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NOTE
Evaluation of ﬂow liquefaction and liqueﬁed strength using
the cone penetration test: an update
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Abstract: A method to evaluate the susceptibility of soils to undrained strength loss that could result in ﬂow liquefaction
as well as a method to estimate the resulting liqueﬁed undrained shear strength of predominately sand-like soils using the
cone penetration test (CPT) were outlined by Robertson in 2010. Based on published data and recent case histories, this technical note describes a recommended update to these methods to estimate the large-strain liqueﬁed or remolded undrained
shear strength for both sand-like and clay-like soils as well as soils that transition from sand-like to clay-like. The proposed
update acknowledges that soil behavior can vary from sand-like to clay-like and that CPT interpretation to estimate largestrain undrained shear strength changes due to the changing drainage conditions during the CPT. The updated method
builds upon previously published data combined with recent experience and case histories.
Key words: liquefaction, cone penetration test (CPT), undrained shear strength.
Résumé : Une méthode pour évaluer la susceptibilité des sols à la perte de résistance non drainée qui pourrait entraîner
une liquéfaction de l’écoulement, ainsi qu’une méthode pour estimer la résistance au cisaillement non drainée liquéﬁée
résultante des sols principalement de type sableux en utilisant le test de pénétration au cône (CPT) ont été décrites par
Robertson en 2010. Sur la base de données publiées et d’études de cas récentes, cette note technique décrit une mise à jour
recommandée de ces méthodes pour estimer la résistance au cisaillement non drainé à grande déformation, liquéﬁée ou
remodelée, pour les sols sableux et argileux ainsi que pour les sols qui passent du sable à l’argile. La mise à jour proposée
reconnaît que le comportement du sol peut varier d’un sol sableux à un sol argileux et que l’interprétation du CPT pour
estimer la résistance au cisaillement sans drainage des grandes déformations change en raison des conditions de drainage changeantes pendant le CPT. La méthode actualisée s’appuie sur les données publiées précédemment, combinées à l’expérience récente
et à des cas concrets. [Traduit par la Rédaction]
Mots-clés : liquéfaction, test de pénétration au cône (CPT), résistance au cisaillement non drainé.

Introduction
Flow liquefaction can occur in any saturated or near saturated
meta-stable soil, such as very loose, sands and silts as well as sensitive clays, and is a major design issue for large soil structures
such as mine tailings impoundments and earth dams. For a slope
to experience instability due to ﬂow liquefaction, the following
conditions are required:







Loose saturated or near saturated soils that are contractive at
large strains and can experience signiﬁcant and rapid strength
loss in undrained shear,
High static shear stresses relative to the resulting large-strain
undrained shear strength,
Event(s) that can trigger strength loss,
Sufﬁcient volume of loose saturated and near saturated soils
for instability to manifest, and
Suitable geometry to enable instability.

If a soil can strain soften in undrained shear and hence is susceptible to ﬂow liquefaction, an estimate of the resulting large-strain
liqueﬁed shear strength is required for stability analyses. Many procedures have been published for estimating the residual or liqueﬁed shear strength of soils. Robertson (2010a) outlined a method to

evaluate both the susceptibility of soils to undrained strength loss
that could result in ﬂow liquefaction as well as a method to estimate the resulting liqueﬁed undrained shear strength of predominately sand-like soils using cone penetration test (CPT) data. The
CPT process is essentially drained in sand-like soils and any correlation to estimate both susceptibility and undrained shear strength
requires a link to an intermediate parameter, such as state parameter (c ), which was the general approach taken by Plewes et al (1992),
Jefferies and Been (2016), and Robertson (2010a). Robertson (2010a)
stated that the proposed relationship for sand-like soils could be conservative in sensitive clay-like soils where the cone penetration process is essentially undrained. However, Robertson (2010a) did not
clearly deﬁne the boundary between sand-like and clay-like soils at
which the relationship should change and did not suggest how the
sand-like relationship should transition into the clay-like relationship.
Experience of the author over the past few years has shown that some
engineers have been applying the Robertson (2010a) method to claylike soils that have sometimes resulted in low values of estimated
large-strain undrained shear strength. Hence, this technical note
describes a recommended update to the Robertson (2010a) method to
include clay-like soils as well as soils that transition from sand-like to
clay-like.
Case histories have shown that when signiﬁcant and rapid
strength loss occurs in critical sections of a soil structure, the
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resulting failures are often very fast, occur with little warning, and
the resulting deformations are often very large (e.g., Morgenstern
et al. 2016; Robertson et al. 2019). Experience has also shown that
the trigger events can be very small (Robertson et al. 2019). For
structures where the consequences of failure are high (e.g., loss of
life and (or) signiﬁcant environmental and reputational damage), it
is prudent to assume that strength loss will be triggered since it is
often impossible to design with conﬁdence based on an assumption that strength loss will not be triggered at some time in the life
of the structure. In seismic regions, even small earthquakes can
trigger strength loss if the soils are susceptible and are under high
static shear stresses. In general, the emphasis in design is primarily
on the evaluation of susceptibility to strength loss and the resulting large-strain undrained shear strength, which are the focus of
this technical note. This technical note builds upon previously published data combined with recent experience and case histories.

Evaluating whether soils are susceptible to
undrained strength loss
The behavior of soils in shear prior to failure can be classiﬁed
into two main groups: soils that dilate at large strains and soils
that contract at large strains. Saturated soils that contract at
large strains have a shear strength in undrained shear that is
lower than the strength in drained loading due to the resulting
increase in pore pressure and decrease in effective conﬁning
stress. Saturated soils that dilate at large strains tend to have a
shear strength in undrained loading that is either equal to or
larger than in drained loading. However, since the beneﬁts from
dilation cannot be relied upon in the long term, it is common to
apply drained shear strength parameters for dilative soil. When
saturated soils contract at large strains they can experience
strain softening (strength loss) in undrained shearing, although
not all soils that contract at large strains have a strain softening
response in undrained shear (Robertson 2017). The more contractive the soil, the larger the potential strength loss in undrained
shear. Robertson (2016) provided an updated CPT-based soil
behavior type (SBT) chart that proposed a simpliﬁed boundary to
identify if soils would be either contractive or dilative at large
strains. The boundary was deﬁned as follows, soils are contractive when contractive–dilative (CD) boundary <70, where:
ð1Þ

(2016). Some researchers (Yoshimine et al. 1999) have suggested
that the critical state line (CSL) for design should be deﬁned using
the minimum strength values, sometimes referred to as quasisteady state, from triaxial compression tests.

Evaluating large-strain undrained shear strength
after strength loss
The following sections describe an update to Robertson (2010a) on
how to evaluate the large-strain (liqueﬁed or residual) undrained
shear strength following strength loss based on CPT data.
Sand-like and transitional soils (Ic < 3.0)
In sand-like soils, with a soil behavior type index Ic < 2.60,
where the CPT penetration process is predominately drained,
Robertson (2010b) suggested the normalized cone resistance (Q tn)
can be linked to state parameter ( c ) using a clean sand equivalent normalized cone resistance (Q tn,cs) deﬁned by:
ð2Þ

Q tn;cs ¼ Q tn Kc

where Kc is a correction factor to account for changing behavior with
increasing ﬁnes content (Robertson and Wride 1998). Robertson and
Wride (1998) recommended caution extending the correction beyond
Ic > 2.60, where the soils tend to become more clay-like and penetration can be either partially drained or undrained.
Robertson (2010b) suggested a link between Q tn,cs and c for
sand-like soils, as follows:
ð3Þ

c ¼ 0:56  0:133 logðQ tn;cs Þ

A similar relationship was also suggested by Been et al (2012).
However, in transition soils with 2.6 < Ic < 3.0 (e.g., silty sands
and sandy silts), the CPT penetration can be partially drained
where small excess pore pressures can be measured. In these
soils, the correlation to state parameter becomes somewhat less
reliable. To account for partial drainage, the correction factor (Kc)
to obtain Q tn,cs should be modiﬁed and the suggested updated
correction factor, Kc for Ic ≤ 3.0 is as follows:
ð4aÞ

Kc ¼ 1:8346Ic5  23:673Ic4 þ 124:02Ic3  320:616Ic2
þ 405:821Ic  199:97

CD ¼ ðQ tn  11Þð1 þ 0:06Fr Þ17
ð< 70 contractive at large strainsÞ

where Q tn is the normalized cone resistance, based on Robertson
(2016), and Fr is the normalized friction ratio.
The above relationship applies to soils with little or no microstructure, e.g., geologically young (i.e., less than 10 000 years) and
(or) unbonded soils (i.e., no cementation). Robertson (2016) also
suggested a method of combining CPT data with shear wave velocity (Vs) to evaluate the presence of microstructure.
The tendency for soils to change volume during shear covers a
wide spectrum from highly contractive to highly dilative. Very
loose soils tend to contract continuously toward critical state (CS),
whereas moderately loose soils can initially contract then dilate
somewhat before reaching critical state. In undrained shear, moderately loose saturated sand-like soils may experience some strain
softening followed by strain hardening during strain-controlled triaxial compression testing. The strain hardening at large strains
observed in moderately loose sand-like soils in strain-controlled triaxial compression tests may not be observed under load-controlled
conditions due to the inertia effects of the dead load (Castro 1969).
Hence, the observed strain-hardening in the laboratory on moderately loose sand-like samples under strain-controlled loading may
not be experienced in the ﬁeld under gravity loads. For this reason,
the suggested boundary to deﬁne contractive soils based on CPT
data tends to be slightly conservative, as described by Robertson

or the simpliﬁed version:
ð4bÞ

Kc  15 

14
1 þ ðIc =2:95Þ11

for Ic  3:0

When Ic < 1.7, Kc = 1.0 (i.e., no correction in clean sands).
A plot comparing the modiﬁed Kc relationship with the original
relationship suggested by Robertson and Wride (1998) and used in
Robertson (2010a) is shown in Fig. 1. The objective of the modiﬁcation was to join the relationship in sand-like soils, based on drained
CPT data, to those in clay-like soils, based on undrained CPT data.
The modiﬁed Kc relationship shown in Fig. 1 is supported by a comparison between the CPT-based and Vs-based cyclic liquefaction resistance curves, both of which were based on extensive case history
data (Robertson 2015). The resulting modiﬁcation is similar to the
corrections made to obtain the clean sand equivalent cone resistance suggested by Boulanger and Idriss (2014), that was based on a
larger database of liquefaction case histories compared to that
used by Robertson and Wride (1998). The modiﬁed Kc relationship
should not be extended beyond Ic = 3.0, where undrained penetration occurs. When Ic < 2.40 the two relationships are essentially
identical and when 2.40 < Ic < 2.60 the difference is small. Application of the modiﬁed Kc relationship to evaluate cyclic liquefaction
will generally have negligible effect, since cyclic liquefaction is generally limited to sand-like soils with Ic < 2.60.
Published by Canadian Science Publishing
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Fig. 1. Proposed updated and modiﬁed relationship between Kc
and Ic. [Color online.]

The correlation between Qtn,cs and the large-strain liqueﬁed
0
undrained strength ratio ðsuðliqÞ =s vo
Þ, where su(liq) is the liqueﬁed
0
undrained strength and s vo is the current in situ effective vertical stress, suggested by Robertson (2010a) for predominately
sand-like soils, has also been updated and simpliﬁed to allow the
relationship to be extended to higher values of Q tn,cs, where the
soils are dilative at large strains and where the design shear
strength is controlled by the drained strength. The updated relationship, shown in Fig. 2, has been extended to include transitional soils where Ic < 3.0 by using the modiﬁed Kc relationship
shown in Fig. 1. Included in Fig. 2, for reference, are the class A
and B case history data points from Robertson (2010a) but
updated based on modiﬁed Q tn,cs values and with cases removed
when Ic > 3. Also included on Fig. 2 are best estimate representative values for the coarse tailings (Ic < 3.0) from the Fundao and
Feijao case histories (Morgenstern et al. 2016; Robertson et al.
2019). A shaded region is also added to illustrate the likely range
of uncertainty for the evaluation of large-strain liqueﬁed undrained
strength ratio. Figure 2 also illustrates that when sand-like soils are
contractive at large strains (i.e., Q tn,cs < 70) the undrained shear
strength is less than the drained strength and when sand-like soils
are strongly dilative at large strains (Q tn,cs > 80), the drained strength
is less than the undrained shear strength. Between 70 < Q tn,cs < 80
the soils can be initially contractive but become progressively more
dilative with increasing strains and the undrained shear strength ratio can be high but remains slightly less than the drained strength ratio, deﬁned by tan f 0, where f 0 is the peak drained friction angle.
The simpliﬁed and updated suggested correlation to estimate
0
for
the large-strain liquiﬁed undrained strength ratio, suðliqÞ =svo
sand-like and transitional soils, when Ic < 3.0 is:
ð5Þ

0
¼ 0:0007 expð0:084Q tn;cs Þ þ 0:3=Q tn;cs
suðliqÞ =svo

0
When Q tn,cs < 20, assume suðliqÞ =svo
¼ 0:02 but use su(liq) = 1 kPa,
0
< 50 kPa. The minimum value of 1 kPa
as a lower bound when svo
represents the approximate undrained strength of clay-like soil
when a semi-liquid (i.e., at the liquid limit) to avoid estimating
lower values at low effective overburden stress. Selection of values lower than 1 kPa should be supported by data from good quality samples where in situ water contents are greater than the
liquid limit.
This relationship applies when Qtn,cs < 80, after which the
drained shear strength ratio will typically control (i.e., tan f 0 ), as
illustrated in Fig. 2. The peak drained shear strength is inﬂuenced

3

Fig. 2. Proposed relationship between large-strain shear strength
ratio and Q tn,cs when Ic < 3.0 (including updated case history data
from Robertson (2010a) plus Fundao and Feijao coarse tailings
with Ic < 3.0). fs, CPT sleeve friction; su(r), remolded undrained
shear strength; t , shear strength. [Color online.]

0
by the constant volume (critical state) friction angle ( f cv
) and
dilatancy, however, the large-strain drained shear strength is
controlled more by f 0cv. Dilatancy is linked to state parameter for
which Q tn,cs is a proxy when Ic < 3.0. Robertson (2012) suggested a
simpliﬁed method to estimate the peak drained friction angle
( f 0 ) based on Qtn,cs, as follows:

0
f 0 ¼ f cv
þ 15:84 logQtn;cs  26:88
ð6Þ

This requires an estimate of f 0 cv , which can be made using
either empirical relationships, based on grain characteristic (e.g.,
grain roundness using Cho et al. 2006), or simple laboratory tests
(e.g., measure angle of repose for very loose sand samples). The
equivalent drained shear strength ratio values, shown in Fig. 2,
start at Qtn,cs = 50 where c = 0 (based on eq. 3). The sloping lines,
shown in Fig. 2 when Q tn,cs > 50, capture the peak strength due
to added dilatancy, but the values shown at Q tn,cs = 50, for various
0
f cv
, better represent the large-strain shear strength ratio.
0
for sand-like and transiThe relationship to estimate suðliqÞ =s vo
tional soils deﬁned by eq. 5 and shown in Fig. 2 is based primarily
on case histories where the effective vertical overburden stress at
0
) was less than 3 atmospheres (i.e., <300 kPa) with
failure (s vo
most cases less than 2 atmospheres. Robertson (2017) showed
that increasing effective overburden tends to make loose sandlike soils behave in a more ductile manner with less strength loss
due to the curvature of the CSL, like that shown by Jefferies and
0
increases with increasing
Been (2016). The result is that suðliqÞ =svo
0
svo
and moves toward a value of around 0.22 to 0.25, similar to
the peak (yield) undrained strength ratio, at high overburden
0
increases is a function of the
stresses. The rate at which suðliqÞ =svo
compressibility of the soil and the curvature of the CSL. For
design purposes, eq. 5 can be applied to provide a reasonable esti0
0
up to svo
¼ 300 kPa. For higher stress levels the
mate of suðliqÞ =svo
0
may be conservatively low and
estimated values of suðliqÞ =svo
advanced laboratory testing is required to guide any increase in
0
due to the curvature of the CSL. Robertson (2017) prosuðliqÞ =svo
vided an approximate guide to estimate the effective overburden
stress when the undrained behavior would become more ductile
0
would approach a value closer to 0.25 based on the
and suðliqÞ =svo
CPT friction ratio.
Olson and Stark (2003) proposed a relationship to estimate the
peak (yield) undrained strength ratio for sands based on CPT data.
However, estimating the peak (yield) undrained shear strength ratio
Published by Canadian Science Publishing
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in sand-like soils is very approximate due to factors such as microstructure (e.g., age and bonding), anisotropic stress state and direction of loading. The Olson and Stark (2003) relationship used
measured cone resistance, qc, in units of MPa. Since the relationship
was suggested for clean sands, it is reasonable to also represent it in
terms of the clean sand equivalent (Q tn,cs). To illustrate the difference between the peak (yield) and liqueﬁed undrained strength ratio values as a function of Q tn,cs a dashed line has also been added to
Fig. 2 to illustrate the approximate location of the average peak
(yield) undrained strength ratio for sand-like soils with little or no
microstructure (i.e., little or no bonding and (or) aging). Included
in Fig. 2 are the case history data from Olson and Stark (2003) using
updated Q tn,cs values based on the data in Robertson (2010a) to illustrate the range of uncertainty. This comparison illustrates the
potentially large difference between any possible peak (yield)
undrained strength and liqueﬁed strength in loose sand-like soils.
Limit equilibrium methods using peak undrained shear strengths
can be misleading when applied to soils that can experience signiﬁcant strength loss (Robertson et al. 2019), which gives added
uncertainty when applying peak undrained shear strength values for design. Hence, caution is needed before using peak (yield)
undrained strength values to evaluate stability when there is a
risk of signiﬁcant and rapid strength loss. In general, the largestrain liqueﬁed/remolded undrained shear strength should be
applied to evaluate the likelihood of instability when there is a
risk of signiﬁcant strength loss.
Clay-like soils (Ic > 3.0)
In clay-like soils the liqueﬁed undrained strength (su(liq)) is
essentially the same as the remolded undrained shear strength
(su(r)) since both occur at large strains. Robertson and Campanella
(1983), Lunne et al (1997) and others have shown that in clay-like
soils, where the CPT process is essentially undrained, the
remolded undrained shear strength is approximately equal to
the measured CPT sleeve friction, fs, since both are occurring
undrained and at large strains. Hence:
ð7Þ

0
0
¼ fs =svo
¼ Fr Qtn =100
suðliqÞ =svo

This relationship can be represented by diagonal straight lines on
the Q tn–Fr soil behavior type (SBT) chart, as shown in Fig. 3. Figure 3
0
shows the resulting complete contours for suðliqÞ =svo
on the SBT
chart for a wide range of soil behavior types, based on combining
eqs. 2, 4, 5 and 7.
To illustrate the application in a normally consolidated clay-like
soil with no strength loss (sensitivity, St = 1.0) the normalized CPT parameters are typically around Q tn = 3.5 and Fr = 7%. The contours
shown on Fig. 3 would correctly indicate that the estimated peak
and remolded undrained shear strength ratio are the same at 0.25,
where the peak undrained shear strength ratio is represented by
Q tn/Nkt (where cone factor Nkt  14). If the original Q tn,cs (i.e., state parameter) contours are extended into the clay-like region, the estimated liqueﬁed/remolded shear strength ratio for the same clay
would have been close to 0.10, which is inconsistent with the historical CPT database for clay-like soils. For a normally consolidated claylike soil that has a remolded undrained shear strength ratio of around
0.10 (i.e., a sensitivity of more than 2.5) the friction ratio would be
expected to be less than 3% along with Q tn = 3.5 (Lunne et al. 1997).
Jefferies and Been (2016) use a dimensionless cone resistance,
Q t1, that is normalized by a stress exponent of 1.0. In the clay-like
region where Ic > 3.0, the normalization used by Robertson
(2010a) is the same (i.e., Q tn = Q t1), since both use a stress exponent of 1.0 in the clay-like region. The approach taken by Jefferies
and Been (2016) attempts to capture the inﬂuence of changing
drainage conditions during the CPT by incorporating the measured pore pressure behind the cone (u2) to calculate an “effective”
cone resistance. However, the application of a single pore

Fig. 3. CPT-based SBT chart showing contours of large strain
0
and case history data of ﬂow liquefaction failures
suðliqÞ =svo
(numbers represent cases presented by Robertson 2010a). CC,
clay-like – contractive; CCS, clay-like – contractive – sensitive; CD,
clay-like – dilative; IB, modiﬁed soil behaviour type index; SC,
sand-like – contractive; SD, sand-like – dilative; TC, transitional –
contractive; TD, transitional – dilative. [Color online.]

pressure measurement located behind the cone (u2) is unlikely
to fully represent the effective stresses around the cone tip and
Robertson (2009) provided a more detailed discussion on the limitations of using an “effective” cone resistance.
The comprehensive book by Jefferies and Been (2016) outlines a
modiﬁcation to their suggested correlation between state parameter
and liqueﬁed undrained strength ratio for sand-like soils based on the
slope of the CSL, l10. Essentially, for a soil with a contractive state parameter (where c > –0.05) the liqueﬁed undrained strength ratio
increases as l 10 increases (i.e., the steeper the CSL the smaller the
strength loss for a given contractive state parameter). Previous publications (Plewes et al. 1992; Reid 2015; Jefferies and Been 2016) have
shown that l 10 increases with Ic. In the clay-like region where Ic > 3.0,
the estimated value is l 10 > 0.15 (Reid 2015). Using the modiﬁed correlation suggested by Jefferies and Been (2016) for l 10 > 0.15 the resulting liqueﬁed undrained strength ratio values are like those shown in
Fig. 3 when Ic > 3.0. Hence, the suggested relationship shown in Fig. 3
and represented by combining eqs. 2, 4, 5, and 7 are consistent with
the updated, but more complex, relationships suggested by Jefferies
and Been (2016).
Figure 3 also shows a summary of the high-quality case histories
(Class A) presented by Robertson (2010a) on the updated SBT chart
0
. The numbers next to the
with the associated contours for suðliqÞ =svo
six case histories in Fig. 3 match the numbers given by Robertson
(2010a). Also included on Fig. 3 are the regions of CPT data from the
Feijao tailings dam failure (Robertson et al. 2019) for both the coarse
and ﬁne tailings involved in the failure. The sand-like tailing in the
Fundao failure (Morgenstern et al. 2016) had CPT values very similar
to the coarse tailings in the Feijao failure but are not shown separately to avoid possible clutter and confusion on the plot. Similar to
Robertson (2010a) the CPT data are presented as a zone on the SBT
chart that essentially captures the approximate mean and standard
deviation range of values measured. Case histories have shown that
weaker zones tend to control stability and that representative CPT
values are close to the 30th percentile value (i.e., 30% are smaller),
which is approximately the mean minus one standard deviation
for most CPT data sets in contractive soils. The case history data provide a reasonable ﬁt to the contours of liqueﬁed strength ratio values
over a wide range of soils from clean sand (Nos. 19–21 Nerlerk site),
clay-like ﬁne tailings (Feijao) and sensitive clay (No. 36 Canadian
Published by Canadian Science Publishing
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Summary and conclusions
An update on how to evaluate the potential for ﬂow liquefaction
based on CPT data has been presented. The proposed update acknowledges that soil behavior can vary from sand-like to clay-like and that
CPT interpretation to estimate the large-strain liqueﬁed or residual
undrained shear strength changes due to the changing drainage conditions during the CPT. In sand-like soils the CPT penetration process
is essentially drained and the correlation to large-strain liqueﬁed
undrained strength is carried out through an intermediate parameter, such as state parameter (c ) using Q tn,cs. In clay-like soils the CPT
penetration process is essentially undrained and the correlation to
large-strain residual undrained shear strength can be carried out
more directly using the CPT sleeve friction, fs. Based on this assumption, the following approach is recommended:


Evaluate if soils are contractive at large strain based on the simpliﬁed CPT-based boundary suggested by Robertson (2016) using
CD < 70. An alternate and complementary approach is to plot the
CPT data directly onto the Q tn–Fr SBT chart as illustrated in Fig. 3.
 If soils are contractive at large strains and predominately sand-like
(Ic < 3.0), estimate the large-strain liqueﬁed undrained strength ratio based on Q tn,cs. This applies to soils that have an in-situ
0
svo
< 300 kPa and where Q tn,cs is calculated using the updated Kc
0
correlation. When svo
> 300 kPa laboratory testing is required to
evaluate the curvature of the CSL that may result in modiﬁcation
of the suggested correlations. Since the CSL is measured at large
strains and is controlled by grain characteristics, it is generally
appropriate to determine the CSL using representative reconstituted samples. In general, increasing effective overburden stresses
tend to make soil behave move clay-like and where the CPT data
tend to migrate into the clay-like region on the SBT chart.
 If soils are contractive at large strain and predominately clay-like
(Ic > 3.0), estimate the large-strain liqueﬁed/remolded undrained
strength directly from fs since the CPT penetration process is also
undrained. In clay-like soils additional supporting data can be
obtained from appropriate ﬁeld vane testing as well as high quality sampling and laboratory testing, where possible.
 If soils are dilative at large strain and sand-like, the effective
0
.
stress peak friction angle can be estimated using Q tn,cs and f cv
The measured penetration pore pressures (u2) during the CPT
can also be used to evaluate and (or) conﬁrm drainage conditions
during the CPT as well as dilative/contractive behavior at large
strains. If u2 is small relative to the cone resistance, qt, the penetration process is essentially drained. The rate of dissipation during CPT dissipation tests can also be used to evaluate drainage
conditions in more ﬁne-grained soils. If the time for 50% dissipation (t50) is greater than about 60 seconds the penetration process
is essentially undrained (DeJong and Randolph 2012).
For soil structures where the consequences of failure are high
(e.g., loss of life and (or) signiﬁcant environmental and reputational damage), it is prudent to assume that strength loss will be
triggered, since it is often impossible to design with conﬁdence
based on an assumption that strength loss will not be triggered
at some time in the life of the structure.
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