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Introduction
Soil liquefaction is a major concern for structures constructed
with or on saturated sandy soils. The phenomenon of soil liquefaction has been recognized for many years. Terzaghi and Peck
共1967兲 referred to “spontaneous liquefaction” to describe the sudden loss of strength of very loose sands that caused flow slides
due to a slight disturbance. Since 1964, much work has been
carried out to explain and understand soil liquefaction. This
progress has been described in a series of state-of-the-art papers
such as those by Yoshimi et al. 共1977兲, Seed 共1979兲, Finn 共1981兲,
Ishihara 共1993兲, Robertson and Fear 共1995兲, Youd et al. 共2001兲,
and Robertson 共2009c兲. Much of the work in the past three decades has been on liquefaction induced during earthquake loading
共i.e., cyclic liquefaction兲.
Robertson and Wride 共1998兲 distinguished between liquefaction due to cyclic loading, where the effective overburden stress
can reach zero during cyclic loading with a resulting loss of soil
stiffness 共cyclic liquefaction/softening兲, and liquefaction due to
strain softening with a resulting loss of shear strength 共flow liquefaction兲 and presented a simplified flowchart to aid in the
evaluation. Flow liquefaction is also referred to as static liquefaction 共e.g., Jefferies and Been 2006兲. However, since the phenomenon can be triggered by either static or cyclic loading, the term
flow liquefaction is used throughout this paper. Flow liquefaction
can occur in any saturated or near saturated metastable soil such
as very loose cohesionless sands and silts as well as very sensitive
clays. For failure of a soil structure, such as a slope or embankment, a sufficient volume of material must strain soften. The re1
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sulting failure can be a slide or a flow depending on the material
characteristics of the soils and ground geometry. The resulting
movements are due to internal, gravity-induced stresses and can
occur after the triggering mechanism occurs.
Flow liquefaction is a major design issue for large soil structures such as mine tailings impoundments and earth dams. A
liquefaction analysis of sloping ground 共i.e., ground subject to a
static driving shear stress兲 is a challenge for geotechnical engineers. Many procedures have been published for estimating the
residual or liquefied shear strength of cohesionless soils. Some
procedures require a laboratory testing of field samples obtained
by ground freezing techniques 共e.g., Robertson et al. 2000兲 or
samples obtained by high-quality tube samples coupled with
procedures for “correcting” the shear strength for disturbance during sampling and testing 共e.g., Castro 1975兲. However, procedures based on case histories remain the most popular 共e.g., Seed
1987; Davis et al. 1988; Seed and Harder 1990; Stark and Mesri
1992; Ishihara 1993; Konrad and Watts 1995; Yoshimine et al.
1999; Olson and Stark 2002; Idriss and Boulanger 2007兲. Olson
and Stark 共2002, 2003兲 suggested a detailed procedure, based on
an extensive database of case histories, consisting of three tasks:
共1兲 evaluate susceptibility to strength loss; 共2兲 evaluate liquefied
shear strength, su共liq兲, and postliquefaction stability; and 共3兲 evaluate if liquefaction will be triggered. Olson and Stark 共2002兲 defined the liquefied shear strength, su共liq兲, as the shear strength
mobilized at large deformation by a saturated contractive soil following the triggering of a strain-softening response. Others have
used the term undrained residual shear strength 共e.g., Seed and
Harder 1990兲 or undrained steady-state shear strength 共Poulos et
al. 1985兲. The term liquefied shear strength will be used in this
paper to be consistent with the more recent Olson and Stark
共2002兲 terminology. The Olson and Stark 共2002兲 procedure uses
normalized penetration resistance with no correction for soil type.
Idriss and Boulanger 共2007兲 suggested a correlation to evaluate the liquefied shear strength using an equivalent clean sand
normalized penetration resistance. To obtain equivalent clean
sand penetration resistance values, Idriss and Boulanger 共2007兲
used the original standard penetration test 共SPT兲-based correction
factors suggested by Seed 共1987兲 and Seed and Harder 共1990兲,
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Robertson and Wride 共1998兲, as updated by Robertson 共1999兲 and
Zhang et al. 共2002兲, suggested a normalized cone parameter to
evaluate soil liquefaction, using normalization with a variable
stress exponent, n, where
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essentially the radius of concentric circles that define the boundaries of soil type. Robertson and Wride 共1998兲 modified the definition of Ic to apply to the Robertson 共1990兲 Qt-Fr chart as
defined by
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Fig. 1. SBT chart based on normalized CPT parameters 共modified
from Robertson 1990兲

although little justification was provided to support the proposed
correction factors. Idriss and Boulanger 共2007兲 also included recommendations regarding potential but undefined void redistribution mechanisms.
Case histories have shown that when significant strength loss
occurs in critical sections of a soil structure, failures are often
rapid, occur with little warning, and the resulting deformations
are often very large. Experience has also shown that the trigger
events can be very small. Silvis and de Groot 共1995兲 suggested
that triggering should always be assumed if the soils are susceptible to strength loss. Hence, the design for high risk soil structures should be carried out with caution. In general the emphasis
in design is primarily on the evaluation of susceptibility to
strength loss and the resulting liquefied shear strength.
This paper presents cone penetration test 共CPT兲-based relationships to evaluate the susceptibility to strength loss and liquefied shear strength for a wide range of soils. Case-history analyses
by a number of investigators are reviewed and used with some
additional newer case histories. Emphasis is placed on more recent case histories that had modern CPT measurements available.
Extrapolations beyond the case-history data are guided by laboratory studies and theory.

Normalized CPT Parameters
Robertson 共1990兲 developed a chart to identify soil behavior type
共SBT兲 based on normalized CPT parameters as shown in Fig. 1.
The CPT parameters are normalized by the effective overburden
stress to produce dimensionless parameters, Qt and Fr, where
Qt = 共qt − vo兲/⬘vo

共1兲

Fr = 关f s/共qt − vo兲兴100%

共2兲

where qt = CPT corrected total cone resistance 共Campanella et al.
1982兲; f s = CPT sleeve friction; vo = preinsertion in situ total vertical stress; and ⬘vo = preinsertion in situ effective vertical stress.
Jefferies and Davies 共1993兲 identified that a SBT index, Ic,
could represent the SBT zones in the Qt-Fr chart where Ic is

where 共qt − vo兲 / pa = dimensionless net cone resistance;
共pa / ⬘vo兲n = stress normalization factor; n = stress exponent that
varies with SBT; and pa = atmospheric pressure in the same units
as qt and v.
Note that when n = 1, Qtn = Qt. Zhang et al. 共2002兲 suggested
that the stress exponent, n, could be estimated using the SBT
index, Ic, and that Ic should be defined using Qtn. Contours of Ic
are included in Fig. 1 to illustrate the trend.
In recent years there have been several publications regarding
the appropriate stress normalization 共Olsen and Malone 1988;
Robertson 1999; Zhang et al. 2002; Idriss and Boulanger 2004;
Moss et al. 2006; Cetin and Isik 2007兲. All the methods agree that
in the clean sand region of the Qtn-Fr SBT chart 共Zone 6兲 the
stress exponent is typically close to 0.5 and in the clay region of
the SBT chart 共Zone 3兲 the stress exponent is close to 1.0. Only
the normalized SBT chart suggested by Jefferies and Davies
共1991兲 uses a stress normalization of n = 1.0 throughout. Robertson 共2009b兲 provided a detailed discussion on stress normalization and suggested the following updated approach to allow for a
variation of the stress exponent with both SBT Ic 共soil type兲 and
stress level using
n = 0.381共Ic兲 + 0.05共⬘vo/pa兲 − 0.15

共5兲

where n 艋 1.0.
Robertson 共2009b兲 suggested that the above stress exponent
would capture the correct in situ state for soils at high stress level
and that this would also avoid any additional stress level correction for liquefaction analyses. It is well recognized that the
normalized cone resistance decreases as a soil becomes more
fine grained due to the increasing compressibility of fine-grained
soils compared to coarse-grained soils. This was identified by
Robertson 共1990兲 where the normally consolidated region on the
CPT SBT chart extends down the chart; i.e., as soil becomes
more fine grained the normalized cone resistance 共Qtn兲 decreases
and Fr increases. Robertson and Wride 共1998兲 suggested that the
soil behavior index Ic increases when soils become more fine
grained and that when Ic ⬎ 2.60 soils tend to be more claylike.
Independent studies 共Gilstrap and Youd 1998; Cetin and Ozan
2009; Robertson 2009a兲 have confirmed that most samples are
claylike when Ic ⬎ 2.60.
Robertson 共2009b兲 updated the trends in normalized cone parameters with overconsolidation ratio 共OCR兲, sensitivity 共St兲, and
age as shown in Fig. 1. In fine-grained soils, the normalized cone
resistance 共Qtn兲 increases with increasing OCR with little influence on the normalized friction ratio 共Fr兲. On the other hand, Fr
decreases with increasing St, with little influence on Qtn. Both Qtn
and Fr tend to increase as soils become stiffer and stronger with
age.
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Table 1. Case Histories of Flow Liquefaction Failures with Measured or Estimated Penetration Resistance⬎ Values
Case history
Numbera

Soil data
Structure

Available
data

Class

Approximate
D50 共mm兲a

CPT mean values
Approximate
FC 共%兲a

Qtn

Fr
共%兲

Ic

Qtn,cs

1
Zeeland
MCPT
B
0.12
3–11
30
0.25
2.1
43
2
Wachusett Dam
SPT
C
0.42
5–10
46
0.60
2.1
64
D
—
10 to ⬎60
50
1.0
2.2
77
3
Calaveras Dam
DR
D
0.10
33–48
22
1.0
2.4
56
4
Sheffield Dam
DR
5
Helsinki Harbor
Estimate
E
—
—
40
—
—
—
6
Fort Peck Dam
SPT
C
0.06–0.20
⬃55
18
1.5
2.6
62
D
0.17
6–8
25
0.6
2.3
49
7
Solfatara Canal
DR
8
Lake Merced bank
C
0.21 共0.18–0.25兲
1–4
32
0.5
2.2
51
DR, SPT
9
Kawagishi-Cho Building
MCPT, SPT
B
0.35
⬍5
31
0.5
2.2
50
10
Uetsu Railway embankment
Estimate
E
0.30–0.40
0–2
18
0.2
2.2
34
11
El Cobre Tailing Dam
SPT
C
0.08 to unknown
55–93
⬃3
2.0–5.0
3.0–3.5
40
12
Koda Numa embankment
Estimate
E
0.15–0.20
⬃13
13.5
0.7
2.6
42
13
Metoki Road embankment
Estimate
E
Silty sand
—
10.5
0.4
2.6
34
14
Hokkaido Tailings Dam
MCPT
B
⬃0.074
⬃50
4.0
1.0–2.0
3.2
36
15
LSFD
CPT, SPT
A
⬃0.074 共0.02–0.30兲
⬃50 共5–90兲
Silt: 5
3.5
3.3
52
16
Tar Island Tailings
SPT
C
⬃0.15
⬃10– 15
30
0.6
2.2
52
17
Mochi-Koshi Tailings Dike 1
MCPT, SPT
B
0.04
85
5.0
2.0–3.0
3.3
48
18
Mochi-Koshi Tailings Dike 2
MCPT, SPT
B
0.04
85
5.0
2.0–3.0
3.3
48
19,20,21
Nerlerk 1, 2, and 3
CPT
A
0.22
2–12
40
0.4
2.0
55
22
Hachiro-Gata Road
MCPT, SPT
B
0.20
10–20
30
0.5
2.2
50
23
Asele Road
SPT
C
0.30 共0.15–0.55兲
32 共23–38兲
30
1.5
2.4
74
24
La Marquesa Dam U/S slope
SPT
C
⬃0.15
⬃30
20
1.0
2.5
54
25
La Marquesa Dam D/S slope
SPT
C
⬃0.15
⬃20
30
0.5
2.2
50
26
La Palma Dam
SPT
C
⬃0.20
⬃15
18
0.5
2.3
41
27
Fraser River Delta
CPT
A
0.25
0–5
15
1.5
2.6
58
28
Lake Ackerman embankment
SPT
C
0.40
0
19
0.5
2.4
42
29
Chonan Middle School
SPT
C
⬃0.20
18
26
0.6
2.3
50
30
Nalband Railway embankment
SPT
C
⬃1.50
⬃20
60
0.4
1.9
70
31
Soviet Tajik
MCPT
B
0.012
100
19
1.0
2.6
53
32
Shibecha-Cho embankment
Estimate
E
0.20 共0.12–0.40兲
20 共12–35兲
28
0.6
2.3
51
33
Route 272 at Higashiarekinai
SPT
C
⬃0.20
20
32
0.6
2.2
53
34
Jamuna Bridge
CPT
A
⬃0.20
⬃10
30
0.8
2.2
57
35
Sullivan Tailings
CPT
A
⬃0.075
⬃50
15
1.0
2.6
50
36
Canadian Mine
CPT
A
⬃0.020
100
6
1.0
3.0
38
Note: Available data 共based on Olson and Stark 2002兲: Estimate⫽no measurements made; values estimated; DR⫽relative density estimates; SPT⫽standard
penetration test; MCPT⫽mechanical cone penetration test; CPT⫽electric cone penetration test.
a
From Olson and Stark 共2002兲.

Case Histories
Olson 共2001兲 and Olson and Stark 共2002兲 presented a comprehensive summary of case histories where flow liquefaction occurred.
Table 1 contains an updated summary of the case histories presented by Olson and Stark 共2002兲. Most of the case histories
presented by Olson and Stark 共2002兲 did not have detailed CPT
records that included sleeve friction measurements. However,
there are six 共6兲 case histories where flow liquefaction occurred
and where detailed electric CPT records are available 共the three
Nerlerk berm failures are combined兲. Three of these case histories
were included in the Olson and Stark 共2002兲 summary. The additional three new case histories, that were not part of the Olson and
Stark 共2002兲 study, have been added at the end of Table 1. The
three additional new case histories are Jamuna Bridge, Sullivan
Tailings, and Canadian Mine. Details about the Jamuna Bridge
case can be found in Ishihara 共1993兲 and Yoshimine et al. 共1999兲

and the Sullivan Tailings in Davies et al. 共1998兲 and Jefferies and
Been 共2006兲. The Canadian Mine case history comes from the
personal files of the writer and will be briefly described here.
During the preliminary design stage for a proposed open-pit
mine in Canada, a trial excavation was made to evaluate the stability of the natural surface soils. The surface soils in one region
were primarily composed of soft, low plastic, sensitive silty clay
extending to a depth of about 10–15 m. The silty clay had an
average plasticity index 共PI兲 of about 8 with a high liquidity index
共LI兲 of about 1.2. The high LI is consistent with the high sensitivity 共Leroueil et al. 1983兲 and low residual/liquefied shear
strength. During the excavation, a 50-m-wide flow failure occurred within the sensitive clay in a 5-m-high, 50-degree bench
slope. The upper 2.5 m of soil was frozen. The flow slide was
retrogressive in nature and the failed soil moved into the excavation along an almost horizontal surface. The size of failed mass
almost doubled in size over a 4-day period.
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LSFD
A major slide occurred in the upstream slope of the 43-m-high
LSFD following the 1972 San Fernando earthquake 共M w ⬃ 6.6兲. A
number of major studies have documented this case history, e.g.,
Seed et al. 共1973兲, Castro et al. 共1989兲, Seed et al. 共1989兲, and
numerous investigators have analyzed the slide, e.g., Davis et al.
共1988兲, Seed and Harder 共1990兲, Castro et al. 共1992兲, and Olson
共2001兲. The LSFD is one of the most studied liquefaction flow
slides in the literature.
The zone of soil that experienced strength loss was within the
lower sections of the upstream hydraulic fill and close to the
central “core” 共Castro et al. 1992兲. Large blocks of intact embankment material moved into the reservoir, “floating” on the
remolded/liquefied soil. The slide occurred between 20 and 40 s
after the earthquake shaking had stopped.
The dam site is underlain by stiff clay with layers of sand and
gravel. The majority of the dam consists of hydraulic fill placed
between 1912 and 1915. The hydraulic fill was sluiced from the
reservoir area and placed from upstream and downstream starter
dams. The grain size distribution curves for the hydraulic fill
show a FC ranging from 20 to 90%. Two CPT profiles obtained in
1985 from the center of the downstream slope 共C103 and C104兲
are shown in Fig. 2 in terms of normalized penetration resistance,
Qtn. These CPT profiles were selected because they were located

324

322

320

318

Elevation (m)

The six case-history sites where CPT measurements were
available 共including sleeve friction values兲 are identified in Table
1 as Class A, since they are the most reliable in terms of CPT
data. Four of the more recent Class A case histories had CPT
measurements prior to the failure. Some older case histories had
either mechanical CPT 共MCPT兲 or electric CPT but no friction
sleeve values and are identified as Class B. Class B results are
less reliable than Class A records in terms of the CPT data. Other
case histories used values estimated by Olson 共2001兲 from either
SPT, relative density, or best estimates and are identified as either
Class C, Class D, or Class E, respectively. Table 1 illustrates that
many of the older case histories had very little available data on
which to estimate an equivalent CPT. Classes C, D, and E are not
reliable in terms of CPT results, since no CPT measurements
were made. Table 1 follows the same numbering system used by
Olson and Stark 共2002兲 and contains the basic information on
approximate mean grain size 共D50兲 and fines content 共FC兲 of the
soil involved in the failure.
One of the challenges when reviewing case-history records is
the evaluation of representative in situ test values. Even in relatively uniform deposits of sand, the normalized cone resistance
can vary over a wide range. Soil variability in terms of soil type
also complicates the process in interlayered deposits. Often an
average or mean CPT value within the zone that is estimated to
have been involved in the slide is used. Popescu et al. 共1997兲
suggested that the 20-percentile value would be more appropriate,
since the weaker zones control instability. The 20-percentile value
is defined as the value at which 20% of the measured values are
smaller 共i.e., 80% are larger兲. Whatever criterion is selected, the
resulting correlations are often applied to every measured CPT
data point, typically every 50 mm.
Olson 共2001兲 and Jefferies and Been 共2006兲 provided details
for the case histories that will not be repeated here. The only case
history that requires some further description is the Lower San
Fernando Dam 共LSFD兲, since it illustrates the challenge in selecting an appropriate representative penetration resistance in highly
interlayered deposits.

316
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310
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Normalized Cone resistance Qtn
CPT-104
CPT-103

Fig. 2. LSFD CPT profiles 共C103 and C104兲

in the center of the downstream hydraulic fill shell of the LSFD
and appear to best represent the expected soils in the failure region of the upstream slope 共Castro et al. 1989; Jefferies and Been
2006兲. C103 was started at an elevation of about 334 m and was
downstream of C104, which was started at an elevation of about
340 m. The groundwater at the time of the CPT in 1985 was at an
elevation of about 309 m. A cross section of the dam was presented by Idriss and Boulanger 共2007兲 that showed the relative
locations of the CPT profiles. Although most published cross sections of the LSFD show a well defined “clayey puddle core”
supported by an adjacent “hydraulic fill shell,” it is likely the
hydraulically placed fill progressively grades from predominately
coarse-grained to predominately fine-grained soils toward the
central area of the dam with frequent interlayering due to changes
in source location. Above elevation of 324 m the soils were dense
sand fill. Fig. 2 shows that below elevation of 324 m the CPTs
show a variable interlayered hydraulic fill that ranges from sand
to sandy silt. The highly interlayered nature of the soil is common
for hydraulically placed fills. Below an elevation of 324 m, C104
is composed mostly of loose sandy silt with some sand layers at
depth whereas C103 is composed of interlayered sand and sandy
silt down to an elevation of 308 m. Between elevations of 305–
308 m in C103 the soil is predominately sandy silt to silt. Laboratory tests on samples confirmed that the fine-grained portions
are low to nonplastic sandy silt to silt 共Castro et al. 1992兲.
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The zone of soil that experienced strength loss was within the
lower sections of the upstream hydraulic fill between approximate
elevations of 305–315 m. The selection of a representative penetration resistance is difficult since the failed soil in the upstream
slope was no longer available for testing and assumptions were
made regarding the similarity between upstream and downstream
soil profiles. Previous studies have typically selected a single
“representative” penetration resistance value as the average value
for the interlayered sand and silt. For example, Olson and Stark
共2002兲 selected a normalized cone resistance of 47 which is not
representative of either the silt or the sand. The CPT profiles
clearly show that the deposit is made up of two interlayered soils;
sand and sandy silt to silt. The amount of silt increases toward the
center of the dam due to the direction of hydraulic deposition. The
largest zone that was considered to have experienced strength loss
was close to the central core of the dam. In C104, below an
elevation of 315 m, the sand layers are generally too thin to obtain
representative penetration resistance values 共Ahmadi and Robertson 2005兲. In C103, below an elevation of 315 m, only the sand
layer from about elevations of 308.8–310.2 m appears to be sufficiently thick to obtain a representative penetration resistance
value within the sand. The lower penetration resistance values in
both profiles are more representative of the loose sandy silt to silt.
The representative normalized penetration resistance within the
sandy silt to silt is significantly smaller than within the sand.
Jefferies and Been 共2006兲 discussed in detail the interpretation of
the CPT at the LSFD and concluded that the in situ state of the
sandy silt to silt was significantly weaker than the in situ state of
the sand. The CPT also indicates that the sandy silt to silt has a
sensitivity of about 2 or more based on the relatively low friction
ratio values 共Robertson 2009b兲. It is likely that the sandy silt to
silt experienced high pore pressures during the earthquake which
resulted in postearthquake strength loss. Applying the CPT-based
approach for the cyclic liquefaction method recommended by
Youd et al. 共2001兲 and updated by Robertson 共2009b兲 for amax
= 0.5 g, the sandy silt to silt is predicted to have experienced
cyclic softening with significantly higher pore pressures than the
sand layers. There is no clear evidence that strength loss occurred
in the thin sand layers. In this study, only the representative penetration resistance value for the loose sandy silt to silt has been
used for the LSFD case history. This approach was also supported
by the detailed analyses carried out by Jefferies and Been 共2006兲.
The LSFD is the only Class A 共and Class B兲 case history that
involves highly interlayered soils. Shuttle and Cunning 共2007兲
presented CPT results for a nonplastic hydraulically placed silt
that had normalized CPT values very similar to those found in the
LSFD silt and confirmed a potential for strength loss.
Included in Table 1 are the best estimates of the mean values
of normalized CPT parameters based on the information available
from the literature. The estimated CPT values for the case histories where no CPT data were available 共i.e., Classes C, D, and E兲
are approximate at best and less reliable than those where modern
electric CPT measurements 共Class A兲 were made. The estimated
normalized cone resistance 共Qtn兲 values 共for Classes B, C, D, and
E兲 were based on the values selected by Olson and Stark 共2002兲.
The estimated values of Fr and Ic were based on the estimated
values of Qtn, soil description, and available soil characteristics
provided by Olson 共2001兲 and the relationship between Ic and
FC suggested by Robertson and Wride 共1998兲. The estimated CPT
values for the case histories where no CPT measurements were
available are clearly approximate and subject to considerable
judgment and uncertainty. Hence, the subsequent analysis is
based primarily on the six main case histories where complete

CPT measurements were available 共i.e., Class A兲 with support
from the Class B cases, which were mostly simple mechanical
CPT. The Classes C, D, and E case histories are presented only
for completeness, since they were part of the original Olson and
Stark 共2002兲 database, but were not used to define recommended
criteria.
It is interesting to note that all the soils involved in the casehistory flow liquefaction failures shown in Table 1 were young
共⬍10,000 years兲, with 83% less than 50 years and 33% less than
10 years. The Canadian Mine case history is the only case history
included in Table 1 that involves a natural sensitive silty clay,
although there have been other observed flow failures in very
sensitive “quick clays” 共e.g., Rissa landslide of 1978兲. Most of the
soils involved in the failures in Table 1 were either nonplastic or
had low plasticity; 78% were fills; 39% were hydraulically
placed; and 16% were mine tailings. About 50% of the failures
were triggered by earthquake loading. Several failures were triggered by very minor disturbances 共e.g., Nerlerk, Fraser River, and
Jamuna兲.
The case histories indicate that very young, very loose, nonplastic or low-plastic soils tend to be more susceptible to significant and rapid strength loss than older, denser, and/or more plastic
soils. Although some plastic clays can have high sensitivity 共i.e.,
significant strength loss when sheared undrained兲, they are typically more ductile than very loose, nonplastic or low-plastic soils
and tend to reach peak and remolded shear strength at large shear
strains 共Ladd et al. 1977兲. A feature of the sensitive fine-grained
soils that exist in flow failures is their relatively low plastic limit
and small shear strain to peak undrained shear strength 共Leroueil
and Hight 2003兲.

Evaluate Susceptibility to Flow Liquefaction
Since flow liquefaction requires a strain-softening soil response
and strength loss, the evaluation of susceptibility to flow liquefaction is controlled by an evaluation of the potential for a soil to
strain soften in undrained shear. Experience has shown that very
loose sands and very sensitive low-PI clays can experience an
abrupt loss of strength at small shear strains resulting in low
undrained shear strength. Although many natural high-PI clays
can also experience some strength loss, they tend to be more
ductile and experience more gradual loss of strength at larger
shear strains. Cohesive soils with a shear strain to peak undrained
strength greater than about 5% and a gradual drop-off in resistance after reaching the peak strength are less likely to experience
flow liquefaction. Hence, the key element to identify a soil’s susceptibility to flow liquefaction is to identify very loose coarsegrained soils 共i.e., sand, silty sands, and sandy silts兲 and very
sensitive fine-grained soils 共silts, silty clays, clayey silts, and
clays兲.
The concepts for strength loss and liquefied shear strength in
sands stem from the work on the critical void ratio by Casagrande
共1940兲. Castro 共1969兲 expanded the basic concept of a critical
void ratio and developed the term steady state to define the liquefied strength. At about the same time, the concepts of critical
state soil mechanics were under development in the U.K. by
Schofield and Wroth 共1968兲. Both concepts recognize that the
state of a soil is represented by a combination of the void ratio
and effective stress and that if a soil is loose of either steady or
critical state the soil can strain soften in undrained shear.
Been and Jefferies 共1985兲 used critical state soil mechanics to
develop the state parameter 共兲 concept and applied these con-
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Fig. 3. Approximate boundary between dilative and contractive soil
response using normalized CPT parameters

Fig. 4. Contours of equivalent clean sand normalized cone resistance, Qtn,cs, based on corrections suggested by Robertson and Wride
共1998兲

cepts to the CPT results 共Been et al. 1986兲 and to soil liquefaction
共Jefferies and Been 2006兲. The state parameter 共兲 is defined as
the difference between the in situ void ratio, eo, and the void ratio
at critical state, ecs, at the same mean effective stress, p⬘ 共Been
and Jefferies 1985兲. Jefferies and Been 共2006兲 provided a detailed
description of the evaluation of the soil state using the CPT and
show that the inverse problem of evaluating the state from the
CPT response is complex and depends on several soil parameters.
For high risk projects, a detailed interpretation of the CPT results
using laboratory results and numerical modeling can be appropriate 共e.g., Shuttle and Cunning 2007兲, although soil variability can
complicate the interpretation procedure.
For low risk projects and in the initial screening for high risk
projects, it is often appropriate to estimate the state of the soil
directly from the CPT results. Plewes et al. 共1992兲 developed a
screening method to estimate the state of the soil using the normalized CPT results. This was subsequently updated and modified by Jefferies and Been 共2006兲. In a general sense, soils with a
state denser than the critical state 共 ⬍ 0兲 will be dilative and will
strain harden in undrained shear, whereas soils with a state looser
than the critical state 共 ⬎ 0兲 will be contractive and will strain
soften in undrained shear. Jefferies and Been 共2006兲 and Shuttle
and Cunning 共2007兲 suggested that when a soil has a state parameter  ⬎ −0.05, strain softening and strength loss in undrained
shear can be expected. Hence, defining a region on the CPT SBT
chart that represents a state parameter of about ⫺0.05 is helpful
as a screening technique to identify the susceptibility for flow
liquefaction.
Based on the work of Plewes et al. 共1992兲, Jefferies and Been
共2006兲, and Shuttle and Cunning 共2007兲, combined with the test
results from frozen samples 共Robertson et al. 2000兲, it is possible
to identify a zone on the normalized SBT, based on Qtn and Fr,
that represents the approximate boundary between the dilative
and contractive soil response as shown in Fig. 3. Also identified in
Fig. 3 is the region that defines normally consolidated clays with
a sensitivity of 1 or more based on the work of Robertson
共2009b兲. Robertson 共2009b兲 showed that as the soil sensitivity
increases in fine-grained soils, the measured CPT normalized
friction ratio 共Fr兲 decreases as indicated in Fig. 3. As shown by

Plewes et al. 共1992兲 and Jefferies and Been 共2006兲 and illustrated
in Fig. 3, there is a clear trend for the normalized cone resistance
to decrease as Ic increases for the same soil state. Fig. 3 indicates
that the region in the lower left portion of the SBT chart defines
soils that are likely susceptible to contractive behavior and
strength loss in undrained shear. Included in Fig. 3 is the approximate boundary between the contractive and dilative soil response
suggested by Olson and Stark 共2003兲 based on the normalized
penetration resistance. The Olson and Stark 共2003兲 criteria vary
slightly with effective overburden stress and a range is presented.
It is clear from Fig. 3 that the criterion suggested by Olson and
Stark 共2003兲 applies only to clean sands where typically Fr
⬍ 1%.
Robertson and Wride 共1998兲 suggested a correction factor to
correct the normalized cone resistance in silty sands to an equivalent clean sand value 共Qtn,cs兲 using the following:
Qtn,cs = KcQtn

共6兲

where Kc = a correction factor that is a function of grain characteristics 共combined influence of FC, mineralogy, and plasticity兲 of
the soil that can be estimated using Ic as follows:
Kc = 1.0 if Ic 艋 1.64

共7兲

Kc = 5.581Ic3 − 0.403Ic4 − 21.63Ic2 + 33.75Ic − 17.88 if Ic ⬎ 1.64
共8兲
Fig. 4 shows the contours of the equivalent clean sand cone resistance, Qtn,cs, on the CPT SBT chart. The contours of Qtn,cs
follow a trend similar to the dilative-contractive boundary defined
in Fig. 3 and that a value of Qtn,cs between 50 and 70 likely
represents the boundary between the contractive and dilative state
for a wide range of soils. Robertson 共2010兲 indicated that the
contours of Qtn,cs are essentially contours of the state parameter
共兲. Hence, soils with a constant value of Qtn,cs have essentially a
similar state parameter and hence a similar response to loading.
Although the concept of an equivalent clean sand penetration resistance stems from the early work of Seed 共1979兲, based on a
“FC correction,” Jefferies and Been 共2006兲 showed that a correc-
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Fig. 5. Range 共mean and standard deviation兲 of normalized CPT data
from Class A flow liquefaction failure case histories 共numbers represent case histories from Table 1兲

tion based on the slope of the critical state line 共兲 is essentially
similar but conceptually more correct. Jefferies and Been 共2006兲
also showed that  was a function of the CPT SBT index 共Ic兲.
Hence, the equivalent clean sand cone resistance approach using a
correction based on Ic, as suggested by Robertson and Wride
共1998兲, is supported, in a general sense, by the theoretical approach described by Jefferies and Been 共2006兲 based on critical
state soil mechanics.
Fig. 5 presents the CPT data from the six Class A case histories in terms of measured normalized cone results on the normalized CPT-based SBT chart. The CPT data shown in Fig. 5
represent approximately the mean ⫾1 standard deviation values
within the zone that was considered to have experienced strength
loss and involved in the slide. The data within ⫾1 standard deviation represent about 68% of the data 共i.e., approximately 16%
is smaller and 16% larger兲. The measured CPT results from each
case history represent a region on the normalized SBT chart that
illustrate the variation in CPT values within each deposit that
experienced strength loss. The mean value would represent approximately the center of each region and the 20-percentile value
would be approximately the lower right portion of each region of
data for a case history. Also included in Fig. 5 is a contour that
represents a clean sand equivalent penetration resistance, Qtn,cs
= 70. The contour of Qtn,cs 艋 70 captures all the CPT results defined by the mean+ 1 standard deviation 共i.e., about 70% of the
results within the deposit兲 for the Class A case histories.
Several flow liquefaction failures have also been documented
in the quick clays found in Norway and eastern Canada 共e.g.,
Rissa landslide of 1978兲. These “quick clays” have normalized
CPT values in the region of Qtn ⬍ 10 and Fr ⬍ 2% 共Lunne et al.
1997兲 similar to the sensitive silty clay found at the Canadian
Mine case history 共No. 36, Table 1兲. Hence, the flow liquefaction
failures in quick clay also plot within the region defined by the
contour Qtn,cs 艋 70.
Fig. 6 presents the mean values for all the case histories, but
the six cases where full CPT measurements were available 共Class
A兲 are represented with solid symbols; Class B by the large
shaded symbols; and the less reliable estimated values 共Classes C,

Class A
Class B
Class C, D, & E

100

Qtn,cs = 70

10

1
0.1

1

10

NORMALIZED FRICTION RATIO, Fr

Fig. 6. Mean values of normalized CPT data from flow liquefaction
failure case histories

D, and E兲 are represented with small open symbols. The contour
of Qtn,cs = 70 captures the case-history records reasonably well and
captures the change in the CPT response as soils vary from clean
sands to soft sensitive clays and silts. Any small variation in the
estimated values of Fr and Ic for the Classes C, D, and E case
histories using the Qtn values selected by Olson 共2001兲 would
have little influence on the overall observation. Soils with a
Qtn,cs ⬎ 70 are likely dilative and strain hardening in undrained
shear consistent with the state parameter approach described by
Jefferies and Been 共2006兲. Hence, the criteria of Qtn,cs 艋 70 can be
used as a conservative screening method to evaluate if a soil is
susceptible to strain softening in undrained shear and, hence, susceptible to flow liquefaction.

Evaluation of Liquefied Shear Strength
Estimating liquefied shear strength values 共su共liq兲兲 from failure
case histories uses stability calculations that require many simplifying assumptions and idealizations. Most approaches use limit
equilibrium methods based on either prefailure or postfailure geometry and may or may not include inertial effects. Many case
histories involved retrogressive sliding that is rarely accounted
for in the back-analyses. Hence, the evaluation of the liquefied
shear strength based on case histories is often approximate at best.
Many researchers 共e.g., Seed 1987; Seed and Harder 1990; Wride
et al. 1999; Olson and Stark 2002; Jefferies and Been 2006兲 have
estimated the shear strength of liquefied soils based on case histories. Jefferies and Been 共2006兲 showed that there is a theoretical
link between the state parameter and the liquefied undrained shear
strength ratio 共su共liq兲 / ⬘vo兲. Since clean sand equivalent normalized
penetration resistance 共Qtn,cs兲 is essentially equivalent to the state
parameter, values of Qtn,cs are compared to su共liq兲 / ⬘vo for the case
histories, with emphasis on the Class A case histories. The range
of published estimated su共liq兲 / ⬘vo values for the case histories is
presented in Table 2 using the same numbering system as shown
in Table 1. Olson and Stark 共2002兲 and Olson 共2001兲 described
the sources of uncertainty in the analyses and their relative importance. Some case histories have a wide range of estimated
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Table 2. Case Histories of Flow Liquefaction Failures with Published Estimated Liquefied Shear Strength Ratio Values
Liquefied strength ratio

Numbera

Structure

1
Zeeland
2
Wachusett Dam
3
Calaveras Dam
4
Sheffield Dam
5
Helsinki Harbor
6
Fort Peck Dam
7
Solfatara Canal
8
Lake Merced bank
9
Kawagishi-Cho Building
10
Uetsu Railway embankment
11
El Cobre Tailing Dam
12
Koda Numa Highway embankment
13
Metoki Road embankment
14
Hokkaido Tailings Dam
15
LSFD
16
Tar Island Dyke
17
Mochi-Koshi Tailings Dike 1
18
Mochi-Koshi Tailings Dike 2
19,20,21
Nerlerk 1, 2, and 3
22
Hachiro-Gata Road
23
Asele Road
24
La Marquesa Dam U/S slope
25
La Marquesa Dam D/S slope
26
La Palma Dam
27
Fraser River Delta
28
Lake Ackerman embankment
29
Chonan Middle School
30
Nalband Railway embankment
31
Soviet Tajik
32
Shibecha-Cho embankment
33
Route 272 at Higashiarekinai
34
Jamuna Bridge
35
Sullivan Tailings
36
Canadian Mine
a
From Olson and Stark 共2002兲.
b
Values that consider the kinetics of failure.

Seed
共1987兲

Seed
and Harder
共1990兲

Wride et al.
共1999兲

Olson
and Stark
共2002兲

Jefferies
and Been
共2006兲

Best
estimate

Class

—
—
0.117
0.035
—
0.082
0.208
0.073
0.081
0.027
—
0.103
—
—
0.215
—
—
0.229
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

—
—
0.101
0.053
—
0.048
0.080
0.073
0.081
0.031
—
0.103
—
—
0.115
—
—
0.229
—
—
—
0.220
0.400
0.253
—
—
—
—
—
—
—
—
—
—

—
—
0.246
0.038
—
0.065
0.052
0.107
0.097
0.029
—
0.032
—
—
0.127
—
0.048
0.024
—
—
—
0.125
0.223
0.120
—
0.117
—
—
—
—
—
—
—
—

0.048
0.106b
0.112b
0.053
0.060
0.078b
0.080
0.108
0.075
0.027
0.020
0.052b
0.043
0.073
0.112b
0.058
0.060
0.104
0.034–0.086
0.062b
0.104
0.070
0.110
0.120
0.100
0.076b
0.091
0.109
0.082
0.086b
0.097b
—
—
—

0.130
0.07–0.13
0.31–0.35
0.04–0.07
—
0.04–0.06
—
—
—
—
—
—
—
0.08–0.12
0.07–0.12
—
0.08
0.14–0.16
0.09–0.15
—
—
0.08–0.10
0.08–0.10
0.12–0.15
—
—
—
—
—
—
—
0.12–0.20
0.07–0.13
—

0.05
0.11
0.11
0.05
0.06
0.08
0.08
0.11
0.08
0.03
0.02
0.05
0.04
0.10
0.11
0.06
0.06
0.10
0.09
0.06
0.10
0.07
0.11
0.12
0.10
0.08
0.09
0.11
0.08
0.09
0.10
0.15
0.10
0.06

B
C
D
D
E
C
D
C
B
E
C
E
E
B
A
C
B
B
A
B
C
C
C
C
A
C
C
C
B
E
C
A
A
A

back-calculated shear strength values 共Table 2兲. Olson and Stark
共2002兲 performed stability analyses considering kinetics of the
failure mass on 10 case histories, where this was possible, and
these are identified in Table 2. When kinetics is considered, the
back-calculated shear strength values were larger than if kinetics
were not included. The Olson and Stark 共2002兲 values used a
weighted average prefailure vertical effective stress to estimate
the liquefied shear strength ratio. The strength ratio values under
Seed 共1987兲 and Seed and Harder 共1990兲 were also computed
using the same average values of prefailure vertical effective
stress. Based on a review of the published values and placing
emphasis on the values computed by Olson and Stark 共2002兲,
“best estimate” values for the liquefied shear strength are assigned
for each case history and are included in Table 2. Previous studies
have presented back-calculated values of the liquefied shear
strength ratios to three decimal places. This level of perceived
accuracy is inconsistent with the many uncertainties in the back-

calculation of flow slides and this study has shown “best estimated” values to only two decimal places. For consistency the
best estimate values 共for the cases in the Olson and Stark 2002
database兲 are the same as those computed by Olson and Stark
共2002兲, but rounded to two decimal places. Olson and Stark
共2002兲 treated the Nerlerk case as three separate slides with a
range of back-calculated values. This study has combined the
slides into one case and assigned a value close to the higher value
back-calculated by Olson and Stark 共2002兲, but equal to the lower
value of the range suggested by Jefferies and Been 共2006兲. The
values selected for the three newer cases 共that were not in the
Olson and Stark 2002 database兲 were the average values suggested by Jefferies and Been 共2006兲 for Cases Nos. 34 and 35 and
the value back-calculated by the writer for the new Case No. 36.
The values suggested by others are presented in Table 2 to illustrate the possible range in back-calculated values.
When soils are strain hardening in undrained shear, the un-
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0.30

case histories. The proposed relationship avoids the possibility of
extrapolating beyond the available case-history data, since the
proposed relationship trends toward the drained shear strength
ratio represented by tan ⬘. A conservative, essentially lower
bound, relationship was selected to capture much of the variability in the back-calculated liquefied shear strength values from the
case histories and to recognize the need for caution in soils where
Qtn,cs ⬍ 70.
The proposed relationship can be conservatively low in sensitive clays, where the remolded shear strength ratio su共r兲 / ⬘vo can
be defined by

Liquefied Undraiined strength ratio

Proposed
Class A

0.25

Class B

0.20

0.15
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0.05

su共r兲/⬘vo = f s/⬘vo = 共FrQtn兲/100
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0
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Normalized CPT clean sand equivalent cone resistance, Qtn,cs

Fig. 7. Liquefied shear strength ratio and normalized CPT clean sand
equivalent penetration resistance from Classes A and B flow liquefaction failure case histories

drained shear strength will typically exceed the drained shear
strength, although cavitation can limit the full value of the undrained strength. The strength ratio in terms of drained shear
strength 共in simple shear兲 can be represented as
/⬘vo = tan ⬘

共9兲

The drained strength ratio in triaxial compression can be larger
than defined by Eq. 共9兲. Hence, for soils that are strain hardening
in undrained shear, i.e., where Qtn,cs ⬎ 70, a conservative low estimate of the undrained strength ratio is about 0.4–0.5.
Fig. 7 shows the best estimate values for the liquefied strength
ratios and mean CPT clean sand equivalent penetration resistance
values for Classes A and B case histories. The more reliable
CPT results from the case histories that are Class A are shown in
large solid symbols and Class B by the large shaded symbols.
Classes C, D, and E case histories are not included in Fig. 7
because of the lack of reliability and uncertainty. However, their
assigned values are included in Table 2 for completeness. Based
on the observation that no case history, with reliable measured
CPT results, had a mean clean sand equivalent normalized penetration resistance, Qtn,cs ⬎ 70 and the observation that most soils
are strain hardening 共i.e., not susceptible to strength loss兲 in undrained shear when Qtn,cs ⬎ 70 with  / ⬘vo ⬃ 0.4, a proposed lower
bound relationship is included in Fig. 7. Based on the above observations, the proposed relationship trends toward su共liq兲 / ⬘vo
= 0.4 at Qtn,cs = 70.
The proposed single relationship can be represented by the
following approximate equation: when Qtn,cs 艋 70
su共liq兲/⬘vo = 关0.02199 − 0.0003124Qtn,cs兴/
关1 − 0.02676Qtn,cs + 0.0001783共Qtn,cs兲2兴

共10兲

where 0.03艋 su共liq兲 / ⬘vo 艋 tan ⬘.
Unlike Seed and Harder 共1990兲 and Olson and Stark 共2002兲 a
single relationship is recommended to conservatively capture the
more reliable case-history data combined with the observation
that most soils are strain hardening when Qtn,cs ⬎ 70 and therefore
not susceptible to flow liquefaction. Table 2 presents the possible
range of values for su共liq兲 / ⬘vo and the proposed relationship captures almost all the range for the more reliable Classes A and B

共11兲

Eq. 共11兲 is based on the observation that the remolded shear
strength for most clay soils is approximately equal to the CPT
sleeve friction, f s 共Robertson 2009b兲.
When the proposed relationship is applied to all CPT results
within a sounding, it is recommended that the average value of
liquefied shear strength within a noninterlayered soil deposit that
is considered to be susceptible to strength loss should be applied
for stability analyses, since the relationship was based on average
CPT values within noninterlayered deposits from case histories.
Hence, the variability within one soil type is captured, as illustrated by the range of CPT results for each case history shown in
Fig. 5. To avoid excessive conservatism at low confining stress a
lower bound value of su共liq兲 = 1 kPa should be assumed.
Idriss and Boulanger 共2007兲 suggested an alternate more conservative relationship and included a relationship for conditions
where the effects of void redistribution could be significant, although little evidence was presented to support this and little
guidance was provided to evaluate when this might occur. The
Idriss and Boulanger 共2007兲 relationship is inconsistent with the
observation that no case histories exist where Qtn,cs ⬎ 70. The
LSFD case history may provide some guidance, since it is possible that the more dense sand layers were not susceptible to
strain softening 共i.e., flow liquefaction兲 initially but may have
experienced some strain softening due to either void redistribution and/or particle intermixing after the earthquake. The representative mean CPT values in the weaker sand layers for the
LSFD case history were Qtn = 35, Fr = 2.3, and Qtn,cs = 90. Many of
the sand layers were more dense with even higher values of Qtn
and Qtn,cs. Given the initial dense state of these sand layers it is
likely that strength loss was confined primarily to the weaker
sandy silt layers. The CPT results presented in Fig. 2 show that
much of the zone where strength loss was considered to have
taken place was composed primarily of the weaker sand silt. Although the denser sand layers may not have experienced strength
loss, the resulting mixing of the soils as deformations became
large may have resulted in the slightly higher back-calculated
average strength ratio. In cases where less permeable layers may
inhibit pore pressure dissipation and where void redistribution
could occur, a more conservative estimate may be appropriate,
and for high risk projects, more detailed field and analytical studies should be used.

Summary
An update of the CPT-based criteria to evaluate the susceptibility
to flow liquefaction and the liquefied strength ratio based on
case histories has been presented. The criteria of Qtn,cs 艋 70
can be used as a conservative screening method to evaluate if a
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Fig. 8. CPT SBT chart for liquefaction and cyclic softening potential: cohesionless soils (A1 and A2兲—evaluate potential behavior
using CPT-based case-history liquefaction correlations. A1: cyclic
liquefaction possible depending on level and duration of cyclic loading. A2: cyclic liquefaction and flow liquefaction possible depending
on loading and ground geometry. Cohesive soils (B and C兲—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 flow liquefaction possible depending
on soil sensitivity, loading, and ground geometry.

soil is susceptible to strain softening in undrained shear and,
hence, susceptible to flow liquefaction. The recommended correction factors to derive the clean sand equivalent penetration resistance are supported by the general concepts in critical state soil
mechanics.
The case histories indicate that very young, very loose, nonplastic or low-plastic soils tend to be more susceptible to significant and rapid strength loss than older, denser, and/or more plastic
soils. Ladd et al. 共1977兲 and Leroueil and Hight 共2003兲 showed
that soils with high plasticity tend to be more ductile than soils of
low plasticity. Low plastic, highly sensitive, fine-grained soils that
have a shear strain at peak undrained shear strength less than
about 2% and a rapid loss of strength are more likely to experience rapid strain softening and flow liquefaction than more plastic
soils.
Robertson 共2009c兲 presented a summary of the CPT SBT
Qtn-Fr chart to identify zones of potential liquefaction and/or cyclic softening as shown in Fig. 8 that can be used as a guide for
the choice of engineering procedures to be used in evaluating
potential liquefaction and strength loss in different types of soils.
The boundary between Zones A1 and A2 and Zones B and C can
be approximated by the CPT SBT Ic = 2.60. The boundary between Zones A1 and B and Zones A2 and C can be defined by
Qtn,cs = 70. Zones A1 and A2 correspond to cohesionless, predominately sandlike soils for which it is appropriate to use existing
CPT case-history based cyclic liquefaction correlations 共e.g.,
Youd et al. 2001; Robertson and Wride 1998兲. The soils in Zones
A1 and A2 are susceptible to cyclic liquefaction, while the looser
soils in Zone A2 are more susceptible to strength loss and flow
liquefaction. Zones B and C correspond to fine-grained, predominately claylike soils for which it is more appropriate to use pro-

cedures similar to, or modified from, those used to evaluate the
undrained shear strength of clays 共e.g., field vane tests, CPT, and
shear strength tests on high-quality thin-walled tube samples兲.
The soils in Zones B and C are susceptible to cyclic softening
共e.g., accumulation of strains if the peak seismic/cyclic stresses
are sufficiently large兲, but the softer soils in Zone C can be more
sensitive and susceptible to potential strength loss and possible
flow liquefaction. For moderate to high risk projects, an undisturbed sampling of soils in Zones B and C is recommended to
determine the soil response, since soils in these zones are generally more suitable for conventional high-quality sampling and
laboratory testing. High-quality samples are required, since the
peak undrained shear strength and the strain to peak strength are
sensitive to soil disturbance 共Leroueil and Hight 2003兲. 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
sandlike or claylike 共Idriss and Boulanger 2004兲, and evaluate
sensitivity 共Leroueil et al. 1983兲, based on Atterberg limits and
water content.
A lower bound relationship between the liquefied shear
strength and clean sand equivalent normalized penetration resistance is proposed that avoids the need to extrapolate beyond the
case-history database. In cases where less permeable layers may
inhibit pore pressure dissipation and where void redistribution
could occur, a more conservative estimate may be appropriate,
and for high risk projects, more detailed field and analytical studies should be carried out. When the proposed relationship is applied to all CPT results within a noninterlayered soil deposit, it is
recommended that the average value of liquefied shear strength
should be applied for stability analyses, since the relationship was
based on average CPT values within noninterlayered deposits
from the case histories. To avoid excessive conservatism at low
confining stress, a lower bound value of su共liq兲 = 1 kPa should be
assumed.
The case histories have shown that when significant strength
loss occurs in critical sections of a soil structure, failures are often
rapid, occur with little warning, and the resulting deformations
are often very large. Experience has also shown that the trigger
events can be very small. In general, it is often prudent to assume
that triggering will occur if the soils are susceptible to strength
loss. Hence, the design for high risk soil structures should be
carried out with caution. In general the emphasis in design is
primarily on the evaluation of susceptibility and the resulting liquefied shear strength.
The CPT is a useful in situ test that can provide continuous
estimates of the potential for flow liquefaction. However, the
CPT-based approach is a simplified method that should be used
appropriately depending on the risk of the project. For low risk
projects, the CPT-based method is appropriate when combined
with selective samples to confirm the soil type as well as conservative estimates of soil response. For moderate risk projects, the
CPT-based method should be combined with appropriate additional in situ testing, as well as selected undisturbed sampling and
laboratory testing, to confirm soil response. A thin-walled tube
sampling is generally applicable to fine-grained soils in Zones B
and C. For high risk projects, the CPT-based method should be
used as an initial screening to identify the extent and nature of
potential problems followed by additional in situ testing and appropriate laboratory testing on high-quality samples. An advanced
numerical modeling is appropriate for high risk projects where
initial screening indicates a need.
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