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Evaluating liquefaction and lateral spreading in interbedded sand, silt,
and clay deposits using the cone penetrometer
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ABSTRACT: Current procedures for evaluating potential earthquake-induced liquefaction and lateral spread-
ing appear to have a tendency to over-predict liquefaction effects in interbedded sand, silt, and clay deposits.
Possible reasons for over-prediction of liquefaction effects are discussed, and investigations regarding some
factors pertinent to use of the cone penetrometer are described. An axisymmetric direct cone penetration
model is presented for use with the MIT-S1 constitutive model to explore cone penetration processes in a
range of soil types; current efforts are focused on validating this new direct cone penetration model, begin-
ning with simulations of cone penetration in soft clay. The relationship between cyclic strength and cone pen-
etration resistance in non-plastic and low-plasticity fine-grained soils is examined by relating cyclic strengths
from laboratory tests to cone penetration resistances from simulations. The performance of a site underlain by
interbedded soils along the Cark canal during the 1999 M=7.5 Kocaeli earthquake is analyzed using one-
dimensional lateral displacement index procedures and two-dimensional nonlinear deformation analyses with
spatially correlated stochastic models to illustrate how several factors can contribute to an over-prediction of
liquefaction effects. Future research needs and directions for improving the ability to evaluate liquefaction ef-
fects in interbedded sand, silt, and clay deposits are discussed.

1 INTRODUCTION cm of settlement in such deposits, which may lead to
potentially unnecessary and expensive ground im-
Case histories have shown that the engineering pro-  provement or structural strengthening efforts.
cedures currently used in the US and other countries The purpose of this paper is to discuss possible
to evaluate potential earthquake-induced liquefac-  reasons for over-prediction of earthquake-induced

tion and lateral spreading appear to have a tendency  liquefaction effects in interbedded sand, silt and clay
to over-predict liquefaction effects in interbedded  deposits and describe results from three research
sand, silt, and clay deposits. For example, this was  projects regarding factors pertinent to use of the

observed in the Gainsborough Reserve and Riccar-  cone penetrometer for liquefaction evaluations. Pos-
ton areas of Christchurch, New Zealand, where min-  sible factors contributing to an over-prediction of
imal damage occurred but various engineering anal-  liquefaction effects in different situations are re-

yses predict that at least one of the earthquakes in  viewed first. An axisymmetric direct cone penetra-
the 2010-2011 Canterbury Earthquake Sequence  tion model is presented for use with the MIT-S1
(CES) should have caused significant ground surface  constitutive model to explore cone penetration pro-
damage due to liquefaction (e.g., Beyzaei et al.  cesses in a range of soil types, including intermedi-
2015, Stringer et al. 2015, van Ballegooy et al. 2014,  ate soils (e.g., silty/clayey sands or sandy/clayey
2015). Other examples include a site along the Cark  silts) which are often present in interbedded soil de-
Canal in Turkey during the 1999 M=7.5 Kocaeli  posits. Current work toward validating this direct
earthquake (Youd et al. 2009) and sites in Taiwan  cone penetration model is illustrated by simulations
during the 1999 M=7.6 Chi-Chi earthquake (e.g.,  of penetration resistance in Boston Blue clay. The
Chu et al. 2007 and 2008). relationship between cyclic strength and cone pene-

The apparent tendency of current liquefaction  tration resistance in non-plastic and low-plasticity
evaluation procedures to over-predict liquefaction  fine-grained soils is then examined by relating cyclic
effects for interbedded sand, silt, and clay deposits,  strengths from laboratory tests to cone penetration
while conservative, can have large economic impli-  resistances from simulations. Lastly, the perfor-
cations. For example, it is common to compute a po-  mance of a site underlain by interbedded soils along
tential for tens of cm of lateral displacement or a few  the Cark canal during the 1999 M=7.5 Kocaeli
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Table 1. Factors affecting prediction of liquefaction effects in interbedded soil deposits

Factor

Role

Limitations in site characterization tools and procedures

Interface transitions
Thin layer effects

Graded bedding

Continuity of lenses

Saturation

Penetration resistance (e.g., q;) in sand is reduced near interfaces with clays or silts. I values in-
crease in the sandy soils and decrease in the clays/silts near the interface.

Penetration resistance (e.g., q;) reduced throughout sand layers less than about 1 m thick (with
clays/silts on either side of the layer).

In-situ tests measurements may not differentiate between material transitions that occur across
distinct interfaces (e.g., erosional contacts) and material transitions that are gradual (e.g., beds
with normal or reverse grading, or bed series in fining-upward or coarsening-upward patterns).
Transition and thin layer effects in interbedded soils with graded bedding are not well under-
stood.

Large horizontal spacing of explorations may not enable the lateral continuity of weak or liquefi-
able layers to be evaluated or quantified.

Presumption of 100% saturation below the groundwater table may underestimate cyclic strengths
for partially saturated zones.

Limitations in correlations for liquefaction triggering or consequences

Triggering correlations

Strain correlations

Triggering correlations are not well constrained for intermediate soils with certain FC and PI
combinations; CRR likely underestimated if treated as sand-like, and overestimated if treated as
clay-like. Effects of age, stress & strain history, Ko, and cementation not explicitly accounted for.
Correlations for estimating shear and volumetric strains have been developed primarily from da-
ta for sands or clays; the applicability of these correlations for intermediate soils is uncertain.

Limitations from analysis approaches and neglected mechanisms

Spatial variability

Thick crust layers

The assumption that liquefiable layers are laterally continuous can contribute to over-estimation

of potential liquefaction effects. Composite strength from nonliquefied and liquefied zones may

limit deformations.

Thick crust layers can reduce surface manifestations of liquefaction at depth in areas without lat-

eral spreading.
Dynamic response
depth intervals.
Geometry & scale
variability.
Diffusion

Liquefaction of loose layers in one depth interval may reduce seismic demand on soils in other
The 2D or 3D scale of a deformation mechanism affects the dynamic response and role of spatial

Seepage driven by excess pore pressures may increase or decrease ground deformations depend-

ing on stratigraphy, permeability contrasts, geometry, seismic loading, and other factors.

earthquake is analyzed using one-dimensional (1-D)
lateral displacement index (LDI) procedures and
nonlinear deformation analyses (NDAs) with spa-
tially correlated stochastic profiles to illustrate how
several factors contributed to over-prediction of lig-
uefaction effects at the site. Future research needs
and directions for improving the ability to evaluate
liquefaction effects in interbedded sand, silt, and
clay deposits are discussed.

2 REVIEW OF CONTRIBUTING FACTORS

The potential for current liquefaction evaluation
procedures to over-predict liquefaction effects in in-
terbedded sand, silt and clay deposits stems from
several contributing factors, each of which can be
important in different situations and depend on the
type of analysis method employed. Possible factors
contributing to over-predictions in different situa-
tions are listed in Table 1 and grouped into those
factors associated with: (1) limitations in site charac-
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terization tools and procedures, (2) limitations in
liquefaction triggering or consequence correlations,
and (3) limitations from analysis approaches and ne-
glected mechanisms. The first three factors listed
under site characterization tools in Table 1 are de-
scribed in relation to the cone penetrometer, but
analogous issues exist with all in situ testing meth-
ods. The next three subsections focus on a subset of
factors that are related to use of the cone penetrome-
ter or important to the Cark canal case history. The
last subsection provides a more concise review of
the other contributing factors.

2.1 Spatial resolution of cone measurements

The spatial resolution of cone tip resistance (qt) and
sleeve friction (fs) measurements as indicators of
soil properties is limited by the physical volume of
soil around a cone tip that influences these meas-
urements. Measurements of qt are generally influ-
enced by soils within about 10 to 30 cone diameters
around the cone tip, which corresponds to influence



zones ranging from about 35 to 130 cm thick for
standard 10 cm? and 15 cm? cones. Measurements of
fs have similar zones of influence because they are
influenced by the normal stresses on the friction
sleeve (which are related to qt) and represent an in-
tegration of shear stress along the typically 13.4 to
16.4 cm long sleeve. Values of q: and fs therefore
depend on the sequence and properties of all soils
within the zone of influence, which can greatly
complicate (and often obscure) the ability to relate qt
and fs to soil properties at a specific point.

The zone of physical influence around a cone tip
is essentially a spatial low-pass variable filter on the
qt and fs measurements that would have been ob-
tained if they were true point measurements (i.e., a
negligible zone of influence). This spatial filtering
limits the resolution with which sharp transitions in
soil properties can be determined or distinguished
from gradual transitions in soil properties (e.g., Frost
et al. 2006). For example, the values of q: and fs
measured near a clay-sand interface will smoothly
transition from values representative of those for the
clay to those for the sand, as illustrated schematical-
ly by case 1 in Figure 1. This smooth transition in qt
and fs values, if interpreted literally on a point-by-
point basis, leads to erroneous soil classifications
and property estimates in the transition zone. For
thin sand seams embedded in clay or plastic silt de-
posits, the transition zones for the upper and lower
interfaces can overlap, which results in gt values at
the middle of the sand seam [(qt)min in Fig. 1] that
under-predict the sand’s true relative density [i.e., as
represented by q; in Fig. 1]. The difference between
(qo)min and q¢ increases as the sand layer thickness
decreases, as illustrated by cases 2 and 3 in Figure 1.

Limitations in the spatial resolution of property
estimates from cone penetrometer data in thin lenses
or at interfaces between soils of strongly different
properties is well recognized in the literature (e.g.,
Mayne 2007). Thin-layer correction procedures have
been developed to adjust gt values from the middle
of a thin layer to those that would be measured in a
thick layer of the same sand; i.e., qi = Ku (qt)thin,
where Ku is a thin-layer correction factor. The thin-
layer correction factors shown in Figure 2, for ex-
ample, include the relationship recommended for
liquefaction evaluations at a 1997/98 NCEER work-
shop (Youd et al. 2001). In addition, procedures to
account for transition effects at sand-clay interfaces
have been developed and implemented in commer-
cially available software for evaluating liquefaction
effects (e.g., GeoLogismiki 2016).

A consistent theoretical and empirical understand-
ing of cone penetration across interfaces or thin lay-
ers is lacking, however. For example, the thin-layer
correction relationship recommended by Youd et al.
(2001) based on limited field data falls below those
produced by elastic solutions (Vreugdenhil et al.
1994, Robertson & Fear 1995), as shown in Fig-
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Case #1 Case #2 Case #3 CPT tip resistance, q,
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achieved in a thin layer
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Figure 1. Influence of clay-sand interfaces and sand layer
thickness on cone penetration resistance (modified from Rob-
ertson and Fear 1995; after Idriss and Boulanger 2008)
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Figure 2. Thin layer correction factors for determining equiva-
lent thick-layer cone tip resistance (modified from Youd et al.
2001; after Idriss and Boulanger 2008)

ure 2. Past experimental studies of cone penetration
in layered soils have included tests with sands of dif-
ferent types and relative densities (e.g., Mo et al.
2013, 2015; Silva & Bolton 2004; Canou 1989 and
Foray & Pautre 1988 as reported in Vreugdenhil et
al. 1994). The results show transitions in qt values
over intervals of about 4 to 5 cone diameters, de-
pending on the layer sequence and strength con-
trasts. Simulations of cone penetration in two layer
systems by Van den Berg et al. (1996) indicate that
when a cone passes from sand into soft clay, the qt
in the sand is influenced when the cone is within
about 3 cone diameters of the interface, and when a
cone passes from soft clay into sand, it takes about 4
cone diameters of penetration into the sand for the
full gt to develop. Simulations of cone penetration in
multi-layered clays by Walker & Yu (2010) show
that when a cone passes from a stronger layer to a
weaker layer, the q:t is significantly influenced to a
distance of about 2 or 3 cone diameters on either
side of the interface, whereas when the cone passes
from a weaker layer to a stronger layer, the q: rises
more abruptly. The transition interval thicknesses



obtained in the above experiments and simulations
would suggest that thin-layer effects should be
smaller than indicated by the empirical thin-layer
correction factors recommended in Youd et al
(2001) (Fig. 2). It is likely that additional experi-
mental data, numerical simulations and field studies
will be required to develop a consistent understand-
ing of thin-layer effects for sand lenses interbedded
with softer fine-grained sediments.

The influence of graded bedding on interface
transition and thin-layer effects is another issue that
needs to be addressed (Table 1). Individual beds of
sand may exhibit normal grading (upward decrease
in grain size) or reverse grading (upward increase in
grain size), and series of beds can be arranged in fin-
ing-upward or coarsening-upward sequences (Nich-
ols 2009). Current procedures for evaluating inter-
face transition and thin-layer effects lack guidance
on how one should distinguish between interfaces
where soil properties transition gradually (e.g., a fin-
ing-upward sequence) versus sharply (e.g., an abrupt
transition from sand to clay at an erosional contact).
Measurements of qt and fs cannot be expected to dif-
ferentiate between a sharp transition and a gradual
transition that occurs over a length scale that is simi-
lar to, or smaller than, the zone of physical influence
around the cone tip. Characterizing graded bedding
at these smaller scales may instead require supple-
mental information, such as continuous core samples
from the same deposit. Regardless, the currently
available transition and thin-layer correction proce-
dures were developed for abrupt soil transitions and
the potential impacts of applying them to deposits
with gradual transitions have not been adequately
examined.

The problem in practice is that using cone pene-
trometer data in interbedded deposits without transi-
tion and thin-layer corrections has the potential to
significantly under-estimate the available resistance
to liquefaction triggering or deformation. These ef-
fects are illustrated in Figure 3 for an idealized anal-
ysis of a thin clean sand layer embedded in a clay
deposit at a depth where the initial vertical effective
stress (o'vo) 1s 100 kPa. The normalized tip re-
sistance (qn = qv/Pa where Pa = atmospheric pres-
sure) in the clay is 20. The sand layer is character-
ized by the "true" value of g that it would have had
if the layer were thick. The value of g "measured"
at the middle of the sand layer is the "true" g di-
vided by the thin-layer correction factor Ku based on
field data from Youd et al. (2001), as shown in Fig-
ure 2. The "measured" quv is assumed to transition
linearly from the clay value to the mid-sand-layer
value over a transition interval of either 15 cm (blue
lines) or 30 cm (red lines), or just half the sand layer
thickness if the sand layer is thinner than twice the
transition interval thickness. The "measured" sleeve
friction is assumed to produce normalized tip re-
sistance (Q) and sleeve friction ratio (F) values that
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Figure 3. Idealized example illustrating the underestimation of
CRR for a thin sand layer embedded between clay layers if
transition and thin-layer corrections are not applied

1.2

plot in the middle of the normally consolidated zone
on the soil behavior type chart by Robertson (1990).
The cyclic resistance ratio (CRR) for M=7.5 and G'vo
= 1 atm was computed using the liquefaction trig-
gering correlation by Boulanger & Idriss (2015); this
calculation based on the "measured" CPT data in-
cludes the apparent increase in fines content as the
sand layer thickness decreases (i.e., Q decreases and
the soil behavior type index I increases). Lastly, the
average CRR across the sand layer was computed
and plotted versus the sand layer thickness in Fig-
ure 3 for various "true" qun values. The results in
Figure 3 illustrate how the use of CPT data without
transition and thin-layer corrections can significantly
under-predict the CRR of dense sand lenses less
than about 1 m thick and cannot distinguish between
loose or dense conditions for sand lenses less than
about 0.3 m thick. Ideally, transition and thin-layer
corrections would remove this source of potential
bias, but the details of their application are subjec-
tive in practice (e.g., the issue of graded bedding)
and difficult to automate. For this reason, these cor-
rections are not uniformly applied or relied upon.

2.2 Intermediate soil types

Current liquefaction triggering correlations (e.g.,
Robertson & Wride 1998, Moss et al. 2006, Boulan-
ger & Idriss 2015) have some of their greatest dif-
ferences in silty sands, sandy silts and silts of low-
plasticity. These differences are not surprising be-
cause the triggering correlations are not well con-
strained by the limited number of case histories in-
volving intermediate soil types and thus their
differences also stem from differences in their func-
tional forms. Recent research has shown that gt in
low-plasticity fine-grained soils can vary strongly
with small changes in clay content [or plasticity in-
dex (PI)], and this has a strong effect on the correla-
tion to cyclic strength for soils with high percent-



ages of fines that are either non-plastic or of low
plasticity (say PI < ~ 5). Current liquefaction trig-
gering procedures do not have theoretical bases or
sufficient field data for confidently constraining
these correlations across the full range of possible
fines content (FC) and PI combinations.

Procedures for evaluating cyclic strengths have
tended to be either well suited for sand-like soils or
well suited for clay-like soils. For sand-like soils,
concerns with the effects of sampling disturbance
have led to an emphasis on case history based lique-
faction triggering correlations using CPT, SPT or
shear wave velocity (Vs) data. For clay-like soils, the
ability to sample and test with reasonable confidence
has led to procedures that are similar to those used
to evaluate monotonic undrained shear strengths. An
artifact of these two different approaches has been
sharp jumps in the estimated cyclic strength when
the soil classification toggles across a classification
of clay-like versus sand-like. These sharp jumps in
CRR values were illustrated by Robertson (2009) as
contours on a soil behavior type chart (Fig. 4).

Similarly, correlations for estimating earthquake-
induced shear strains or post-shaking reconsolida-
tion strains have been developed primarily from la-
boratory test data for either sands or clays. The ex-
tension of these correlations to intermediate soils has
not been systematically examined, and is another
source of potential bias in evaluating liquefaction
consequences (Table 1).

The fundamental basis for cone penetration re-
sistance to correlate with cyclic strengths also war-
rants discussion. Consider the schematic in Figure 5
showing critical state lines, initial conditions, and
stress paths for a point near the cone tip as it pene-
trates either medium-dense sand or normally consol-
idated clay. The monotonic loading imposed by cone
penetration produces an undrained stress path that
moves to the left in the normally consolidated clay
and a drained path that moves to the right in the me-
dium-dense sand. The path for the medium-dense
sand moves down and to the right because the sand
is much less compressible under monotonic loading
(as represented by a flatter critical state line at lower
stresses) and is initially dense of critical state, which
together lead to large mean stresses near the cone tip
during drained penetration. The path for the medi-
um-dense sand under seismic loading, however,
would potentially be to the left if saturated and
largely undrained during the seismic loading. The
path for seismic loading may move to the left be-
cause the sand can accumulate net plastic volumetric
contractive strains during reversed cyclic loading,
which causes a loss of effective stress for undrained
conditions. Thus, the stress path followed by sand
during cone penetration is not the same as that for
seismic loading. The greater compressibility of clay
relative to sand and the undrained conditions during
cone penetration in clay (versus drained in sand) re-
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Figure 4. Contours of CRRwy=75,0-1 for sand-like and clay-like
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like soils (after Robertson 2009)
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Figure 5. Schematic of loading paths near a penetrating cone in
normally consolidated clay (an undrained path) or medium
dense sand (a drained path)

sult in much lower cone penetration resistances,
even if the clay is heavily over-consolidated and has
a large cyclic strength. For sand or clay, cyclic
strength correlates with cone penetration resistance
because variations in fundamental properties or soil
characteristics that tend to increase cone penetration
resistance also tend to increase cyclic strength, and
vice versa (e.g., state, compressibility, stress history,
age, and cementation). The effects of variations in
the fundamental properties or soil characteristics on
cyclic strength and cone penetration resistance are
nonetheless unlikely to be identical, which is one
source of dispersion in the resulting correlations for
either sand or clay. At the same time, the general



differences in fundamental properties for sand ver-
sus clay are sufficiently large that distinctly different
cyclic strength correlations have been developed for
these two soil types. The subsequent application of
these correlations therefore depends strongly on soil
characteristics that are currently only accounted for
by broad categorizations such as clay-like or sand-
like. The generalization of cyclic strength correla-
tions across intermediate soil types (i.e., from sand
to clay) would benefit from a more generalized theo-
retical framework and may also benefit from inde-
pendent measures or indices of other soil attributes,
such as shear wave velocity, compressibility, and
permeability.

2.3 Spatial variability

Simplifying and ultimately conservative assump-
tions regarding the lateral continuity and extent of
liquefiable lenses within interbedded deposits are
explicitly incorporated in some liquefaction evalua-
tion methods and often implicitly invoked in the ap-
plication of other liquefaction evaluation methods.
For example, liquefaction vulnerability indices
(LVIs) such as the lateral displacement index (LDI),
liquefaction potential index (LPI), liquefaction se-
verity number (LSN), or post-liquefaction reconsol-
idation settlement (Sv-1p) are all commonly comput-
ed using data from individual borings or CPT
soundings. These calculations are therefore based on
the assumption of horizontal layering with infinite
lateral extent, such that the results are referred to as
1-D LVIs. Other liquefaction evaluation methods in-
clude empirical regression models (e.g., the multiple
linear regression models by Youd et al. 2002) and
Newmark sliding block methods (e.g., Olson &
Johnson 2008). In applying these methods, it is
common in practice to conservatively assume lateral
continuity or connectivity of liquefiable layers
across borings and soundings that are often spaced
too far apart for the lateral continuity to be properly
evaluated.

Limited lateral continuity of liquefiable lenses in
interbedded sand, silt and clay deposits has been hy-
pothesized as a possible factor when ground defor-
mations are over-predicted by current liquefaction
evaluation procedures. In these cases, it is possible
that any potential failure or shear deformation
mechanisms must engage both liquefiable and
nonliquefiable soils, and that the shear strengths of
the nonliquefiable soils are sufficient to reduce
ground deformations. Youd et al. (2009) concluded
this was the case at Cark Canal during the 1999
M=7.5 Kocaeli earthquake, for example. NDAs us-
ing stochastic models of interbedded sands and clays
in mildly sloping ground demonstrated this is poten-
tially a major factor controlling lateral spreading
displacements (Munter et al. 2016). More generally,
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Cubrinovski & Robinson (2015) examined charac-
teristics of lateral spreads in the 2010-11 CES and
concluded that small-displacement lateral spreads
were associated with thin critical layers that were
discontinuous along and away from the river, and
that large-displacement lateral spreads of narrow ex-
tent were associated with critical layers confined
within narrow zones along riverbanks. Their find-
ings illustrate the importance of the scale of the crit-
ical layers relative to the scale of the deformation
mechanisms.

Methods for systematically evaluating spatial var-
iability in interbedded deposits and accounting for it
in liquefaction evaluation procedures are not well
developed. Improved guidance on how to systemati-
cally account for the influence of spatial variability
in estimating vertical settlements and/or lateral
spreading in naturally variable deposits is needed.

2.4 Other contributing factors

Several other factors, in addition to those discussed
above, are considered as likely contributing to why
current liquefaction evaluation procedures can
sometimes over-predict liquefaction effects in inter-
bedded sand, silt and clay deposits (Table 1). The
significance of each factor depends, in part, on the
analysis approach being used to evaluate liquefac-
tion effects: e.g., empirical regression models, 1-D
LVIs, Newmark sliding block models, or NDAs.

One factor is the role of thick crust layers in re-
ducing surface manifestations of liquefaction in are-
as without lateral spreading (e.g., Ishihara 1985). A
crust layer that is sufficiently thick relative to the ex-
tent and thickness of any liquefied zone can reduce
differential surface settlements, ground -cracking,
and emergence of soil ejecta. This effect can also
complicate case history interpretations, especially in
distinguishing cases of non-manifestation from cases
of non-liquefaction triggering.

Another possible factor is partial saturation of
soils within some depth interval below the ground
water table, with the partially saturated soils having
a greater cyclic resistance than otherwise expected.
Soils may be partially saturated because of past wa-
ter table fluctuations or chemical and biological ac-
tivity. The greater cyclic strength of a partially satu-
rated zone could result in a thicker crust of
nonliquefied materials that could help reduce sur-
face manifestations of liquefaction, as discussed
above.

Another possible factor is the influence of lique-
faction on the dynamic response of a site, such that
liquefaction of looser soils within one depth interval
may reduce the dynamic stresses and strains im-
posed on soils in other depth intervals. Simplified
1-D LVI procedures do not account for these effects
and thus will over-predict the potential for lateral



displacements in situations where they are signifi-
cant.

Another factor is that the inter-bedding of sand,
silt and clay impedes the diffusion of excess pore
water pressures that develop within the liquefiable
lenses. In some cases, this impeding of diffusion
may reduce deformations relative to those that can
develop in thick layers of liquefiable sands where a
steady upward flow of pore water may weaken soils
near the surface and contribute to deformations. In
other cases, this impeding of diffusion may increase
deformations if it leads to sufficiently extensive wa-
ter film formation or localized strength loss (e.g.,
Kokusho 2003, Boulanger et al. 2014). The potential
for impeded diffusion to increase or decrease defor-
mations depends on the stratigraphy, permeability
contrasts, geometry, seismic loading, and other fac-
tors. It is difficult to predict diffusion effects during
and after seismic loading even with advanced
NDAs, and the empirical data are still insufficient to
propose accounting for these effects in any simpli-
fied method.

In most cases, it is likely that several of the factors
listed in Table 1 will contribute to any observed bias
in liquefaction evaluations for interbedded sand, silt
and clay deposits. The degree to which each factor
contributes will depend on the specific situation and
the analysis method employed. For this reason, the
systematic evaluation of case histories with due con-
sideration to all contributing factors will be im-
portant for developing improved guidance for prac-
tice.

3 DIRECT CONE PENETRATION MODEL

Numerical simulations for cone penetration have
been performed for sand or clay using direct and in-
direct axisymmetric models. Direct models simulate
penetration with the full cone geometry, whereas in-
direct models simulate cylindrical or spherical cavi-
ty expansion. Indirect models require converting the
cavity expansion limit pressure to a cone tip re-
sistance using relationships or procedures that are
significantly different for sand versus clay. A direct
model is preferable for studying intermediate soils
(e.g., silty and clayey sands) because indirect con-
version procedures are not available for these soil
types.

A direct axisymmetric model for cone penetration
in intermediate soils requires a constitutive model
that can reasonably approximate a broad range of
soil behaviors. A review of the literature (Moug et
al. 2016) found that direct penetration models have
primarily used relatively simple elastic-plastic con-
stitutive models, such as Mohr-Coulomb (e.g.,
Huang et al. 2004, Chai et al. 2012), von-Mises
(e.g., Walker & Yu 2006, Liyanapathirana 2009,
Wang et al. 2015), Drucker-Prager (e.g., Yi et al.
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ric penetration model (Moug et al. 2016)

2012) and modified Cam Clay models (e.g., Yu et al.
2000, Chai et al. 2012, Mahmoodzadeh et al. 2014).
These types of constitutive models are not general
enough to simulate the full range of intermediate soil
behaviors.

A direct axisymmetric model for steady state cone
penetration using the MIT-S1 constitutive model
was therefore developed by Moug et al. (2016). The
MIT-S1 constitutive model (Pestana & Whittle
1999), with its generalized, bounding surface formu-
lation, is able to approximate the stress-strain re-
sponses of a broad range of soil types. The MIT-S1
model was implemented in the finite difference plat-
form FLAC 7.0 (Itasca 2011) by Jaeger (2012). The
penetration model implemented by Moug et al.
(2016) uses an Arbitrary Lagrangian Eulerian (ALE)
algorithm that couples the large deformation La-
grangian formulation in FLAC with a user-written
rezoning algorithm and a user-written second-order
Eulerian advection remapping algorithm after
Colella (1990). Interface elements between the soil
and cone enable the specification of interface fric-
tion angles, as opposed to assuming purely rough or
purely smooth interfaces. An example mesh for the
axisymmetric model and its boundary conditions are
shown in Figure 6.

The first application of this direct penetration
model was an examination of cone penetration in
Boston Blue Clay (BBC) using the Mohr-Coulomb
(MC), Modified Cam Clay (MCC), and MIT-SI con-
stitutive models. Details are in Moug et al. (2016).

Laboratory test results on intact samples (Landon
2007) and re-sedimented specimens (Ladd & Varal-
lyay 1965) show that BBC has significant strength
anisotropy. The undrained shear strength ratio
(sw/c'vo) for CKoncUC loading is about 0.28 and
0.33 for intact and resedimented specimens, respec-
tively. The su/c’vo for CKoncUDSS and CKoncUE
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Figure 7. Single element simulations of BBC response in CKoncUC and CKoncUE loading using the MC, MCC and MIT-SI con-
stitutive models calibrated to the same CKoncUC strength (after Moug et al. 2016)

loading of resedimented specimens decreases to 0.20
and 0.14, respectively.

Only the MIT-S1 model is able to approximate
the BBC's strength anisotropy, as illustrated in Fig-
ure 7 showing single-element simulations for CKon-
cUC and CKoncUE loading with the three constitu-
tive models calibrated to the same CKoncUC
strength. The MC and MCC models produce the
same su in extension and compression, whereas the
MIT-S1 model is able to simulate a much lower su in
extension than in compression. The MIT-S1 calibra-
tion is presented in Jaeger (2012), which was updat-
ed from the calibration in Pestana et al. (2002).

The pore pressure and stress path responses for
the single-element simulations in Figure 7 illustrate
the significant differences in shear-induced pore
pressure for the three constitutive models. The MC
model, with a friction angle of zero and associative
flow, does not develop plastic volumetric strains
during deviatoric loading and thus only develops ex-
cess pore pressure in response to changes in mean
total stress. The MCC model generates greater pore
pressures than the MC model for either loading con-
dition because the MCC model does develop plastic
volumetric strains once the yield surface has been
reached. The MIT-S1 model generates even greater
pore pressure for either loading path because its
more flexible formulation enabled a calibration that
could approximate pore pressures associated with
the BBC strength anisotropy.

Cone penetration at a BBC site in Newbury, Mas-
sachusetts was then simulated for a depth of 9.6 m
where the vertical total stress was 175 kPa, vertical
effective stress was 100 kPa, and the over-
consolidation ratio (OCR) was about 2.2 (Landon
2007). The measured q: at this depth range from 530
to 730 kPa (Landon 2007). The simulated cone pen-
etration resistances (qt) were reached by about 5
cone diameters of penetration for all three soil mod-
els (Fig. 8). Cone tip resistances with the MC and
MCC soil models are both about 750 kPa, which is
consistent with both models producing essentially
the same su of 59 kPa for either CKoUC or CKoUE
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loading conditions. The cone bearing factor Nkt from
these simulations, with their essentially isotropic su
values, correspond to an Nktiso of about 9.7.

Cone tip resistance with the MIT-S1 model was
about 515 kPa, or 31% smaller than with the MC
and MCC models. The MIT-S1 model produces a
smaller q: value because its calibration produces
smaller su values for all but the CKoUC loading
condition; i.e., MIT-S1 with OCR of 2.2 and c'vc =
100 kPa produces su of 54, 36 and 38 kPa for
CKoUC, CKoDSS and CKoUE loading conditions
respectively. This simulation result thus corresponds
to Nkic, Nit,pss and Nk.e values of 6.3, 9.4 and 8.9,
respectively. The cone tip resistance could alterna-
tively be related to the average su for these three test
types (i.e., 43 kPa for this example) which would
correspond to an Nktave of 8.0.

The simulated total vertical stress fields around
the penetrating cone at 25 cone diameters of pene-
tration are shown in Figure 9 for each soil model.
The steady state stress distributions show similar
stress values in the cone tip area for MC and MCC
models, while total vertical stress is less for the
MIT-S1 model. The differences in total vertical
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Figure 10. Pore water pressure at 25 cone diameters of pene-
tration in Boston Blue Clay; u, = 75 kPa prior to penetration
(after Moug et al. 2016)

stress are consistent with the differences in cone tip
resistance for the three models.

Steady state pore pressure fields are presented in
Figure 10 for the three constitutive models. There
are two components to the pore pressures generated
during undrained cone penetration: (1) pore pressure
due to a change in total mean stress, and (2) pore
pressure due to deviatoric loading. Pore pressures
induced by the cone penetration with the MCC mod-
el are slightly greater than with the MC model. The
total stress fields are similar for the two models be-
cause they have similar strengths and therefore pro-
duce similar cone tip resistances. The MCC model,
however, produces more pore pressure during devia-
toric loading as illustrated by the single element
simulations in Figure 7.

The steady state pore pressure for the MIT-S1
model shows smaller pore pressures near the cone
face, but greater pore pressures for some zones near
the cone shaft above the tip. The smaller pore pres-
sures near the cone face are attributed to the MIT-S1
model producing smaller mean total stresses and
smaller cone tip resistance because of its lower av-
erage strength. The pore pressures near the cone
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shaft above the tip are larger with MIT-S1 because it
produces more pore pressure during deviatoric
shearing (as shown by the single element simula-
tions in Fig. 7) and the mean total stresses for the
three models are not as different in this area.

The cone tip resistances for the Newbury site
were slightly over-estimated with the MCC and MC
models and slightly under-estimated with the MIT-
S1 model. The analyses with the MCC and MC
models over-predicted gt because they were calibrat-
ed to the stronger CKoncUC loading condition. The
under-prediction obtained with the MIT-S1 model
suggests that calibration to resedimented BBC data
may have underestimated in-situ su values for some
of the loading conditions that develop around the
cone. Overall, the reasonable agreement between
simulated and measured tip resistances provides a
measure of validation for the cone penetration mod-
el.

The development of a direct cone penetration
model with the MIT-S1 constitutive model was con-
sidered an important step for supporting studies of
some factors contributing to over-predictions of lig-
uefaction effects in interbedded sand, silt and clay
deposits (Table 1). One objective is developing a
mechanistic framework for relating CPT data to cy-
clic behaviors of intermediate soils. Another objec-
tive is examining the influence of interface transi-
tions, thin layers, and graded bedding on cone
penetrometer measurements. For these objectives,
the simulation of cone penetration with realistic con-
stitutive responses is expected to provide improved
insights and capabilities.

4 LIQUEFACTION TRIGGERING
CORRELATION FOR INTERMEDIATE SOILS

Advancement of CPT based methods for estimating
cyclic strengths of intermediate soils requires im-
provements in our understanding of the properties
influencing cone penetration and cyclic loading be-
haviors. For example, insights have been obtained
from studies examining cyclic strength and cone tip
resistance in intermediate soils through cyclic lab
tests, cone penetration tests in calibration chambers,
and numerical simulations of cone penetration (Sal-
gado et al. 1997, Carraro et al. 2003, Cubrinovski et
al. 2010, Jaeger 2012, Kokusho et al. 2012, Park &
Kim 2013, DeJong et al. 2013).

In this section, initial results are presented for a
study relating laboratory measured cyclic strengths
to simulated cone tip resistances in mixtures of non-
plastic silt and kaolin (Price et al. 2015). Non-plastic
silica silt and kaolin clay were blended to create soil
mixtures with PIs of 0, 6, and 20. The PI = 0 mixture
was 100% silica silt, the PI = 6 mixture was 80% sil-
ica silt and 20% kaolin clay by dry mass, and the PI
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Figure 11. Undrained cyclic direct simple shear test results for normally consolidated, slurry sedimented specimens of PI=0 silt

(left side) and PI=20 clayey silt (right side)

= 20 mixture was 30% silica silt and 70% kaolin
clay.

The monotonic and cyclic loading responses of
slurry deposited specimens at different over-
consolidation ratios were characterized by undrained
monotonic and cyclic direct simple shear (DSS) tests
and one-dimensional consolidation tests. The cyclic
loading response of normally consolidated speci-
mens of the PI = 0 and PI = 20 mixtures are shown
in Figure 11. The cyclic stress ratios required to
cause single-amplitude peak shear strains of 3% are
plotted versus number of loading cycles in Figure 12
for all three mixtures and OCRs of 1 and 4. Over-
consolidation increased the CRR values for all three
mixtures, although the increase was greater for the
PI = 6 and 20 mixtures than for the PI = 0 soil. The
CRR values ranged from 0.10 to 0.14 for the NC
specimens and from 0.21 to 0.29 for the OCR = 4
specimens. The observed variation in CRR with
mixture PI and OCR is conditional on the three mix-
tures having been placed by a similar depositional
process, while recognizing that they are unavoidably
different in all other key characteristics (e.g., initial
void ratio, critical state line, compressibility). Com-
parisons of laboratory strengths obtained on soil
mixtures with different characteristics (e.g., fines
contents, PIs, OCRs, fabrics) become more valuable
if they can instead be expressed conditional on inde-
pendent test measurements available in practice,
such as data from a cone penetrometer.

Indirect cone penetration analyses were performed
in this preliminary work because the direct penetra-
tion model described in the previous section was
still under development. Cylindrical cavity expan-
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ed specimens of PI = 0, 6, and 20 soils at OCRs of 1 and 4 (af-
ter Price et al. 2015)

sion simulations were performed in FLAC using the
MIT-S1 model. The calibrated response of the MIT-
S1 model for the three soil mixtures is illustrated in
Figure 13 for undrained monotonic DSS loading of
normally consolidated specimens. The limit pres-
sures from the cavity expansion analyses were con-
verted to cone tip resistances using the procedure by
Leblanc & Randolph (2008), although the appropri-
ateness of this or other conversion procedures for
nonplastic and low plasticity silts has not yet been
established.

The laboratory measured cyclic strengths are re-
lated to the simulated cone tip resistances in Figure
14 for the three mixtures and c've = 100 kPa. The
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shaded regions for each mixture indicate the range
of tip resistances for drained and undrained condi-
tions. Cone penetration in the field would be ex-
pected to range from partially drained for the PI = 0
and 6 soils to largely undrained for the PI = 20 soil
based on their measured coefficients of consolida-
tion and established relationships for drainage dur-
ing cone penetration (e.g., DeJong & Randolph
2012). The curves relating CRR to tip resistance for
the PI = 6 and 20 soils are located much further to
the left than the curves for the PI = 0 soil. This left-
ward shift with a small amount of plasticity is pri-
marily due to the order-of-magnitude smaller tip re-
sistances for the PI = 6 and 20 soils, whereas the
CRR values for all three mixtures at any given OCR
varied to a lesser extent (Fig. 12). The order-of-
magnitude smaller tip resistances for the PI = 6 and
20 soils relative to the PI = 0 soil are consistent with
their differences in compressibility and initial states
(Price et al. 2015), as schematically illustrated pre-
viously in Figure 5. The results in Figure 14 are con-
sistent with studies showing that the leftward shift in
SPT liquefaction triggering correlations with in-
creasing fines content is largely attributable to the
effects of the fines on the SPT penetration resistance
(e.g., Cubrinovski et al. 2010).

Empirical curves of CRR versus tip resistance are
also shown in Figure 14 for clays and nonplastic
silts at a o've of 100 kPa. The relationships between
CRR and undrained tip resistance for the PI = 6 and
20 soils are in reasonable agreement with the empir-
ical curve for ordinary sedimentary clays. The range
of CRR versus tip resistance curves for the PI = 0
soil is also in reasonable agreement with its corre-
sponding empirical correlation for nonplastic lique-
fiable soils (Boulanger & Idriss 2015). The general
agreement between the relationships developed for
these PI = 0, 6, and 20 soils and their applicable em-
pirical counterparts is promising in suggesting that
the present approach can be used to further examine
the use of CPT tests for estimating cyclic strengths
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of intermediate soils across a broader range of in-
situ conditions.

Results from this project are expected to support
the refinement of triggering correlations for inter-
mediate soils, which is one potential factor contrib-
uting to over-prediction of liquefaction effects in in-
terbedded sand, silt, and clay deposits (Table 1).
Future work will include examining additional in-
termediate soil mixtures, repeating the cone penetra-
tion simulations with the direct penetration model
described in the previous section, and validating se-
lect cases with centrifuge model tests. Interpretation
of these results will also examine how CPT based
relationships may be augmented by independent
measurements of the soil’s mechanical properties,
such as small-strain shear wave velocity or limiting
compression behavior.
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5 EVALUATION OF LIQUEFACTION EFFECTS
AT CARK CANAL

The performance of a site underlain by interbedded
soils along the Cark canal in the 1999 M=7.5 Kocae-
li earthquake is reexamined to evaluate how differ-
ent factors can contribute to an over-prediction of
liquefaction effects. Lateral spreading displacements
are estimated using 1-D LDI procedures and 2-D
NDAs with spatially correlated stochastic models.
The results of the LDI analyses illustrate the poten-
tial importance of transition and thin-layer correc-
tions in CPT based evaluations of liquefaction ef-
fects for interbedded sand, silt, and clay deposits.
The results of the NDA analyses illustrate the addi-
tional roles of spatial variability, geometry and non-
linear dynamic response.

The characterization of a section of Cark canal
and its performance during the 1999 M=7.5 Kocaeli
earthquake was presented by Youd et al. (2009). The
canal is a channelized segment of the meandering
Cark River. The critical stratum for evaluating
ground deformations is a fluvial deposit of predomi-
nantly clay-like fine-grained sediments with inter-
bedded silty sands, as shown on the cross-section in
Figure 15. Five CPT soundings and two borings
with SPTs were performed at the site and document-
ed in Youd et al. (2000). No lateral spreading dam-
age was observed at the site after the Kocaeli earth-
quake despite an estimated peak ground acceleration
of 0.4 g. Youd et al. (2009) showed that current lig-
uefaction susceptibility criteria in combination with
a multiple linear regression model greatly over-
predicted lateral spreading displacements for this
site. They concluded that the sand lenses were likely
not horizontally continuous and that the strength of
the clays between the liquefiable lenses must have
been sufficient to limit ground deformations.

Lateral displacement indices (LDIs) were com-
puted for the five CPT soundings using two different
procedures and a sequence of refinements to evalu-
ate their impacts on the results. One set of LDIs was
computed using the liquefaction triggering correla-
tion by Boulanger & Idriss (2015) with strains esti-
mated using the procedures in Idriss & Boulanger
(2008) based on Ishihara & Yoshimine (1992). The
second set of LDIs was computed using the liquefac-
tion triggering correlation by Robertson & Wride
(1998) with the procedure by Zhang et al. (2004) to
arrive at the lateral displacement (LD) values that
might be expected for a point located about 6 m
back from the canal edge. Both procedures were first
applied using the common practice of point-by-point
calculations without transition or thin-layer correc-
tions and using all applicable default parameters.
The default parameters include using Ic < 2.6 for
identification of sand-like (or liquefiable) soils and
using Crc = 0 for estimating FC in the Boulanger &
Idriss (2015) liquefaction triggering procedure. The
LDs ranged from 176 to 313 cm (median of 230 cm)
and the LDIs ranged from 56 to 123 cm (median of
76 cm) for the five CPT soundings. The LDs are
greater than the LDIs primarily because the Zhang et
al. (2004) procedure includes a multiplier of 2.4 on
displacements for the chosen point 6 m back from
the canal edge. Regardless, the application of either
procedure without transition or thin-layer correc-
tions greatly over-predicts the potential for liquefac-
tion effects at this site.

The LDI procedure using Boulanger & Idriss
(2015) was then used to compute LDI values with
the progressive addition of transition corrections,
thin-layer corrections, and a site specific calibration
to the FC data (i.e., the Crc parameter). The median
LDI for the five CPT soundings reduced to 67 cm
with transition corrections, to 53 cm with transition
and thin-layer corrections, and to 36 cm with both
corrections and the site-specific Crc calibration (Crc
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Figure 16. LDI results for CPT 1-23 without any adjustments (black lines) and with application of transition and thin-layer correc-

tions and a site-specific fines content calibration (red lines).

= 0.27). The cumulative effect of these refinements
are illustrated for CPT 1-23 in Figure 16, showing
the cone tip resistance, factor of safety against lique-
faction triggering, the maximum potential shear
strain, and the integrated LDI profile for the first
analysis case (no corrections; black lines) and last
analysis case (all refinements combined; red lines).
Each of the above refinements contributed to a pro-
gressive reduction in the estimated LDIs, but the last
analysis case with all refinements combined still
over-predicts the potential for liquefaction effects at
this site.

The sensitivity of these LDI results to the I cut-
off was also examined. If liquefiable soils are in-
stead identified using Ic < 2.4, the median LDI is
further reduced to 10 cm using both corrections and
the revised site-specific Crc value of 0.41. The site
characterization data do not indicate that a lower Ic
cutoff is justifiable for this site, but these sensitivity
results do illustrate the potential value in detailed
site-specific field sampling and laboratory testing to
refine the Lc cutoff used in these analyses.

NDAs of this site were performed using stochas-
tic realizations of the interbedded sand and clay stra-
tigraphy to assess the impact of spatial variability on
the potential deformations. The realizations were
produced using a transition probability geostatistical
approach (Carle 1999, Weissmann et al. 1999) with
parameters determined from analysis of the CPT da-
ta, supplemented by estimates based on the deposi-
tional environment. Realizations conditional on the
CPTs on either side of the canal were produced us-
ing different estimates for the horizontal mean
lengths and percent sand-like materials in the critical
stratum. The realization shown in Figure 17 is for a
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case with 40% sand with horizontal and vertical
mean lengths for the sand lenses of 10 m and 26 cm,
respectively.

Representative properties for the sand and clay
portions of the critical stratum were selected by bin-
ning the data for the sand-like and clay-like portions
of the stratum and examining the data for spatial pat-
terns separately. The sand-like materials were char-
acterized using gecines = 115 which is approximately
the median value after applying transition and thin-
layer corrections and the site-specific Crc calibra-
tion. The clay-like materials were characterized us-
ing an undrained shear strength (su) of 50 kPa,
which is approximately the median value based on
an Nkt of 15. The fill layer and underlying dense
sands layers were also characterized using median
properties estimated from the CPT data.

The sand-like sediment in the critical stratum and
underlying dense sand layer were modeled using the
user-defined PM4Sand constitutive model (Boulan-
ger & Ziotopoulou 2015; Ziotopoulou & Boulanger
2016). The constitutive model parameters were cali-
brated to the cyclic resistance ratios estimated from
the CPT based liquefaction triggering correlation of
Boulanger & Idriss (2015).

The clay-like sediment in the critical stratum and
the overlying fill layer were modeled using the
Mohr Coulomb constitutive model in FLAC.

The input motion was the E-W component of the
recording from Sakarya scaled to a peak ground ac-
celeration of 0.4 g. The motion was specified as an
outcrop motion for the underlying dense sand. The
base of the model was a compliant boundary and the
opposing side boundaries were attached.
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Figure 18. Contours of peak shear strain and lateral displacements toward the canal after earthquake shaking for realization B10-3

Contours of peak shear strain and lateral dis- are, in fact, not horizontally continuous over the
placement after strong shaking are shown in Figure  length scale of potential deformation mechanisms.
18 for realization B10-3 (Fig. 17). Shear strains in ~ Improvements in our ability to account for these ef-
the sand lenses are greatest where the lenses are  fects will require better guidance on geologic model-
thickest and closest to the canal face, and smallest  ing, stochastic procedures, and site investigation
when the lenses are thinner and isolated. The banks  practices. The results of this case study illustrate
of the canal have maximum lateral displacements of = how several factors from Table 1 can contribute to
about 6 to 8 cm toward the canal for this realization.  over-prediction of liquefaction effects at a specific
The results from other realizations gave maximum  site. Analyses were able to predict the absence of
lateral displacements of about 2 to 10 cm depending  significant ground deformations at this site only af-
on the parameters used to generate the realizations.  ter the CPT soundings were corrected for transition
Overall, the lateral displacements from the NDAs  and thin-layer effects, the spatial variability of the

are in the range of what might reasonably have de-  interbedded deposits was accounted for, and the
veloped at this site without causing damage or  analysis method was upgraded to a 2-D NDA. Sto-
cracking that would be visible during post-  chastic realizations for representing spatial variabil-
earthquake inspections. ity in NDAs offer the potential for significant in-

Sensitivity analyses included examining the ef-  sights on field behaviors, although they are not
fect of uncertainty in the input ground motion on the  currently practicable for routine applications. Thus,
LDI and NDA results. For example, reducing the  future work is needed for providing guidance on
peak ground acceleration to 0.3 g reduces the esti-  how the effects of spatial variability can be incorpo-
mated ground displacements for both analysis meth-  rated into simplified analysis procedures.
ods, but the LDI results still significantly over-
predict the potential for liquefaction effects at this
site. 6 CONCLUDING REMARKS

These comparisons illustrate that the discontinu-
ous nature of sand lenses in interbedded sand, silt, Case histories have shown that current liquefaction
and clay deposits can be an important factor influ-  evaluation procedures and practices can have a ten-
encing the potential for lateral spreading displace-  dency to over-predict liquefaction effects in inter-
ments. Simplified analysis procedures that assume  bedded sand, silt, and clay deposits. This tendency is
horizontal continuity of sand lenses can be expected  attributed to several contributing factors as summa-
to over-predict liquefaction effects if the sand lenses  rized in Table 1, with the importance of each factor

94



depending on site-specific conditions and the analy-
sis method employed.

The correction of CPT data for transition and thin-
layer effects can be important for interbedded depos-
its. Incorporating these corrections reduced the de-
gree to which 1-D LDIs over-predicted lateral
spreading displacements at the Cark canal site and
were important for the calibration of the constitutive
model used in the NDAs. Additional work is needed
to develop improved tools and guidance for applying
these corrections in practice, including distinguish-
ing between distinct interfaces (e.g., erosional con-
tacts) and gradual transitions in soil characteristics
(e.g., graded bedding).

The further development of CPT-based proce-
dures for evaluating liquefaction or cyclic softening
effects in intermediate soils is expected to benefit
from mechanistic models for relating cone penetra-
tion and cyclic loading responses. The direct ax-
isymmetric cone penetration model developed for
use with the MIT-S1 constitutive model provides a
means for relating cone penetration resistances to
the constitutive properties of intermediate soils. The
initial results obtained using laboratory-measured
cyclic strengths with simulated cone penetration re-
sistances for silt and clay mixtures suggest this ap-
proach is promising.

Reexamination of the performance of a site un-
derlain by interbedded soils along the Cark canal in
the 1999 M=7.5 Kocaeli earthquake illustrated how
several factors can contribute to an over-prediction
of liquefaction effects. Analyses were able to predict
the absence of significant ground deformations at
this site only after the CPT soundings were correct-
ed for transition and thin-layer effects, the spatial
variability of the interbedded deposits was account-
ed for, and the analysis approach was upgraded to a
2-D nonlinear deformation analysis. Other factors
may have contributed to the good performance of
this site during the Kocaeli earthquake, but their po-
tential contributions are difficult to assess based on
the existing data.

The advancement of liquefaction evaluation pro-
cedures for interbedded sand, silt, and clay deposits
will require a systematic examination of the various
contributing factors listed in Table 1. The ability to
address these factors will require improvements in
experimental, theoretical and site characterization
methods. Reevaluation of case histories involving
interbedded deposits, with due consideration to all
contributing factors, will be important for develop-
ing improved procedures and advancing practice.
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