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ABSTRACT: Liquefaction is commonly evaluated using in-situ tests such as the cone penetration test (CPT)
and the standard penetration test (SPT). However, these tests are relatively insensitive to a number of factors
that are known to influence liquefaction resistance such as aging, stress history, overconsolidation, and hori-
zontal earth pressure. In contrast, the flat blade dilatometer test is much more sensitive to these parameters
and could potentially provide liquefaction resistance evaluations which can account for these factors. Three
methods are available for predicting liquefaction resistance based on the DMT horizontal stress index Kp;
however, their accuracy is poorly defined. To provide more direct evidence regarding the validity of the vari-
ous approaches, DMT data has been collected at sites where liquefaction has and has not occurred in various
earthquakes. The data set includes sites in California, Taiwan, New Zealand and Italy. In several cases, the
sites were subjected to multiple earthquakes which did and didn’t induce liquefaction. The CRR vs Kp curve
is relatively well constrained for Kp values less than about 4. Both the Tsai et al. (2009) and Robertson (2012)
curves provide reasonable triggering boundaries within this range. In contrast, the Monaco et al. (2005) curve
is somewhat unconservative with liquefaction points below the curve. For Kp values greater than 4.0 there is
insufficient data to determine which of the three triggering curves is most appropriate. Additional testing is
necessary at sites with Kp greater than 4.0 where CSR is higher than 0.20 to define the triggering curve in this
region.

1 INTRODUCTION aging, stress history, overconsolidation, and horizon-
L1 Back J tal earth pressure coefficient, K, (Jamiolkowski &
L packgroun Lo Presti 1998, Lee et al. 2011, Marchetti 2015). In

Liquefaction is commonly evaluated using in-situ  contrast, the flat blade dilatometer (DMT) test is
tests such as the standard penetration test (SPT) and  much more sensitive to these parameters and could
the cone penetration test (CPT). These evaluation  potentially provide liquefaction resistance evalua-
procedures have been developed by determining the  tions that better account for these factors.

penetration resistance at field sites which did or did As noted by a number of researchers (e.g. Ishihara
not exhibit surface manifestation of liquefaction dur- et al. 1977, Seed 1979), the liquefaction resistance
ing earthquakes. The cyclic stress ratios (CSR),  of sand clearly increases as the K, value increases.
/0, for each of these sites were then plotted versus ~ Although some researchers contend that K, effects
penetration resistance and a boundary or “trigger-  are reasonably considered in CRR vs g.; evaluations

ing” curve was drawn to separate the points which  (Salgado et al. 1997), other investigators have found
liquefied from those that did not. The boundary  that both the CRR vs g.; and CRR vs (Nj)so curves
curve then defines the cyclic resistance ratio (CRR), = were conservative without consideration of K, ef-
/0%, required to induce liquefaction for that earth-  fects (Harada et al. 2008). Harada et al. (2008) rec-
quake magnitude. Liquefaction triggering curves  ommend a suite of CRR vs g.; curves to properly ac-
based on SPT have been developed by Youd et al.  count for K, effects.

(2001), Cetin et al. (2004), and Boulanger & Idriss This issue is particularly important in evaluating
(2016). Curves based on the CPT have been devel-  liquefaction resistance after ground improvement
oped by Robertson & Wride (1998), Idriss & Bou-  because ground improvement typically increases
langer (2006), and Boulanger & Idriss (2016). both the soil density and K,. If beneficial effects

Unfortunately, both the SPT and CPT are rela-  from increases in K, can be relied upon, then the
tively insensitive to a number of factors that are  cost of liquefaction remediation could be reduced.
known to influence liquefaction resistance such as  Liquefaction triggering correlations based on the
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horizontal stress index, Kp,from the DMT (Mar-
chetti 1980) have the potential to address this prob-
lem.

Several investigators have developed methods for
predicting liquefaction resistance (CRR) based on
the DMT Kp. In contrast to liquefaction triggering
curves based on (Ni)so, qc1, orVs, most triggering
curves based on Kp were not developed directly
from field performance data owing to the paucity of
data. Instead researchers developed triggering curves
using indirect correlations with relative density or
correlations between Kp and gcror (N)so. To provide
more direct evidence regarding the validity of the
various approaches, DMT data has been collected at
sites where liquefaction has and has not occurred in
various earthquakes.

2 AVAILABLE LIQUEFACTION TRIGGERING
CURVES

Correlations for predicting liquefaction resistance
(CRR) based on the DMT Kp value have been pro-
posed by three investigators: Monaco et al. (2005),
Tsai et al. (2009), and Robertson (2012). This sec-
tion summarizes the procedures used by each of
these researchers and the resulting correlation equa-
tion.

2.1 Monaco et al. (2005) Triggering Curve

Because of the lack ofKpmeasurements at liquefac-
tion sites, Monaco et al. (2005) used relative density
as an intermediate variable to develop CRR vs Kp
curves. For example, SPT-based liquefaction trig-
gering curves developed by Youd et al. (2001) were
used to develop a CRR vs. D, curve using correla-
tions between SPT N and D, proposed by Gibbs &
Holtz (1957) for a variety of vertical effective
stresses. Thereafter, a correlation between Kp and D,
was used to develop the CRR vs Kp curve. A similar
approach was used with the CPT-based liquefaction
triggering curve proposed by Youd et al. (2001) and
the resulting CRR vs Kp curve was quite similar to
the curve based on the SPT-based correlation.

Finally, the following best-fit polynomial equa-
tion was developed to definean average CRR as a
function of Kp:

CRR=0.0107Kp*~0.0741Kp*+0.2169Kp—0.1306 (1)

This curve is plotted in Figure 1, and it is defined
for clean sands and Kp > 2 considering also that
Equation (1) computes negative CRR values for Kp
~ 0.9. Of course, the difficulty in using this approach
is that the uncertainty associated with using two cor-
relations with D, would be expected to lead to great-
er uncertainty in the position of the CRR vs Kp
curve.
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2.2 Tsaietal. (2009) Triggering Curve

To avoid the problem of using an intermediate vari-
able like D, to develop a CRR-Kp correlation, Tsai et
al. (2009) developed direct correlations between
CPT g.; and Kp as well as SPT (N;)so and Kp. These
correlations were developed based on companion
soundings at a number of test sites in Taiwan. Based
on results from both the SPT-based and CPT-based
correlations in their investigations, the following
equation average curve was developed defining CRR
vs. Kp:

CRR = exp((Kp/8.8)°-(Kp/6.5)°+(Kp/2.5)-3.1)  (2)
which is also plotted in Figure 1. This curve is de-
fined for clean sands and for Kp> 1. Although the
two curves are in reasonable agreement for Kp val-
ues less than about 3, the curves diverge significant-
ly at higher Kp values. The Monaco et al. (2005)
curve yields significantly higher liquefaction re-
sistance for a given Kp.
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Figure 1. Comparison of DMT-based liquefaction triggering
curves proposed by various researchers.

2.3 Robertson (2012) Triggering Curve

As part of his Mitchell lecture, Robertson (2012)
proposed a third CRR vs Kp curve. This curve was
based on a simpler correlation developed fromthe
data set of companion CPT and DMT soundings de-
veloped by Tsai et al. (2009) indicating that Kp is
approximately equal to QOumcs/25 where Qumes (=
gcines) 1s the clean sand equivalent cone resistance
and is dimensionless. However, this correlation is
highly approximate and there is significant scatter
about the best-fit line.

The CRR vs Kp curve is defined based on the
equation:



CRR = 93(0.025Kp)* + 0.08 (3)

Equation (3) is defined for Ip > 1.2 and 2 < Kp <
6. Once again, this curve is in reasonable agreement
with the other two curves for Kp values less than
about 3, but diverges from the other curves at higher
values. Generally, the Robertson (2012) curve plots
about mid-way between the Monaco et al. (2005)
curve and the Tsai et al. (2009) curve.

3 COLLECTION AND PROCESSING OF
AVAILABLE DATA

3.1 Sources of Data

Because of the significant discrepancies between the
CRR vs. Kp curves proposed by various researchers,
it will be necessary to appeal to field performance
data to sort out the reliability of the various curves.
Although relatively few DMT tests have been per-
formed in post-earthquake investigations, some in-
formation is available and additional test data is be-
ing accumulated with additional earthquakes. As
part of this study, a detailed literature review was
undertaken to collect available DMT data. The larg-
est data set was provided by Reyna (1991) (see also
Reyna & Chameau, 1991) and included 32 tests at 5
sites in the Imperial Valley of California subjected
to the the1979 M6.5 Imperial Valley earthquake, the
1981 M5.9 Westmorland earthquake, and the 1987
M6.5 Superstition Hills earthquake. These results
were particularly valuable in identifying the lique-
faction triggering boundary as some sites did not
liquefy in the smaller event but did in the larger
event. In addition, Reyna (1991) provided test data
at 5 sites in the San Francisco Bay area subjected to
the 1989 M6.9 Loma Prieta earthquake.

Additional DMT testing was performed by
Hryciw et al. (1998) at 5 sites on Treasure Island
and 5 sites in Santa Clara following the Loma Prieta
Earthquake. Furthermore, Mitchell et al. (1994) re-
port DMT test results at foursites in the SF Bay area
while Rollins et al. (2015) and Faris & DeAlba
(2000) each report tests for one site on Treasure Is-
land subjected to the Loma Prieta Earthquake. An
additional DMT data point was provided by Kung et
al. (2011) for a site subjected to the M6.1 earthquake
in Taiwan. Lastly, two data points were provided by
investigations conducted by Amoroso et al. (2015)
following the earthquake sequence near Christ-
church, New Zealand and one from investigations at
Mirabello, Italy after the M5.9 2012 Emilia-
Romagna earthquake.

In many cases, CPT and Vs data has also been col-
lected at sites where DMT testing has been per-
formed in post-earthquake investigations. These data
could be potentially useful in evaluating hybrid trig-
gering curves which involve two in-situ measure-
ments, such as the procedure proposed by Marchetti
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(2015) which uses both g. from a CPT and Kp from
the DMT. Fines contents and index tests were avail-
able in some cases along with the soil classification
symbol according to the Unified Soil Classification
System. Nevertheless fines content corrections are
not included in DMT liquefaction triggering curves.
The implementation of the CRR-Kp case history da-
tabase could support the introduction of a more con-
sistent liquefaction curve that could also consider
the fine content influence using the material index
Ip. We have included silty sand and sandy silt data
points regardless of fines content to this point.

The DMT data set is clearly dominated by results
from the Loma Prieta earthquake and by sites in Cal-
ifornia. Additional test data for other earthquakes
and other geological settings would be very desira-
ble. In so far as we can determine, all the sites de-
scribed previously involve Holocene deposits. Some
additional DMT data is available for older sediments
in the New Madrid Seismic Zone and the Charles-
ton, South Carolina area. However, these sites have
been excluded at the present time as we consider
how to adjust the results for aging effects. After ad-
justment for aging, these sites could potentially be
included as data points for the same triggering curve
as we routinely account for different magnitudes
which are normalized to M,, = 7.5 using magnitude
scaling factors.

3.2 Evaluation of average values and CSR

For each site where liquefaction occurred an average
Kp value was taken from the liquefied layer. Where
several depth ranges were given, the Kp value corre-
sponding to each range was plotted throughout the
liquefied layer. For sites where liquefaction did not
occur average Kp values for several layers were
plotted to capture the range of values involved.Fines
content corrections were not taken into account in
many cases owing to the lack of data in the evaluat-
ed studies.

CSR values for Figures 2, 3, and 4 were computed
using the Youd et al. (2001), Idriss & Boulanger
(2006), and Boulanger & Idriss(2016) methods. All
methods used the CSR equation proposed by Seed
and Idriss (1971).

Jvo

0'vo

CSR = 0.65 (222x) ( (4)

fmar) (22) 1, /MSF
g

where amqx 1s the peak ground acceleration, oy, and
o are the total and effective vertical stresses, re-
spectively, 74 is a stress reduction factor, and MSF is
a magnitude scaling factor.The Ko factor was not
employed in computing CSR as this has not typically
been done in developing the CRR-Kp correlations.



3.2.1 Youd et al. (2001)Method.:

The Youdet al. (2001) method used Liao & Whit-
man’s (1986) recommendations for stress reduction
coefficients, 74, as given by the following equations:

rg = 1.0 — 0.00765z forz<9.15m (5)

ry = 1.174 — 0.0267z
(6)

Magnitude scaling factors, MSF, were computed
using the equation:

for9.15m<z<23m

MSF = 10%%%/M,>% (7)

3.2.2 Idriss & Boulanger (2006) Method.:

Equations originally developed by Idriss (1999)
were used to calculate the Boulanger & Idriss(2006)
stress reduction coefficients and magnitude scaling
factors. The stress reduction coefficients were com-
puted using the equation:

ra = expla(z) + B(2) - M] (8)

where:

a(z) = —1.012 — 1.126sin (ﬁ + 5.133) 9)

B(z) = 0.106 + 0.118sin (= +5.142)  (10)

The magnitude scaling factors, MSF, were com-
puted using the equation:

MSF = 6.9 exp () — 0.058 < 1.8 (11)

3.2.3 Boulanger & Idriss 2016 Method:

The Idriss (1999) stress reduction coefficient equa-
tions were also used in the Boulanger and Idriss
(2016) method. An overburden correction factor was
first solved for to obtain MSF.. MSFnuwas then
used to compute the overall MSF using the equa-
tions:

MSF = 1+ (MSFpqx — 1) (8.64exp (57) = 1.325)  (12)

where:
3
MSFyqyx = 1.09 + (128)" < 2.2 (13)
2
MSFyqyx = 1.09 + (£22)" < 2. (14)

The overburden correction factor, C,, used in
computing gc; and (Nj)sowas computed using the
equation:

m
on=(32) =17 (15)
where:
m = 1.338 — ()'le'g(qclNcs)o'%4 (16)
m = 0.784 — 0.0768V (N, socs (17)
and
— dc
dcin = CNP_a (18)

4 COMPARISON OF TRIGGERING CURVES
WITH FIELD PERFORMANCE DATA

As discussed in section 3, CSR values for each field
data point were determined using the Youd et al.
(2001) approach, the Idriss & Boulanger (2006) ap-
proach and the Boulanger & Idriss (2016) approach.
CSR-Kp data pairs for these three approaches are
plotted in Figures 2, 3, and 4, respectively. In these
three figures, plots of the three proposed DMT-
based liquefaction triggering curves are also shown
along with the field performance data points.The
solid red dots indicate liquefaction, while the open
dots indicates no liquefaction.Generally, the Youd et
al. (2001) approach gives the lowest CSR values,
while the Idriss & Boulanger (2016) approach typi-
cally gave the highest.

For Kp values less than 4.0, where most of the da-
ta points are located, the liquefaction triggering
boundary is fairly well constrained. Triggering
curves proposed by Robertson (2012) and Tsai et al.
(2009) seem to provide a reasonable boundary be-
tween liquefaction and no liquefaction points for
most CSR assessment approaches. In contrast, the
Monaco et al. (2005) curve seems to be somewhat
unconservative with liquefaction points below the
curve.

A review of the plots in Figures 2 through 4 indi-
cates that there are very few data points indicating
liquefaction where Kp is greater than 4. This does
not necessarily mean that liquefaction will not occur
at higher values, it simply means that data points
have not yet been collected with high enough CSR
values to produce liquefaction. Most of the data
points with a Kp greater than 4 do not have CSR val-
ues above 0.175 and would not be expected to ex-
hibit surface evidence of liquefaction based on any
of the triggering curves. This observation points out
the need to perform DMT tests at liquefaction sites
where Kp is greater than 4 and where CSR is greater



than 0.2 to better define the boundary of the trigger-
ing curve.
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Figure 2. Comparison of proposed DMT-based liquefaction
triggering curves with field performance data points using the
Youd et al. (2001) approach for CSR.
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Figure 3. Comparison of proposed DMT-based liquefaction
triggering curves with field performance data points using the
Idriss and Boulanger (2006) approach for CSR.
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Figure 4. Comparison of proposed DMT-based liquefaction
triggering curves with field performance data points using the
Boulanger and Idriss (2016) approach for CSR.
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There are also a few points with high CSRs that
would be expected to liquefy based on all three
DMT-based triggering curves but do not show signs
of liquefaction. In some of these cases, the non-
liquefiable surface layer may have been thick
enough relative to the thickness of the liquefiable
layer to prevent the manifestation of liquefaction ef-
fects at the surface as suggested by Ishihara (1985)
and noted by Hryciw et al. (1998).

5 CONCLUSIONS

Despite the availability of liquefaction triggering
curves based on CPT and SPT data, a DMT-based
liquefaction triggering curve is highly desirable be-
cause it is more sensitive to aging, stress history, and
horizontal earth pressure. These factors are particu-
larly important when evaluating increased liquefac-
tion resistance produced by ground improvement
techniques when both the density and lateral pres-
sure are increased.

The DMT-based field performance data provides
reasonable discrimination between liquefaction and
no liquefaction for Kp values less than 4.0. Both the
Tsai et al. (2009) and Robertson (2012) curves pro-
vide reasonable triggering boundaries within this
range. In contrast the Monaco et al. (2005) curve is
somewhat unconservative with liquefaction points
below the curve.

For Kp values greater than 4.0 there is currently
insufficient data to determine which of the three
triggering curves provide the most appropriate
boundary. Additional testing is necessary at sites
with Kp greater than 4.0 where CSR is higher than
0.20 to help define the triggering curve in this re-
gion.
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