typically
most commercially available CPT data acquisition
systems adjust the two readings to present them at the
same depth in the soil profile (i.e. the f; reading is
recorded when the center of the sleeve has reached the
same depth/elevation as the cone tip). Soils with gravel
particles can produce rapid unrepresentative variations
in sleeve friction due to large particles touching the
friction sleeve.

Robertson (1990) updated the CPT SBT charts
using normalized (and dimensionless) cone parame-
ters, Qu1, F, Bq, where:

Qu = (qt — 0vo) /0y, )
Fr = [(fs/(qt — 0v0)] 100% )
By = Au/(q; — ovo) 3)
where:

Oyo = pre-insertion in-situ total vertical stress

o, = pre-insertion in-situ effective vertical stress
Uy = in-situ equilibrium water pressure

Au = excess penetration pore pressure.

In the original paper by Robertson (1990) the nor-
malized cone resistance was defined using the term
Q. The term Qy; is used here to show that the cone
resistance is the corrected cone resistance, q; with
the stress exponent for stress normalization n = 1.0.
Note that in clean sands, g. = g, but the more correct
q: 1s used in this paper.

In general, the normalized charts provide more
reliable identification of SBT than the nonnormal-
ized charts, although when the in-situ vertical effec-
tive stress is between 50 kpa to 150 kpa there is
often little difference between normalized and non-
normalized SBT. The term SBTn will be used to
distinguish between normalized and non-normalized
SBT. Robertson (1990) suggested two charts based
on either Qi —F; or Qu — Bq but recommended that
the Q —F; chart was generally more reliable, espe-
cially for onshore geotechnical investigations where
the CPT pore pressure results are more problematic
and less reliable.

Jefferies and Davies (1993) identified that a Soil
Behaviour Type Index, I, could represent the SBTn
zones in the Qy — F; chart where I is essentially the
radius of concentric circles that define the boundaries
of soil type. Robertson and Wride (1998) modified
the definition of I, to apply to the Robertson (1990)
Qq —F; chart, as defined by:

Ic = [(347 — log Qll)2 + (lOg Fr + 1.22)2]045 (4)

Contours of I are shown in Figure 1 on the Robert-
son (1990) Qy; — F; SBTn chart. The contours of I, can
be used to approximate the SBT boundaries.

Jefferies and Davies (1993) suggested that the SBT
index I; could also be used to modify empirical cor-
relations that vary with soil type. This is a powerful
concept and has been used where appropriate in this
paper.

Robertson and Wride (1998) and updated by Zhang
et al. (2002) suggested a normalized cone parameter,
using normalization with a variable stress exponent, n,
where:

Qu = [(qt — 0v)/Pal(Pa/Ty,)" (&)

where:
(q¢ — ov)/pa = dimensionless net cone resistance,
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Figure 1. Contours of soil behaviour type index, I, on
normalized SBT Q¢, — F; chart.

(pa/0,,)" = stress normalization factor
n = stress exponent that varies with SBTn
Pa = atmospheric pressure in same units as q; and oy,.

Robertson and Wride (1998) and Zhang et al.
(2002) use the term, g N instead of Q. This paper
will use the more general term, Qy,. Where the term
‘Q¢” denotes normalized corrected cone resistance
and the subscript ‘n’ denotes normalization with a
variable stress exponent. Note that, when n = 1,
Qm = Qu. Zhang et al. (2002) suggested that the
stress exponent, n, could be estimated using the SBTn
Index, I, and that I, should be defined using Qy,.

Robertson (2008) recently updated the stress nor-
malization by Zhang et al. (2002) to allow for a vari-
ation of the stress exponent with both SBTn I, and
effective overburden stress using:

n = 0.381(I¢) + 0.05(c, /pa) — 0.15 (©6)

where n < 1.0.

Robertson (2008) suggested that the above modifi-
cation to the stress exponent would capture the correct
state response for soils at high stress level and would
avoid the need for a further stress level correction (K, )
in liquefaction analyses.

There have been several publications regarding the
appropriate stress normalization (Olsen and Malone,
1988; Robertson, 1990; Jefferies and Davies, 1991;
Robertson and Wride, 1998; Zhang et al., 2002;
Boulanger and Idriss, 2004a; Moss et al., 2006; Cetin
and Isik, 2007; Robertson, 2008). The contours of
stress exponent suggested by Cetin and Isik (2007)
are very similar to those first suggested by Robertson
and Wride (1998), updated by Zhang et al. (2002) and
further modified slightly by Robertson (2008). The
contours by Moss et al. (2006) are similar to those
first suggested by Olsen and Malone (1988). The nor-
malization suggested by Boulanger and Idriss (2004a)

only applies to sands where the stress exponent varies
with relative density with a value of around 0.8 in
loose sands and 0.3 in dense sands. Figure 2 shows a
comparison of the stress exponent contours suggested
by Robertson (2008) for o, /p. = 1.0, Moss et al.
(2006), and Boulanger and Idriss (2004a) on the nor-
malized SBTn chart of Qy, — F;. The regions where the
three methods provide similar values are highlighted
and show that the methods agree on or close to the
normally consolidated zone suggested by Robertson
(1990). Wroth (1984) showed that the stress exponent
is 1.0 for clays based on Critical State Soil Mechanics
(CSSM) theory, which is reflected in the Robertson
(1990 & 2008) contours. The contours suggested by
Olsen and Malone (1988) and Moss et al. (2006) are
not supported by CSSM.

Robertson (1990) stated that the soil behaviour
type charts are global in nature and should be used
as a guide for defining Soil Behaviour Type (SBT).
Caution should be used when comparing CPT-based
SBT to samples with traditional classification systems
based only on grain size distribution and plastic-
ity. Factors such as changes in stress history, in-situ
stresses, macro fabric, cementation, sensitivity and
void ratio/water content will also influence the CPT
response and resulting SBT. The rate and manner in
which the excess pore pressures dissipate during a
pause in the cone penetration can significantly aid in
identifying soil type.

Robertson (1990) and others have suggested that
soils that have a SBTn index I, < 2.5 are generally
cohesionless where the cone penetration is generally
drained and soils thathave I > 2.7 are generally cohe-
sive where the cone penetration is generally undrained.
Cone penetration in soils with 2.5 < I, < 2.7 is often
partially drained.
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5 SOIL STRATIGRAPHY—TRANSITION
ZONES

Robertson and Campanella (1983) discussed how the
cone tip resistance is influenced by the soil ahead and
behind the cone tip. Ahmadi and Robertson (2005)
illustrated this using numerical analyses and con-
firmed that the cone can sense a soil interface up to 15
cone diameters ahead and behind, depending on the
strength/stiffness of the soil and the in-situ effective
stresses. In strong/stiff soils, the zone of influence is
large (up to 15 cone diameters), whereas, in soft soils,
the zone of influence is rather small (as small as 1 cone
diameter). Ahmadi and Robertson (2005) showed that
the zone of influence decreased with increasing stress
(e.g. dense sands behave more like loose sands at high
values of effective stress).

For interbedded soil deposits, the thinnest stiff soil
layer for which the measured cone resistance repre-
sents a full response is about 10 to 30 cone diameters.
Hence, as described by Robertson and Campanella
(1983), soil parameters may be under-estimated in thin
stiff layers embedded within a softer soil (e.g. thin sand
layers in a softer clay). Fortunately, the cone can sense
a thin soft soil layer more precisely than a thin stiff
soil layer. The fact that the cone can underestimate the
soil resistance in thin stiff layers has led to the thin
layer correction for liquefaction analyses (Robertson
and Wride, 1998, Youd et al., 2001).

The zone of influence ahead and behind a cone dur-
ing penetration will influence the cone resistance at

Cone resistance Friction Ratio

any interface (boundary) between two soil types of
significantly different strength and stiffness. Hence,
it is often important to identify transitions between
different soils types to avoid possible misinterpreta-
tion. This issue has become increasingly important
with software (or spreadsheets) that provide interpre-
tation of every data point from the CPT. When CPT
data are collected at close intervals (typically every
20 to 50 mm) several data points are ‘in transition’
when the cone passes an interface between two differ-
ent soil types (e.g. from sand to clay and vice-versa).
For thin stiff layers the two interface regions can join
such that the cone resistance may not represent the true
value of the thin layer.

It is possible to identify the transition from one soil
type to another using the rate of change of either I
or Qy. When the CPT is in transition from sand to clay,
the SBTn I will move from low values in the sand to
higher values in the clay. Robertson and Wride (1998)
suggested that the approximate boundary between
sand-like and clay-like behaviour is around I, = 2.60.
Hence, when the rate of change of I. is rapid and
is crossing the boundary defined by I, = 2.60, the
cone is likely in transition from a sand-like to clay-
like soil, or vice-versa. Profiles of I provide a simple
means to identify these transition zones. Figure 3 illus-
trates a CPT profile through a deposit of interbedded
sands and clays and shows how computer software
(CLiq, 2008) can identify transition zones on the I,
profile based on the rate of change of I, as I crosses
the value 2.60. There are clear transitions from clay to
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sand (and vice-versa) at depths of 4.5, 8.5, 12.5, 14.1,
14.5, 16.9, 17.5, and 20.5 m. The region between 5.0
to 8.0 m, and again between 20.5 to 21.8 m, represent
soils close to the boundary of I, = 2.60. Although
these transitions could be identified from combina-
tions of Qu, F; and By, the algorithm (software) that
identifies the zones on the profile of I, appears to be
more effective. Figure 3 also illustrates that the pore
pressure measurements are less effective at shallow
depths where saturation of the CPT sensor may be less
effective. At depths of about 14 m, 17 m and 21 m
there are thin sand layers where the maximum values
in the sand are likely too low due to the adjacent tran-
sition zones. Hence, identification of transition zones
aids in the recognition of thin layers that may require
correction (Youd et al., 2001).

6 RESISTANCE TO EARTHQUAKE LOADING

Idriss and Boulanger (2008) present a summary of the
history and background on the evaluation of liquefac-
tion resistance to earthquake loading. They describe in
detail how the Factor of Safety (FSjiq) against trigger-
ing of liquefaction in sand-like soils can be computed
as the ratio of the soils CRR to the earthquake-induced
CSR, with both the CRR and CSR values pertaining
to the design earthquake magnitude (M) and in-situ
effective overburden stress (o7, ):

FSjiq = CRRMm,07, /CSRM,0;, (7

Alternately, it is common to convert the earthquake-
induced CSR into the reference condition applicable
toM =7.5and o,, = l atm. (i.e. 0}, /pa = 1).

FSiiqg = CRRM=7.5, o7,=1/CSRM=7.5, oy, =1 (®)
where:
CRRm=75, o;,=1 = Cyclic Resistance Ratio applica-

ble to M = 7.5 and an effective overburden stress of
o,, = 1 atm., sometimes presented as simply CRR7 5.

CRRM=75, 07y =1 = earthquake induced Cyclic Stress
Ratio adjusted to the equivalent CSR for the refer-
ence values of M = 7.5 and an effective overburden
stress of o, = 1 atm., sometimes presented as simply
CSR75s.

For low-risk projects, CSR is typically estimated
using the Simplified Procedure first described by Seed
and Idriss (1971), using:

CSR75 = 0.65[amax/gl[0vo/ 0y, Ira[1/MSFI[1/Ks1 (9)

Alternate methods have been suggested for estimat-
ing the correction factors, rg, MSF and K, .

Boundary lines have been developed that separate
case histories in which ‘liquefaction” was observed,
from case histories in which liquefaction was not
observed. This boundary line is used to provide the
relationship between in-situ CRR7 s and an in-situ test

index. Due to space limitations, this paper will only
present CPT-based methods to estimate CRR7 5.

6.1 Sand-like (cohesionless) soils

CRR7 5 for sand-like soils is generally defined in terms
of ‘triggering’ liquefaction (i.e. reaching zero effec-
tive stress) although laboratory testing often uses
a critical shear strain level (e.g. y = 3%). Trig-
gering of ‘liquefaction’ in loose sands is the onset
of large strains. Therefore, since CRR7s is tradi-
tionally used to define ‘liquefaction’ it can also be
used to define the onset of large deformations. If the
factor of safety against ‘liquefaction’ is less than 1
(i.e. FSjjq < 1) shear strains can be large and tend to
increase as the factor of safety decreases, especially
for loose sands.

The evaluation of CRR has evolved primarily from
case histories of past earthquakes. The earliest efforts
began with attempts to use SPT data (Kishida, 1966,
Seed et al, 1984). In the early 1980’s efforts were made
to use CPT data (Zhou, 1980; Robertson and Cam-
panella, 1985). In 1996-97, a workshop by NCEER
and NSF provided a summary and recommendations
on SPT-, CPT-, and Vs-based correlations and proce-
dures (Youd etal., 2001). Following the NCEER work-
shop several major earthquakes provided new case
histories. Moss et al. (2006) produced a compilation
of the expanded database.

The NCEER/NSF workshop provided a set of rec-
ommendations by over 20 leading experts and was
summarized by Youd et al. (2001). Youd et al. (2001)
recommended the Robertson and Wride (1998) method
for the CPT-based approach to evaluate CRR for cohe-
sionless soils (I, < 2.60). However, since 1997 there
have been several publications attempting to update
these recommendations. These updates have led to
some confusion in practice, since changes were sug-
gested to both CSR and CRR, which often resulted in
minor changes to the calculated FSy;q.

Traditionally, case history data have been compiled
by identifying the combination of the earthquake-
induced cyclic stress ratio, CSR, and in-situ test results
that bestrepresents the “critical zone” where liquefaction
was estimated to have occurred for each site. It has
been common to adopt a magnitude M = 7.5 earth-
quake, an effective overburden stress of o, = 1 atm
and case histories with modest static shear stress
(i.e. essentially level ground conditions). The resulting
CSR7 5 values are plotted against the in-situ test results
normalized to o), = 1 atm. The resulting plots are
then used to develop boundary lines separating cases
of ‘liquefaction’ from cases of ‘non-liquefaction’ and,
therefore, a method to estimate the CRR7 5. This paper
will focus only on the approaches that use CPT results,
since the CPT is generally considered more repeatable
and reliable than the SPT and provides continuous data
in a cost effective manner.



Although this traditional approach of using case
history data has resulted in significant developments,
the approach has some limitations. The following is a
short description of the main limitations.

‘Liquefaction’ and ‘Non-liquefaction’: field evi-
dence of ‘liquefaction’ generally consists of surface
observations of sand boils, ground fissures or lat-
eral spreading. Sites that show no surface features
may have experienced either liquefaction or the devel-
opment of significant pore pressures in some soil
layers, but no sand boils resulted, either due to the
depth of the layer or the overlying deposits. Also, sites
that show no surface deformation features may have
experienced significant pore pressure development in
some soil layers, but showed limited post-earthquake
deformations due to ground geometry and lack of any
significant static loads. Few case histories have well
documented deformation records where deformations
were recorded with depth.

Selecting the ‘critical zome’: the depth where
‘liquefaction’ was assumed to have occurred requires
considerable judgment. Occasionally, this is based on
linking sand boil material to a specific soil layer, but
often the selection is more subjective.

Average data points to represent each site: consid-
erable judgment is required to select an appropriate
average value for the in-situ test. For SPT results this
was simpler because there were often only 1 or 2 SPT
values in the critical zone. However, for CPT results
this is more difficult, since there can be many CPT
values within a layer. CPT results often show that a
soil layer is not uniform either in terms of consistency
(i.e. density/state) or grain characteristics (e.g. fines
content/plasticity). In critical soil layers, where the soil
is non-uniform and the cone resistance is variable, an
‘average’ value can be misleading.

Although the SPT- and CPT-based design methods
were developed using average values, the methods are
generally applied to all data points for design. CPT
data are generally recorded at 5 cm depth intervals
to provide a near continuous profile. Hence, applica-
tion of case-history based design methods, using the
near continuous CPT profile, incorporate some level
of conservatism. Applying the CPT-based methods to
average in-situ test values for design requires judgment
in selecting appropriate representative average values,
and details in the near continuous profile can be lost.

Although the traditional approach has limitations,
it has resulted in relatively simply approaches to eval-
uate a complex problem. Moss et al. (2006) (based
on Moss, 2003) compiled a comprehensive database
based on CPT records. For this paper, the Moss (2003)
database has been re-evaluated using the continuous
digital CPT records, where available, to confirm or
modify the estimated average in-situ test values. The
re-evaluation focused primarily on case histories that
plot close to the boundary lines, since these play a
more important role in defining the boundary line.
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The near continuous CPT records were processed
through software that incorporates the updated
Robertson and Wride (1998); Zhang et al. (2002)
and Zhang et al. (2004) CPT-based method as well as
transition zone detection and the updated Robertson
(2008) stress normalization (equation 6) (CLiq www.
geologismiki.gr). The re-evaluation showed that the
Robertson and Wride (1998) method performed
extremely well on the database of near continuous CPT
records. Some sites that appeared to have ‘liquefaction’
average data points on the ‘non-liquefaction’ side of
the boundary line actually predicted ‘liquefaction’
(i.e. had regions in the critical layer where the com-
puted FSj;q < 1) when using the near continuous CPT
data. Hence, at sites where the Robertson and Wride
(1998) method would appear to have incorrectly pre-
dicted performance based on the case history results
using Moss et al. (2006) average values, the method
predicted the correct performance using the mea-
sured near continuous values in terms of liquefaction
(i.e. FSjiq < 1.0) and post-earthquake deformations.
Some key sites, where the average values selected
by Moss et al. (2006) were considered inappropriate,
are the sites at Whiskey Springs (1983 Borah Peak
earthquake). These sites were composed of gravelly
sands to sandy gravels and the CPT results showed
significant rapid variation caused by the gravel con-
tent. The CPT measurements at these sites were less
reliable due to the gravel content, and the average val-
ues selected by Moss et al. (2006) were considered
too high and unrepresentative of the loose sand matrix
that likely dominated the buildup of pore pressures
during the earthquake. Other key sites are Balboa
Blvd. and Malden St. (1994 Northridge, USA) and
Kornbloom (1982 Westmorland, USA). Average val-
ues can be misleading in interbedded soils and may
not adequately represent the various individual soil
layers.

Moss et al. (2006) and Juang et al. (2003) have
used the expanded case history database based on
average values to provide criteria based on probabil-
ity. The re-evaluation, using near continuous CPT
records, suggest some uncertainty on proposed levels
of probability, due to the highly subjective nature of the
average values selected and the observation that some
‘liquefaction’ and ‘non-liquefaction’ sites were incor-
rectly classified when using only the Moss et al. (2006)
average values. It is recommended that the near contin-
uous CPT data be used to evaluate various CPT-based
liquefaction methods and not average values that were
subjectively selected. It is also interesting to note that,
to the authors knowledge, none of the more recent
CPT-based methods (i.e. post-Youd et al., 2001) used
the recorded near continuous CPT records from the
case histories to confirm the accuracy of the proposed
new methods.

The Moss et al. (2006) database included 182 case
history results (146 ‘liq’ and 36 ‘non-liq’). However,



30 cases (23 ‘liq’ and 7 ‘non-liq’) were described
as ‘Class C’ data that were case histories where the
CPT results were obtained using either ‘non-standard
or mechanical cone’ or ‘no friction sleeve data avail-
able’. The Class C data are clearly less reliable than
the rest of the data, especially for methods that make
use of the friction sleeve results in the form of either
friction ratio, Ry (Moss et al., 2006) or soil behav-
ior type, I (Robertson and Wride, 1998; Juang et al.,
2003). Robertson and Campanella (1983) showed that
mechanical cone friction sleeve values can be signif-
icantly different from standard electric cone values in
the same soil.

The database, (with Class C data removed) where
liquefaction was observed, had earthquake magnitudes
in the range 5.9 < M,, < 7.7 and vertical effective
stress in the range 15 kpa < o] < 135 kpa. The
average vertical effective stress in the liquefied layers
was 60 kpa. No liquefaction, based on surface obser-
vations, was considered to have occurred at a depth
greater than 16 m. The average depth for the critical
liquefiable layers was around 5 to 6 m.

All the CPT-based methods (to determine CSR7 5)
typically include corrections for depth (rg), magni-
tude scaling factors (MSF) and overburden correction
factor (K, ). The variations in these correction fac-
tors when applied to the database are generally small.
Hence, the database is insufficient to clarify which
correction methods are appropriate for design. Most
methods specify that consistency is required when
applying the methods to design problems (i.e. use
the same correction factors on which the method
was based). This paper uses the correction factors
(rqg, MSF,Ko) suggested by the NCEER workshop
(Youd et al., 2001), with K, = 1.0.

Figure 4 shows a summary plot of the reevaluated
expanded database in terms of CPT results in the form
of CSR75 versus normalized cone resistance (Qy).
The Class C data are not included in Figure 4. Figure 4
includes some case history data where the soil was
not considered to be ‘clean sand’, however, the result-
ing boundary line is unaffected, because the ‘liq’ data
in soils that are not ‘clean sands’ have lower cone
resistance (i.e. located to the left of the boundary line).
The resulting boundary line is often referred to as the
‘clean sand’ boundary line.

Figure 4 also shows some of the most recent pub-
lished correlations superimposed over the updated
database. The comparison in Figure 4 is not strictly
correct, since the various published procedures include
different normalization procedures for the CPT results.
Fortunately, the differences, when applied to the case
history data, are generally small (less than 20%),
since all of the case history data are from sites where
the range in vertical effective stress was small (15 kpa <
o, < 135 kpa). The various correlations are similar
in the region of maximum data (20 < Qp < 100).
When Qq, is larger than 100 the correlations differ,

11

06 Juang et al (2006)

Robertson & Wride (1998)

0s :

[5— Moss et al (2006)
'

04 /

/- Idriss & Boulanger (2004)

03 .
olig

No Lig

CSR,s

0.2

0.1

100
Qun

150 200

Figure 4. Updated case history database in terms of
CSRM=7.5,5'vo=1 V8 Qu (Class C data excluded).

mainly due to the form of the suggested correlations.
Hence, for ‘clean sands’ the baseline correlation to
estimate CRR7 s from CPT results is reasonably well
established, especially in the region defined by 20 <
Qum < 100. It is likely that there will be little gained
from further evaluation of current case history data
using average values for clean sands in the form of
CSR75 — Qqp plots. It is also recommended that further
fine-tuning of the CRR7 s relationships using average
values will be ineffective, since the location of the
boundary is sensitive to the judgment used to select
appropriate average in-situ test values. The form of
the relationship controls CRR7 5 for Qy, > 100, since
very little field data exists in this range. The form of the
relationship becomes important when the method is
extended to estimate post-earthquake displacements.

For soils that are not ‘clean sands’, the traditional
approach has been to adjust the in-situ penetration
resultsto an ‘equivalent clean sand’ value. This evolved
from the SPT-based approach where samples could
be obtained and the easiest parameter to quantify
changes in grain characteristics was the percent fines
content.

Research has clearly shown that fines content alone
does not adequately capture the change in soil behav-
ior. Also, the average fines content of an SPT sample
may not always reflect the variation in grain
characteristics in heterogeneous soils, since it is com-
mon to place the full SPT sample into a container for
subsequent grain size analyses, with resulting mis-
leading ‘average’ fines content. The recent Idriss and
Boulanger (2008) CPT-based approach that
uses only fines content from samples to make adjust-
ments to cone resistance is a retrograde step and is not
recommended.

Several recent CPT-based liquefaction methods use
modified CPT results to estimate clean sand equivalent
values based on either SBT I, (e.g. Robertson and
Wride, 1998; Juang et al., 2006) or friction ratio, Ry,
(Moss et al., 2006). Figure 5 shows a summary plot of
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the reevaluated expanded database, in terms of CPT
results in the form of CSR7 5 versus normalized clean
sand equivalent cone resistance (Qin,cs), based on the
corrections suggested by Robertson and Wride (1998)
using .

Good agreement exists between the expanded
database and the original Robertson and Wride (1998)
CPT-based method.

Figures 6 and 7 show the updated database plot-
ted on the normalized SBTn chart (Q, — F;), where
Qm and F; were calculated using the method sug-
gested by Zhang et al. (2002) and recently modified
slightly by Robertson (2008). Figure 6 shows the
case history data where 0.20 < CSR75 < 0.50.
Figure 7 shows the data where CSR75 < 0.20. The
case history database is insufficient to subdivide the
data into smaller divisions in the Qu, —F; format,
since both are on log scales. Presenting the case his-
tory data, in terms of the full CPT data (Q, and F;)
on the SBT chart, provides a different view of the
influence of changing soil type on the correlations.
Superimposed on the SBTn chart are the contours for
CRR75 suggested by Robertson and Wride (1998)
in the region where I, < 2.60. The Class C data
are also included in Figures 6 and 7 but are identi-
fied using a different symbol. The Moss et al. (2006)
corrections using friction ratio (R¢), appear to be influ-
enced by the questionable Class C data. It is also
interesting to note that, excluding the questionable
Class C data, there are no case histories of observed
‘liquefaction’ based on average CPT values where
I. > 2.60. It is useful to remember that each data
point, in terms of Q, and F;, represents an average
value for the critical layer.

Figure 8 shows the data where CSR75 < 0.20
with the correlations suggested by Olsen and Koester
(1995); Suzuki et al. (1995); Robertson and Wride
(1998) and Moss et al. (2006), for comparison. This
format provides a way to compare the different ‘cor-
rection’ factors to adjust CPT results for soil type. The
correlations suggested by Moss et al. (2006) appear
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to be too conservative at high values of either fric-
tion ratio or I;. This was partly a result of using the
unreliable Class C data, as well as inappropriate aver-
age values for some key sites, especially the sites
from Whiskey Springs. The correlations suggested
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by Suzuki et al. (1995) and Olsen and Koester (1995)
appear to be unconservative at high values of I, which
was also pointed out by Robertson and Wride (1998).

6.2 Clay-like (cohesive) soils

Since cohesive clay-like soils are not susceptible to
‘liquefaction’, the criteria used to define CRR is defor-
mation, which is often assumed to be a shear strain
of y = 3%. Since detailed deformation records are
uncommon in many case histories, much of our under-
standing regarding the response of cohesive soils to
earthquake loading derives from undrained cyclic lab-
oratory testing. Fortunately, it is also possible to obtain
high quality undisturbed samples in many clay-like
soils.

Sangrey et al. (1978) showed that fine-grained soils
tend to reach a critical level of repeated loading that
is about 80% of the undrained shear strength (sy).
Boulanger and Idriss (2006, 2007) provided a sum-
mary of the response of cohesive soils to cyclic load-
ing. There is a strong link between the cyclic undrained
response of fine-grained soils and their monotonic
undrained response. The monotonic response of fine-
grained soils is generally defined in terms of their peak
undrained shear strength, s,. Although the undrained
shear strength is not a unique soil parameter, since
it varies with the direction of loading, it does pro-
vide a simple way to understand the behavior of
cohesive soils and captures many features (e.g. stress
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history, age and cementation). During earthquake
loading, the predominant direction of loading is simple
shear; hence, the undrained strength in simple shear
is often the most appropriate parameter to link with
CRR. Since earthquake loading is best defined in
terms of CSR (7¢y/0y), it is appropriate to compare
this with the undrained strength ratio (s, /o7). In sim-
ple terms, if the earthquake imposes a shear stress
ratio that is close to the undrained strength ratio of the
soil, the soil will deform. Since earthquake loading
is rapid and cyclic, the resulting deformations may
not constitute ‘failure’ (i.e. unlimited deformations).
However, shear deformations can be large and tend to
progress during the earthquake. Boulanger and Idriss
(2004) used the term “cyclic softening’ to describe the
progression of shear strains during cyclic undrained
loading in fine-grained soils.

Boulanger and Idriss (2004b) presented published
data that showed that, when the CSR ratio approaches
about 80% of s,/0;, deformations tend to become
large. Wijewickreme and Sanin (2007) showed that
the CRR(, — 34, in low plastic silts is also controlled
by their peak undrained shear strength ratio (s,/07).
Although it is common to treat low plastic silts as
‘sand-like’, their CRR is controlled by their undrained
strength ratio. Hence, soft low plastic silts tend to
‘behave’ similar to soft clays, where their response
is controlled by the undrained strength ratio.

Boulanger and Idriss (2007) suggested that the
CRR7 5 (for a shear strain of 3%) could be estimated
using either:

CRR75 = 0.8(s4/0,) (10)
or
CRR75 = 0.18(OCR)3 (11)

Bothmethods are equivalent, since Ladd (1991) showed
that:

su/ol, = 0.22(OCR)"® (12)

Boulanger and Idriss (2004b) suggested a further
reduction factor (Ky) to CRR7 5, based on the static
shear stresses existing at the time of the earthquake.
Therefore, the factor of safety against cyclic softening
(3% shear strain), for cases in which the static shear
stresses are small (i.e. K, = 1.0), can be expressed as:

FS,_3v, = CRRy/CSRy = CRR75s/CSR75  (13)

Boulanger and Idriss (2007) showed that the MSF
for clays is different than that for sands. They also
showed that the CRR7 5 of saturated clays and plastic
silts can be estimated by three approaches:

e Directly measuring CRR by cyclic laboratory test-
ing on undisturbed samples.

e Empirically estimating CRR based on s, profile.

e Empirically estimating CRR based on consolidation
stress history (i.e. OCR) profile.



Boulanger and Idriss (2007) described that the first
approach provides the highest level of insight and con-
fidence, whereas the second and third approaches use
empirical approximations to gain economy. For low
risk projects, the second and third approaches are often
adequate. Based on the work of Wijewickreme and
Sanin (2007) it would appear that the CRR7 s for soft
low plastic silts can also be estimated using the same
approach.

Robertson (2008) showed that CPT results in fine-
grained soils are influenced primarily by both stress
history (OCR) and soil sensitivity (S;) and that the nor-
malized cone resistance (Qu) is  strongly
influenced by OCR and almost unaffected by S,
whereas, the normalized friction ratio (F;) is strongly
influenced by S; and almost unaffected by OCR.
Hence, Robertson (2008) suggested that the peak
undrained shear strength ratio in cohesive soils can
be estimated from:

’ qt — Ovo
(su/0y,) = ol

(1/Ni) = Qun/Ni (14)

when I, > 2.60 and n ~1.0)

where Ny, = empirical cone factor with an average
value of 15.
Hence, when K, = 1.0:

CRR7s = 0.8 Qu/15 = 0.053 Qy (15)

Alternately, the OCR of clay can be estimated using
(Kulhawy and Mayne, 1990):

OCR = 0.33 Qg (16)
Hence, when K, = 1.0:
CRR75 = 0.074 (Qu)** (17)

For values of Qy, < 10 (i.e. CRR75 < 0.5), both
approaches produce similar values of CRR7 5.

Hence, estimates of CRR7 5 can be made from CPT
results using the normalized cone resistance Qy,, since
CRRy7 5 is controlled primarily by the peak undrained
shear strength ratio. Note that in clays and silts where
Ic >2.60, Qm = Qu.

6.3 All soils

By combining the Robertson and Wride (1998)
approach for cohesionless sand-like soils with the
Boulanger and Idriss (2007) recommendations for
cohesive clay-like soils, it is possible to provide a sim-
ple set of recommendations to estimate CRR7 5 from
CPT results for a wide range of soils.

The recommendations can be summarized, as
follows:

When I, < 2.60, assume soils are sand-like:

Use Robertson and Wride (1998) recommenda-
tion based on Que, = K¢ Qm, where K¢ is a
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function of I;. Robertson and Wride (1998) set
a minimum level for CRR7 5 = 0.05.

When [, > 2.60, assume soils are clay-like where:
CRR75 = 0.053 Qu K, (18)

Boulanger and Idriss (2007) suggested that, in clay-
like soils, the minimum level for CRR75 = 0.17K,,
for soft normally consolidated soils.

For a more continuous approach, it is possible to
define a transition zone between sand-and clay-like
soils:

When I, < 2.50, assume soils are sand-like:

Use Robertson and Wride (1998) recommenda-
tion based on Qumes = K¢ Qm, where K¢ is a
function of 1.

When [, > 2.70, assume soils are clay-like, where:
CRR75 = 0.053Q1 K, (19)

When 2.50 < I, < 2.70, transition region:

Use Robertson and Wride (1998) recommenda-
tions based on Qs = KcQum, where:

K¢ = 6 x 1077 (1) '676 (20)

The recommendations where 2.50 < I, < 2.70 rep-
resent a transition from drained cone penetration to
undrained cone penetration where the soils transition
from predominately cohesionless to predominately
cohesive.

Figures 9 and 10 show the proposed combined
relationships for CRR7 5 = 0.5 and 0.2, respectively,
compared to the expanded database. Additional non-
liquefaction data points (28 in total) have been added
from the published case history records. The ‘non-
liquefaction’ points reflect soil layers (predominately
clay-like soils) that did not ‘liquefy’ and did not show
any observable/recorded deformations (i.e. no cyclic
failure). As noted above, the criteria to define CRR7 5
in clay is a shear strain of 3%. Figure 9 includes two
data points (Yalova Harbour and Soccer Field sites,
Kocaeli earthquake, Turkey, 1999) where cyclic soft-
ening may have occurred in the soft clay layer during
earthquake shaking but no significant post-earthquake
deformations within the clay layers were observed or
noted. The lack of observed deformation in the clay
layers at the two sites in Turkey may have been due
to small static shear stresses at the depth of the clay.
Figure 10 includes one data point from the Moss Land-
ing site (Sandholt Rd., Loma Prieta, 1995) where a soft
silty clay (Qm = 4 to 5, F, = 3 to 4%) appears to have
been close to cyclic failure and where a small amount
of post-earthquake lateral deformation (approximately
y = 0.5%) was observed from slope indicator mea-
surements (Boulanger et al., 1995) and where the
CSR75 was about 0.25.

Data from three sites (Marina District, Treasure
Island Alameda) with deposits of soft, sensitive San
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Fransico (SF) young Bay Mud are also identified in
Figure 10. These sites likely experienced a CSR7 s
of about 0.15 during the Loma Prieta earthquake but
showed no reported signs of deformations within the
clay layer. This may have been, in part, due to the
rather small static shear stress at these sites within
the soft clay. The less reliable Class C data have not
been included in Figures 9 and 10.
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Boulanger and Idriss (2004) showed that high static
shear stresses in soft clays can initiate cyclic failure
during earthquake loading. They presented results
from sites that experienced ground failure during
the Kocaeli 1999 earthquake in soft clays where the
static shear stresses were high. The above CPT-based
approach to estimate CRR also correctly predicts
ground failure at the sites presented by Boulanger
and Idriss (2004) when K, < 1.0.

Typically, when I, > 2.60 the soils are generally
fine-grained and more easily sampled. Therefore, in
this region (I, > 2.60), selective sampling and labora-
tory testing can be appropriate, depending on the risk
of the project.

7 POST-EARTHQUAKE DEFORMATIONS

Estimating deformations in soils is generally difficult,
due to the non-linear, stress dependent stress-strain
response of soils. Estimating deformation after earth-
quake loading is more difficult, due in part to the
complex nature of earthquake loading and the role of
soil stratigraphy and variability.

Idriss and Boulanger (2008) present a summary
of alternate approaches to estimating post-earthquake
deformations depending on the risk and scope of the
project. For low to moderate risk projects it is common
to estimate post-earthquake deformations by estimat-
ing strains and then integrate those strains over depth
to estimate deformation. The estimated deformations
may also be empirically adjusted on the basis of cal-
ibration to case history observations. For high risk
projects it is appropriate to perform complex non-
linear dynamic numerical analyses if initial screening
indicates a need.

7.1 Vertical settlements due to reconsolidation

Post-earthquake vertical displacements can develop
in two ways: (1) settlement caused by reconsolida-
tion, and (2) vertical displacement caused by shear
deformation associated with lateral deformation. This
section addresses only settlements caused by recon-
solidation.

Volumetric strains—cohesionless sand-like
soils

Post-earthquake reconsolidation volumetric strains
are generally estimated using relationships derived
primarily from laboratory studies. Methods are then
evaluated using case history observations. One of the
primary laboratory studies used is that by Ishihara and
Yoshimine (1992) for cohesionless soils. Ishihara and
Yoshimine (1992) observed that volumetric strains of
sand samples were directly related to the maximum
shear strain during undrained cyclic loading and to

7.1.1



the initial relative density of the sand. Ishihara and
Yoshimine (1992) showed that when FSjq > 1 some
shear and volumetric strains still occur and that as
the FSyjq decreases (FSyq < 1), shear and volumetric
strains increase but reach maximum values depend-
ing on the relative density. When FSj;q < 1.0, loose
cohesionless soils have reached zero effective stress
with a loss of structure/fabric, the stiffness of the soil is
then very small during reconsolidation that can result
in large volumetric strains.

Zhang et al. (2002) coupled the Robertson and
Wride (1998) CPT-based method using clean sand
equivalent values to determine FS;;q with the Isihahara
and Yoshimine (1992) volumetric strain relationships,
to provide a method to estimate the post-earthquake
vertical reconsolidation settlements. Zhang etal. (2002)
evaluated the approach using case history observations
and showed that the approach provided reasonable
predictions of settlements, although details on site
geometry and soil stratigraphy play an important role.
Since most cohesionless soils have relatively high
permeability, the post-earthquake reconsolidation set-
tlements occur relatively soon after the earthquake,
but depend on soil stratigraphy and drainage.

7.1.2  Volumetric strains—cohesive clay-like soils

Factors affecting vertical (1-D) settlement caused by
post-earthquake reconsolidation of clay layers are dis-
cussed in Ohara and Matsuda (1988), Matsuda and
Ohara (1991) and Fiegal et al. (1998). The limited
laboratory data indicate that reconsolidation volu-
metric strains are controlled primarily by the max.
shear strain which is function of the factor of safety
(FS, _3%) and stress history (OCR) of the soil. Dur-
ing undrained cyclic loading, pore pressures develop
that result in a decrease in effective confining stress.
However, the effective stresses generally do not reach
zero and the soil retains some structure and stiff-
ness. Wijewickreme and Sanin (2007) showed that,
on average, for a wide range of fine-grained soils,
when FSjq = 1 the excess pore pressure represents
about 80% of the effective confining stress
(i.e. Au/o), =1, = 0.8). Volumetric strains occur
as the soil reconsolidates back to the in-situ effective
confining stress. The volumetric strains in cohesive
soils during reconsolidation after earthquake loading
are generally much smaller than those observed in
cohesionless coarse-grained soils because cohesive
soils retain some level of stiffness during reconsol-
idation. Case history field observations have also
shown that post-earthquake settlements, due to recon-
solidation, are generally small at sites with thick
deposits of cohesive soils. For example, the San
Fransico Bay area in California has extensive thick
deposits of soft (young) Bay Mud (essentially nor-
mally to lightly overconsolidated clay) but very few
observations of measurable post-earthquake settle-
ments within the clay deposits were made following
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the Loma Prieta earthquake. The re-evaluation of
post-earthquake reconsolidation settlements at the
Marina District, Treasure Island and Moss Landing
sites following the Loma Prieta earthquake and sites
in Taiwan following the Chi-Chi earthquake, sug-
gest an average volumetric strain of less than 1% in
fine-grained soils.

Volumetric strains for cohesive soils can be estimated
using the 1-D constrained modulus, M, and the change
in effective stress due to the earthquake loading where,

Evol = (AU\C/M) 21
(22)

The buildup in pore pressure and hence, change in
effective stress, is a function of the factor of safety
(FS) and the OCR of the soil. Laboratory test results
indicate that r, is a function of FS. When FS = 1.0,
r, = 0.8 and when FS = 2, r, = 0. Assuming a
linear relationship between FS and r, and an inverse
relationship with OCR gives:

ry = [0.8 — 2.66 log (FS)]/OCR

where: r, </ = 1.0, when FS = 0.84
Kulhawy and Mayne (1990) showed that OCR can
be estimated from the CPT using:

! !
Ao, =140,

(23)

OCR = 0.33 Qq (24)
Hence,
Ao =[0.8 —2.66log (FS)] 6,,/0.33 Qu (25)

Assuming the 1-D constrained modulus during
reconsolidation is generally larger than the initial
constrained modulus estimated from the CPT:

M = A Mcpr (26)

The 1-D constrained modulus estimated from the
CPT is equivalent to the modulus from the in-situ
stress to a higher stress, whereas during reconsolida-
tion the cohesive soil has become overconsolidated
due to the decrease in effective stress and the recon-
solidation modulus is stiffer. For soft normally con-
solidated cohesive soils the reconsolidation stiffness
is about 10 Mcpr. Whereas, in stiff overconsolidated
cohesive soils, the reconsolidation stiffness is approxi-
mately equal to Mcpt. Therefore, assume that 4 varies
with OCR as follows:

A =10 —9log (OCR) 27
Since OCR = 0.33 Qy,

A+ 10 —91og (0.33 Q) (28)
Robertson (2008) showed that in soft clays:

Mcpr = (Qu)’0y, (29)
Hence:

£vol = [0.8 — 2.66 log (FS)1/[0.33A(Qu)°] (30)

When FS < 0.84 setry, = 1.0 & limit gy < 1%.



The above procedure provides an approximate
estimate of the post-earthquake reconsolidation
volumetric strains in clay-like soils based on CPT
results. The re-evaluation of the expanded case history
database shows good agreement between observed
post-earthquake settlements and those calculated using
the Zhang et al. (2002) CPT-based method with the
continuous CPT records incorporating the above
method to estimate volumetric strains in clay-like soils.

7.2 Lateral displacements due to shear deformation

7.2.1 Shear strains—cohesionless soils

Zhang et al. (2004) coupled the Robertson and Wride
(1998) CPT-based method to determine FSjq with
the Isihahara and Yoshimine (1992) maximum shear
strain relationships to provide a method to estimate the
post-earthquake lateral displacement index (LDI).
Zhang et al. (2004) used case history observations
to modify the LDI based on ground geometry to esti-
mate actual lateral displacements. Zhang et al. (2004)
evaluated the approach using case history observations
and showed that the approach provided reasonable pre-
dictions of settlements. Chu et al. (2007) showed that
the Zhang et al. (2004) CPT-based method provided
reasonable but generally conservative estimates of lat-
eral displacements from the 1999 Chi-Chi (Taiwan)
earthquake. Chu et al. (2007) also showed that shear
strains at a depth more than twice the height of the free
face should not be included in the method, since static
shear stresses are likely too small to contribute to the
lateral deformation.

7.2.2 Shear strains—cohesive soils

The potential for shear deformations or instability in
clay-like cohesive soils depends heavily on the static
shear stresses (which can be captured via K, ) and the
sensitivity of the soil.

Boulanger and Idriss (2004) have shown that high
static shear stresses in soft clays can initiate high
shear strains during earthquake loading. The CPT-
based approach described here captures the decrease
in FS in clay-like soils when an appropriate value of
K, is used.

If clays are sensitive and show significant strain
softening in undrained shear (i.e. high sensitivity, S;),
strength loss can lead to significant deformations and
instability. Boulanger and Idriss (2007) stated that
the magnitude of strain, or ground deformation, that
will reduce the clay’s undrained shear strength (s,)
to its fully remolded value (s, ) is currently diffi-
cult to assess, but it is generally recognized that it
would require less deformation to remold very sensi-
tive clays than more ductile relatively insensitive clays.
Based on the assumption that the CPT sleeve friction
(fs) measures the remolded shear strength of the soil
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(i.e. syr = f), it is possible to estimate the sensitivity
of clays using CPT results (Robertson, 2008); where:

S = su/Suy = 7.1/F; 31)

It is also possible to estimate the remolded undra-
ined shear strength ratio (sur/0y,) using (Robertson,
2008):

Sur/0yo = fs/0yy = (Fr - Qu)/100 (32)

As soil sensitivity increases, CPT data moves to the
left on the Qg — F; SBTn chart, as F, decreases with
increasing S;.

In a general sense, the FS(, 3y, is controlled by
the OCR and peak undrained shear strength of the
clay (i.e. Qu, equation 18) whereas the potential for
strength loss and large deformations is controlled by
the sensitivity of the clay (i.e. F;, equation 31).

8 EVALUATION OF POST-EARTHQUAKE
DEFORMATIONS USING CASE HISTORY
OBSERVATIONS

Zhang et al. (2002; 2004) showed that CPT results
could be used to provide reasonable estimates of post-
earthquake reconsolidation settlements and lateral
spread deformations. However, at that time there were
limited case history records that had CPT profiles. The
earthquakes in Turkey and Taiwan in 1999 have now
added to the case history records with CPT profiles
and recorded deformations. The following is a brief
summary of a comparison between shear deformations
observed at sites in Taiwan and Turkey and those pre-
dicted using the Zhang et al. (2004) CPT-based method
but with the updates described in this paper. Four sites
experienced lateral spreading during the Kocaeli earth-
quake, Turkey in 1999, namely: Police Station, Soccer
Field, Yalova Harbour and Degirmendere Nose sites.
Several sites also experienced lateral spreading during
the Chi-Chi earthquake in Taiwan in 1999. As noted
earlier the sites at Yalova Harbour and Soccer Field
have deposits of soft clay that would be predicted to
have been close to cyclic failure, but appear to have had
little influence on the lateral spread deformations due
to the low static shear stress at the depth of the soft clay.
Hence, these sites do not assist in our estimate of prob-
able post-earthquake shear strains in clays. Figure 11
shows a summary of the predicted post-earthquake
lateral displacements compared to the measured lat-
eral displacements at the sites in Turkey and Taiwan
based on the Zhang et al. (2004) CPT-based method
with the updates described in this paper. The updated
CPT-based method to estimate liquefaction and cyclic
softening appears to provide reasonable estimates of
lateral deformations.

The updated CPT-based method, including the addi-
tion for estimating cyclic softening in clay-like soils,
was used to re-evaluate the available case history
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Figure 11. Measured post earthquake lateral displacements
compared to predicted values using Zhang et al. (2004)
CPT-based method.

CPT records and showed that clay-like soils gener-
ally play a minor role in almost all the available case
history records. Although some clay-like soils likely
experienced some cyclic softening during the earth-
quake, they generally appear to contribute little to
the observed deformations, except the few cases where
high static shear stresses contributed to ground failure
(Boulanger and Idriss, 2004). In a general sense, cyclic
softening and ground failure during seismic loading
for clay-like soils is confined to soft, normally to
lightly overconsolidated and/or sensitive fine-grained
soils.

9 SUMMARY

This paper has presented an update of the Robertson
and Wride (1998) CPT-based method to evaluate
both liquefaction and cyclic softening in cohesionless
and cohesive soils. Case history records have been
carefully reviewed to re-evaluate the CPT-based method.
Where possible, the near continuous CPT records have
been used in the re-evaluation. The original Robertson
and Wride (1998) method has been updated using a
new stress normalization procedure that captures the
change in soil response with increasing overburden
stress and avoids the need for the K, correction for
high overburden stresses. A transition zone detection
feature has also been included to identify zones where
the near continuous CPT data may incorrectly inter-
pret soil type, due to rapid variation at soil boundaries.
The method has also been extended to include cohe-
sive clay-like soils using the concepts described by
Boulanger and Idriss (2004). The extension into the
clay-like region avoids the need for a SBTn I cut off
to separate sand-like from clay-like soils.

Figure 12 presents a summary of the CPT SBTn
Qum — F; chart to identify zones of potential liquefac-
tion and/or cyclic softening. The chart in Figure 12
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Figure 12. CPT Soil Behavior Type (SBTn) chart for
liquefaction and cyclic softening potential.

can be used as a guide for the choice of engineer-
ing procedures to be used in evaluating potential
deformation and strength loss in different types of
soils during earthquakes. Zones A; and A, corre-
spond to cohesionless or sand-like soils for which it
is appropriate to use existing CPT case-history based
liquefaction correlations. Soils in Zones A and A, are
both susceptible to cyclic liquefaction, while the looser
soils in zone A, are more susceptible to substantial
strength loss. Zones B and C correspond to cohesive
or clay-like soils for which it is more appropriate to
use procedures similar to, or modified from, those
used to evaluate the undrained shear strength of clays
(e.g., field vane tests, CPT, and shear strength tests on
high-quality thin-walled tube samples). Soils in Zones
B and C are both susceptible to cyclic softening (e.g.
accumulation of strains if the peak seismic stresses are
sufficiently large), but the softer soils in Zone C are
more sensitive and susceptible to potential strength
loss. For moderate to high risk projects, undisturbed
sampling of soils in Zones B and C is recommended
to determine soil response, since soils in these zones
are more suitable for conventional sampling and lab-
oratory testing. Loose, saturated, non-plastic silts
often fall in Zone C, however, their CRR is strongly
controlled by undrained shear strength and the meth-
ods described for clay-like soils also apply. However,
the resulting shear and volumetric strains should be
evaluated based on either, undisturbed sampling and
laboratory testing for moderate to high risk projects,
or, assumed conservative values for low risk projects.
For low risk projects, disturbed samples should be
obtained for soils in Zones B and C to estimate if the
soils will respond either more sand-like or clay-like,
based on Atterberg Limits and water content.

The CPT is a powerful in-situ test that can provide
continuous estimates of the potential for either lique-
faction or cyclic softening and the resulting



post-earthquake deformations in a wide range of soils.
However, the CPT-based approach is a simplified
method that should be used appropriately depend-
ing on the risk of the project. For low risk projects,
the CPT-based method is appropriate when combined
with selective samples to confirm soil type as well as
conservative estimates of soil response. For moderate
risk projects, the CPT-based method should be com-
bined with appropriate additional in-situ testing, as
well as selected undisturbed sampling and laboratory
testing, to confirm soil response, where thin-walled
tube sampling is generally limited to fine-grained
soils in Zones B and C. For high risk projects, the
CPT-based method should be used as an initial screen-
ing to indentify the extent and nature of potential
problems, followed by additional in-situ testing and
appropriate laboratory testing on high quality samples.
Advanced numerical modeling is appropriate for high
risk projects where initial screening indicates a need.

Cohesionless soils (A, & A)—Evaluate potential
behavior using CPT-based case-history liquefaction
correlations.

A Cyclic liquefaction possible depending on level
and duration of cyclic loading.

Aj Cyclic liquefaction and post-earthquake strength
loss possible depending on loading and ground
geometry.

Cohesive soils (B & C)—Evaluate potential behavior
based on in-situ or laboratory test measurements or
estimates of monotonic and cyclic undrained shear
strengths.

B Cyclic softening possible depending on level and
duration of cyclic loading.

C Cyclic softening and post-earthquake strength
loss possible depending on soil sensitivity, loading
and ground geometry.
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