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Abstract We present empirically derived liquefaction resistance curve from a large
database of measurements from published literature and also simple shear tests that were
performed in this study. The data measured from simple shear and triaxial tests are sep-
arately compiled. The data are fitted with two empirical models to develop representative
liquefaction resistance curves. Comparisons illustrate that the slope of the widely used
power law is highly dependent on the range of data it is fitted to and that the power law
underestimates the resistance at high number of cycles (N). The alternative empirical
model is demonstrated to provide favorable fit with the measurement over a wide range of
data. The representative curves are normalized by the equivalent number of uniform cycles
for a magnitude (M) 7.5 event (Ny1—7.5) to reduce the wide scatter of the measurements and
to make it usable with liquefaction triggering charts that relate in situ parameter with cyclic
resistance ratio for a M = 7.5 event. Comparison with published liquefaction resistance
curves show that the proposed curve is lower at N < Ny—;5 and higher at N > Ny_75. A
single-parameter empirical exponential function that closely fits the normalized liquefac-
tion resistance curves and representative values for its parameter are presented. We also
propose an empirical equation to correct the liquefaction resistance curve measured from a
triaxial test to match that from a simple shear test.

Keywords Liquefaction resistance curve - Cyclic resistance ratio - Number of cycles -
Cyclic simple shear test - Cyclic triaxial test

1 Introduction

Stress-controlled cyclic tests are routinely performed to produce an empirical relationship
between applied uniform cyclic stress and number of cycles required to trigger liquefaction
(N). The amplitude of the cyclic stress is typically normalized by the effective overburden
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stress (effective vertical stress for a simple shear test and effective mean stress for a triaxial
test) to produce a cyclic stress ratio (CSR). CSR that triggers liquefaction in a specified
number of cycles is termed the cyclic strength or the cyclic resistance ratio (CRR). The
relationship between CRR and N is termed the cyclic strength curve (Ishihara 1996;
Kramer 1996) or the liquefaction resistance curve (Towhata 2008).

The liquefaction resistance curve is used as the weighting factor curve to calculate the
equivalent number of uniform cycles (N¢q) from an irregular time series, as proposed by
Seed et al. (1975). N4 is also the underlying basis of the magnitude scaling factor and used
with liquefaction triggering correlations that relate in situ soil parameter with CRR to
assess the liquefaction potential (e.g. Boulanger and Idriss 2004, 2012; Idriss and Bou-
langer 2008, 2010; Seed et al. 1984, 1985). Seed et al. (1975) used the CRR versus N data
of De Alba et al. (1976) as the weighting factor curve. Liu et al. (2001) used the compiled
CRR versus N data measured from simple shear tests to calculate N.q. The data were fitted
with an empirical two-parameter power law. Idriss and Boulanger (2006) used the data of
Yoshimi et al. (1984, 1989) to determine Ngq. The cyclic triaxial test results of Yoshimi
et al. (1984, 1989) on frozen soil samples were also fitted with the power law. Kishida and
Tsai (2014) used the curve of Idriss and Boulanger (2006) to calculate N.,. Boulanger and
Idriss (2015b) evaluated the influence of the liquefaction resistance curve on the magnitude
scaling factor. Recently, the liquefaction resistance curve is being used to calibrate
numerical pore pressure models. Boulanger and Ziotopoulou (2015) proposed to use the
liquefaction curve to evaluate and select the input parameters of their plasticity soil model.
For stress-based pore pressure models (e.g. Ivsi¢ 2006; Park et al. 2014), the liquefaction
curve is the key input parameter.

As summarized, the liquefaction curve is an essential input to assess the liquefaction
potential. However, there is a large uncertainty in the shape of the curve and therefore, a
wide range of curves have been used. The effects of soil parameters and test methods need
to be better quantified. We also need to look in more detail the applicability of the power
law that has most frequently been used to fit the CRR versus N data, because it was
reported that the slope of the model is highly dependent on the range of data over which it
is fitted (Boulanger and Idriss 2015b).

We conducted a series of laboratory tests and performed a comprehensive literature
review to collect and quantify reported liquefaction resistance curves for various types of
clean sands. The effects of the type of test, relative density, confining pressure, and sample
preparation method on the shape of the liquefaction curve are investigated. The measured
data points are fitted to the power law and another empirical model, and their relative
accuracies are compared. From the data, representative liquefaction resistance curves are
presented. The proposed curves are compared to previously reported range of curves. A
predictive equation for the liquefaction resistance curve that best fits the measurement is
proposed. Finally, we propose an empirical equation to correct the liquefaction curve
measured from a triaxial test to match that from a simple shear test.

2 Liquefaction resistance curve
The liquefaction resistance curve is obtained from stress-controlled cyclic triaxial (TX) or
simple shear tests (SS). The liquefaction triggering in a stress-controlled test is defined as

the state at which the residual excess pore water pressure ratio (r,) exceeds a target value
(Cetin and Bilge (2012) or when the maximum shear or axial strain exceeds a threshold
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value (Ishihara 1993; Jiaer et al. 2004). It was reported that the cyclic resistance measured
from cyclic triaxial tests and simple shear tests are not equivalent (Castro 1975; Finn et al.
1971; Seed et al. 1975; Seed and Peacock 1971). Triaxial tests resulted in higher cyclic
resistances to liquefaction and flatter curves compared with cyclic simple shear tests, as
shown in Fig. 1.

Because the stress field imposed in a simple shear test is recognized to be the most
representative of the field stress path under a vertically propagating shear wave, CRR from
a triaxial test, (CRR)ty, is corrected to match that from a simple shear test, (CRR)gg, as
follows:

(CRR) g5= c/(CRR) 1y (1)

where c, is the correction factor. Various forms of ¢, have been proposed, as summarized in
Table 1. It should be noted that the correction factor only shifts the curve vertically, and
does not change the slope of the curve.

The following empirical equation is widely used to define the relationship between CRR
and N:

CRR = aN" (2)

where a and b are curve fitting parameters. The empirical curve has been widely used to fit
the measured CRR and N data points. Liu et al. (2001) used the cyclic simple shear test
measurements from a large body of literature, which include the data of Tatsuoka and
Silver (1981), De Alba et al. (1976), Ishihara and Yamazaki (1980), and Boulanger and
Seed (1995). In Fig. 2, the data of Tatsuoka and Silver (1981) are fitted to the power law.
As discussed in the previous section, it is shown that the slope is highly dependent on the
range of N the curve is fitted to. If the data at N > 20 is included, b becomes considerably
lower. Comparisons demonstrate that a linear log (CRR) versus log (N) correlation does
not successfully fit the data for a wide range of N and that a unique value for the parameter
b cannot be obtained. Figure 3 displays all simple shear test data used in the study of Liu
et al. (2001). CRR of the data are normalized to CRR at N = 15, denoted CRRy_;5. Also
shown in the figure is the upper and lower bounds of the data, as proposed by Liu et al.
(2001). The upper bound curve, which has a b value of 0.37, was used as the laboratory-
based weighting factor curve to determine N.4. Comparisons show that the measured data
fall below the upper bound curve at N < 15 and are higher than the curve at N > 15. The
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Table 1 Correction factors used
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match is particularly not agreeable at high values of N. This is because the power law fitted
to the data at low N greatly underestimates the resistance at high N.

Idriss (1999) used the data of Yoshimi et al. (1984), whereas Idriss and Boulanger
(2006) used the data of Yoshimi et al. (1984, 1989) shown in Fig. 4 to determine the b
parameter of the power law. In the study of Idriss and Boulanger (2006), the data set was
grouped into dense (D, = 87 %) and medium dense sands (D, = 54, 78 %). It was
reported in both Idriss (1999) and Idriss and Boulanger (2006) that the b values for all
densities were 0.34. Using the same data set, Boulanger and Idriss (2015b) reported that the
value of b ranges from 0.13 to 0.41. The main difference between two studies is the range
of N used to fit the data, again highlighting the limitation of the power law. Boulanger and
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Fig. 4 TX tests on frozen
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Idriss (2015b) addressed that the data from two other sets of cyclic triaxial tests on clean
sands produced b values ranging from 0.10 and 0.25. The values of the b parameter that fit
three sets of cyclic simple shear test results ranged from 0.08 to 0.27. The values of the b
parameter fitted to the simple shear test results was shown to be lower than those fitted to
the data of Yoshimi et al. (1984, 1989). Possible reasons for the wide variation in the b
values for the simple shear test results were not discussed. For some sets of measurements,
the data are clustered within a narrow range of N, which may have biased the value of b. It
may have been influenced by the limited number of CRR versus N data to which the power
law curve was fitted to. It was also reported that for curves that become strongly curved at
low number of cycles, the power law approximation may not be adequate. The repre-
sentative values of b for which the magnitude scaling factors were derived were 0.40, 0.34,
0.28, 0.22, and 0.16. The values represent a broad range of soil types including clean, silty,
and clayey sands. Kishida and Tsai (2014) used b = 0.34 as the reference slope of sands in
calculating Neg.

The most widely used values of the b parameter for clean sands, as reported in previous
studies, are 0.34 and 0.37. However, it should also be noted that the values are close to the
upper bound of the measured data at low N. It should also be highlighted that they provide
poor fits at high number of cycles, because a linear relationship between log (CRR) and log
(N) is assumed. As discussed in the previous section, because the formulation does not
imply an asymptotic trend for CRR at high N, the residual pore pressure is predicted to
develop even at very small levels of shear stress. This contradicts the findings from
physical experiments that illustrate that at stress amplitudes below a threshold value, the
residual pore water pressure does not develop and liquefaction will not be triggered,
irrespective of the number of stress cycles (Dobry et al. 1982; Vucetic 1994).

Empirical liquefaction resistance curve can also be constructed using the damage
parameter (D) of Park et al. (2014), which is defined as follows:

D = (1/CSR)(CSR — CSR,)" (3)

where CSR; = threshold shear stress ratio below which residual pore pressure is not
generated, n = length of shear stress path [equivalent to 4 N-(CSR) for cyclic stress-
controlled tests], o = calibration parameter. Two parameters, CSR; and o, are selected
such that D is a constant for a given liquefaction curve. The selection procedure of two
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parameters, as outlined in Park et al. (2014), is as follows. Initially, a value of CSR; is
assumed. The exponent o is determined from the following equation:

N
1 log m

M—
Z} 10g(CSR;; —CSR,)—log(CSR,—CSR,)
p

(4)

where M is number of data points of the CRR versus N curve, i and i + 1 denote two
adjacent data points of the curve. The equation is derived from Eq. (3) and represents the
mean of the parameter o across the CRR versus N data. This process is repeated over a
range of CSR, until o that results in the lowest COV is obtained. After the parameters CSR,
and o are selected, the corresponding D, is again calculated. The damage parameter
equation can be reformulated to produce a relationship between CRR and N.

Olavg = M

D l/ﬁnvg
CSR = < 4;’\”15’) +CSR; (5)

The equation provides an alternative method to express the liquefaction resistance
curve. However, representative values for CSR;, a, and D,,, were not proposed.

3 Compilation of measured liquefaction resistance curves

In this section, the measured CRR versus N curves digitized from published literature are
compiled and compared. The list of referred literature, soil properties, and details of the
tests are summarized in Table 2. We also performed cyclic simple shear tests on recon-
stituted specimens of clean Ottawa and Jumunjin sands. Ottawa sand is a standard quartz
sand designated as ASTM C 778 (ASTM 1995) (also known as ASTM C 109). Jumunjin
sand is a standard sand used in Korea. The maximum and minimum void ratios e,,,x and
emin Were determined according to ASTM D4254 (ASTM 2006b) and ASTM D4253
(ASTM 2006a), respectively. The physical properties of both sands are listed in Table 2.
The specimens were 6.37 cm in diameter and 2.4 cm in height, which satisfies the ASTM
D6528-07 (ASTM 2007) requirements. Moist tamping method was used to prepare the
reconstituted samples. We used NGI-type wire reinforced membrane. All samples were
anisotropically consolidated under 100 kPa. After consolidation, the samples were sheared
under uniform 0.1 Hz sinusoidal stress. The tests were performed at three relative densities
for both Ottawa and Jumunjin sands.

The relative densities of all measured test data range from 15 to 87 %, and the confining
pressures range from 50 to 400 kPa. Sample preparation methods used include water
pluviation, air pluviation, moist tamping by under compaction, slurry deposition, and
saturated tamping. It should be noted that only tests results on clean sands were used in this
study. As reported in Cetin and Bilge (2012), the cyclic resistance is dependent on the
strain threshold or r, used to define liquefaction triggering. The values used in their study
ranges from single amplitude (SA) shear strain = 1 to 6 % and r, from 0.5 to 0.9. The
liquefaction triggering criteria used in the compiled data set are summarized in Table 2. It
is shown that for simple shear tests, the range of shear strain threshold is narrow, which are
double amplitude (DA) = 5, 6, and 7.5 %, and SA = 3 and 3.75 %. For triaxial tests, all
data that we complied used DA axial strain = 5 %. Only 2 test data among a total of 28
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data sets applied the r, criterion. Because of the relative uniformity in the strain threshold
and the limited sets of data that used the r, criterion, we believe that the effect of the
liquefaction triggering criteria is not significant and its effect on the shape of the lique-
faction curve does not need to be accounted for.

Figures 5 and 6 display the liquefaction resistance curves measured from simple shear
tests (9 out of 14 sands) and triaxial tests (9 out of 14 sands), respectively. Due to limitation
in space, not all results of tests as summarized in Table 2 are displayed. Based on the
measured data points, the liquefaction resistance curves were constructed using the model
of Park et al. (2014) and the power law to fit the data points.

For simple shear tests, Fig. 5 confirms that sand type, density, confining pressure, and
sample preparation techniques influence the cyclic resistance, as reported by (Ladd 1974;
Mulilis et al. 1977; Peacock and Seed 1968; Silver and Park 1976). The cyclic resistance is
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Fig. 5 Relationship between CRR and N for clean sands measured from stress-controlled cyclic simple
shear tests. Solid lines and dashed lines represent fitted CRR versus N curves constructed by the Park et al.
(2014) model and power law, respectively
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Fig. 6 Relationship between CRR and N for clean sands measured from stress-controlled cyclic triaxial
tests. Solid and dashed lines represent fitted CRR versus N curves constructed by the Park et al. (2014)
model and power law, respectively

shown to increase with an increase in the relative density or a decrease in the void ratio. A
decrease in CRR with increase in the confining pressure is observed, as shown in Fig. 5d.
The decrease is more significant for dense sands. Water pluviated samples show higher
resistance to liquefaction than the sample prepared by air pluviation, as illustrated in
Fig. Se. The liquefaction resistance curves constructed by the model of Park et al. (2014)
and power law are shown in Fig. 5. The model of Park et al. (2014) is shown to produce
better matches with the measurements. The power law is shown to underestimate CRR at
high N values, because the power law assumes a linear relationship between CRR and N in
log-log plot and CRR reduces to zero at high values of N. As discussed in the previous
section, it contradicts the observation that the residual pore pressure does not develop at
strains below the threshold volumetric strain and corresponding CSR, (Dobry et al. 1982;
Vucetic 1994). Park et al. (2014) model is shown to capture this behavior realistically.
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Overall, Park et al. (2014) model produces a higher and steeper curve at N < 2 and N > 20
than when using the power law.

The measured CRRs from triaxial tests, Fig. 6, are shown to be generally larger than
those from simple shear tests, and at the same time the curves are flatter. This is in line with
the discussion given in the previous section that the liquefaction curve from a triaxial test is
higher than that from a simple shear test (Fig. 1), and that (CRR)rx needs to be corrected.
As observed in the results of simple shear tests, pronounced influences of the relative
density and confining pressure are also observed.

4 Normalized liquefaction resistance curves

In this section, we present the liquefaction resistance curve that are normalized to CRR at
Nyi—7.5, which represents N4 for a M = 7.5 event. The rationale behind this normalization
is to develop curves that are usable with the semi-empirical liquefaction triggering curves
which correlate in situ parameter with CRRy_7 5, where CRRy,_; 5 represents the resis-
tance ratio for a M = 7.5 event (e.g. Andrus et al. 2009; Andrus and Stokoe II 2000;
Boulanger and Idriss 2014, 2015a; Cetin et al. 2004; Idriss and Boulanger 2012; Kayen
et al. 2013; Moss et al. 2006; Seed et al. 1985). To normalize, we need to estimate the
representative value of Ny—7s.

Seed et al. (1975) and Idriss (1999) addressed that Ny—; 5 = 15, based on the data of De
Alba et al. (1976) and Yoshimi et al. (1984, 1989), respectively. Liu et al. (2001) reported
that Ny 5 is critically dependent on the distance from fault rupture (R,,) and the CRR
versus N relationship, and that the site class and near-fault rupture directivity have sec-
ondary influences. Representative Ny—7 5 was 23 for Ry, < 30 km. Green and Terri (2005)
performed nonlinear site-response analyses and calculated N, based on the dissipated
energy. Noq was shown to be functions of M, Ry, and depth in a soil profile. Idriss and
Boulanger (2008) addressed that for simplicity the value of N, may be expressed solely as
a function of earthquake magnitude and recommended to use Ny—7 5 = 15. Boulanger and
Idriss (2015b) analyzed the effect of b on N4 and showed that the geometric mean of
Nwm=7.5 is relatively constant at 15 for b values between 0.2 and 0.5. Kishida and Tsai
(2014) analyzed more than 3500 ground motion records for site class D conditions and
investigated the influence of the peak ground acceleration (PGA), a spectral ratio
parameter describing the shape of the acceleration responses spectra, M, Ry, parameter b,
and the period of the soil layer. The proposed empirical function is the following:

exp(co +c1InPGA + c,InS) + c3sM +c4lnb + CijS) + 05)
0.65!/6

where ¢y = —3.43; ¢; = —0.352; ¢, = —0.402; ¢c3 = 0.798; ¢4 = 1.72; and ¢c5 = —1; S;
is the spectral ratio between S, at 1.0 and 0.2 s, PGA = peak ground acceleration in unit
of g, and Ty = 4z/V, (V, = average shear wave velocity from the ground surface to the
depth z). Their analysis also showed that N4 increases with R,,,. The geometric mean of
Npi=7.5 for Ry, < 40 km [most of the liquefaction case histories documented by Seed et al.
(2001) are within this range], is approximately 15 for PGA = 0.2 g, as shown in Fig. 7a.
Nm=75 is shown to decrease with increase in PGA and T,. It is shown that b has a
secondary influence on Ny 5 relative to R,,p,. Based on previous studies, we recommend
to use Npj—7.5 = 15 if estimates of Ry, PGA, and T, are not available. If representative

InN, =In

(6)
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Fig. 7 Comparison of Ny_7.5 a comparison of Ny_7 5 proposed by Idriss (1999), Liu et al. (2001), Green
and Terri (2005), and Kishida and Tsai (2014) [PGA = 0.2 g, b = 0.34, and T = 0.0], b effect of PGA, T,
and b on calculated Ny;—7 5 using the equation of Kishida and Tsai (2014)

values for all parameters are available, the empirical equation of Kishida and Tsai (2014)
can be used to determine Ny;_7 5.

In the ensuing, we firstly present the liquefaction resistance curves normalized to
CRRy-;5. Curves normalized to values of Nyj_7 s other than 15 will be presented in the
following section. The normalized liquefaction resistance curves from simple shear tests
are shown in Fig. 8. Only curves fitted by the model of Park et al. (2014) are shown,
because it fits more favorably with the measured data. The scatter of CRR is significantly
decreased when normalized. The curves are dependent on the relative density, where the
normalized curve increases with increase in the relative density. The curves, however, are
independent of the confining pressure and sample preparation method, as shown in Fig. 8d
and e, respectively. Normalized curves from triaxial tests data fitted with Park et al. (2014)
model are also shown in Fig. 9. The normalized curves from triaxial tests are all lower
compared with those from simple shear tests, because the measured curves are flatter.

Figure 10a, b display all normalized curves measured by simple shear and triaxial tests,
respectively. The mean curves for both sets of data were calculated and are shown in Fig. 10.
The variability about the mean curve was quantified by the standard deviation (o), as shown
in Fig. 11. The standard deviations for both simple shear and trixial test measurements are
demonstrated to be quite small, where the maximum value of the standard deviation is only
0.8. Due to the small value of the standard deviation, we produce the two standard deviation
curves to represent the uncertainty in the normalized curve, as illustrated in Fig. 10a, b. In
Fig. 10a, the power law curves with b = 0.34 and 0.37 are also illustrated for comparison
purposes. As has been described in the previous section, the b = 0.34 curve was used by
Idriss (1999) and Idriss and Boulanger (2006), whereas the b = 0.37 curve was used by Liu
et al. (2001). The power law curves are shown to be higher than the proposed mean curve at
N < 15 and lower at N > 15. The proposed plus two standard deviation curve is shown to be
close to the Idriss (1999) curve, but slightly lower at N < 15 and steeper from N = 1 to 3.
The mean curve is best approximated by b = 0.28, although it will underestimate CRR at
N =1 and N > 15. The plus and minus two standard deviation curves are most favorably
approximated by b = 0.31 and 0.25, respectively.

The normalized curves from triaxial tests, Fig. 10b, are greatly lower and flatter than
those from simple shear tests, as described previously and shown in Fig. 9. The parameter
b that best fits the mean curve is 0.19. The plus and minus two standard deviation curves
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Fig. 8 CRR/CRRn-;5—-N curves fitted with Park et al. (2014) model to data from simple shear tests

are fitted most agreeably by b = 0.22 and 0.15, respectively. In calculating the mean and
two standard deviation curves, the data of Yoshimi et al. (1984, 1989) were not included.
The b = 0.34 curve, which fits the normalized data of Yoshimi et al. (1984, 1989) is shown
to be significantly higher and steeper than all other triaxial test measurements. The curves
match more favorably with the simple shear test results, as discussed in the previous
section. We considered the results of Yoshimi et al. (1984, 1989) as outliers, and therefore
they were not included in deriving the representative curves for the triaxial tests.

Because Npi—75 is not a fixed value and varies as a function of various parameters
including the rupture distance, we need to develop liquefaction resistance curves that are
normalized by values other than 15. In Fig. 12, the measurements are normalized by
NMm=7.5 = 20 and 23, respectively. As for the case of Ny—7.5 = 15, the measurements are
shown to collapse into narrow bands. However, the slope of the curve varies depending on
the value of Ny—7s.
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Fig. 9 CRR/CRRy_;5-N curves fitted with Park et al. (2014) model to data from triaxial tests

Development of the normalized curves with the Park et al. (2014) model, although more
accurate than the power law, can be difficult in practice because it requires multiple
parameters. To make the normalized data more accessible, a new empirical function for the
liquefaction resistance curve that closely matches the measurements is proposed as
follows:

CRR e(Nu=15/N)*
CRRM:7_5 N e(l)

(7)

where c is a curve fitting parameter. It should be noted that different values of ¢ should be
assigned for N < Ny;—7 5 and N > Ny 5 slopes. The equation can be used for any value of
estimated Ny—7 5, but the corresponding ¢ values will also vary accordingly. The values of
¢ for mean, and two standard deviations for Ny—; s value ranging from 10 to 30 are
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Fig. 10 Comparison of CRR/
CRRy-15-N curves: a simple
shear tests data fitted with Park
et al. (2014) model, b triaxial test
data fitted with Park et al. (2014)
model. The b = 0.34 and

b = 0.37 power law curves are
also shown for comparison
purposes
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displayed in Fig. 13. The values of c for representative Ny;_75 are also summarized in

Table 3.

As shown in Figs. 8 and 9, the normalized curves from simple shear tests are steeper
and lie above the normalized curves from triaxial tests at N < 15. Because the liquefaction
resistance curve from the simple shear test can be considered to be more representative,
triaxial test results are most often corrected to match those from simple shear tests. The
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Table 3 Proposed values for the parameter ¢ of Eq. (7)
N < Nm7s N > Npo75
Nm=7.5 10 15 20 25 30 10 15 20 25 30
Mean 0.24 0.23 0.21 0.21 0.20 0.25 0.22 0.20 0.18 0.17
Mean + 20 0.26 0.24 0.23 0.22 0.22 0.30 0.27 0.25 0.23 0.22
Mean - 20 0.23 0.21 0.20 0.19 0.19 0.20 0.17 0.15 0.14 0.13

correction factor summarized in Table 1 accounting for the difference in K, apply a
uniform correction value across a wide range of N. However, at higher stress ratios (low
number of cycles), it was reported that the cyclic triaxial test results are heavily influenced
by the extension part of the stress cycle since the applied stresses tend to lift the cap from
the test specimen. This may cause necking near the top of the sample and cause the
specimen to fail at lower number of cycles (Seed et al. 1975). To account for this
underestimation of the cyclic resistance at low number of cycles, the correction factor
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should be higher at lower cycles and gradually decrease with N. A new N dependent
function to fit the liquefaction resistance curve from a triaxial test to that from a simple
shear test is proposed as follows:

= (e x (MeczsY’ ®

where c; is the correction factor summarized in Table 1, and d is a curve fitting parameter.
The correction factor increases with a decrease in N, and therefore the corrected curve
becomes steeper at low N. The function was developed through regression analysis such
that the corrected normalized mean curve from triaxial test fits the normalized mean curve
from simple shear test. The best fit value of d for the mean curve and Ny_7 5 = 15 was
calculated as 0.07.

To evaluate the accuracy of the proposed correction curve, the curves from simple shear
tests and corrected curves based on triaxial test measurements are compared. The lique-
faction resistance curves from both simple shear and triaxial tests were available for only
Ottawa sand, as summarized in Table 2. It should be noted that different specimen
preparation methods were used for respective tests. The moist tamping and the slurry
deposition method were used to prepare specimens for simple shear (this study) and triaxial
tests (Carraro et al. 2003), respectively. Additionally, the relative densities of the soil
samples differ. For the relative densities of specimens were 40, 60, 80 % were for simple
shear tests, whereas the soils were tested at densities of 40, 67, and 77 % for triaxial tests.

Figure 14a—c compare the liquefaction resistance curves from simple shear tests and
curves corrected with the functions listed in Table 1. The curves corrected by the function
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Fig. 14 Comparison of liquefaction resistance curves of Ottawa sand from cyclic simple shear tests and
curves from triaxial tests corrected to fit those from SS tests
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of Seed and Peacock (1971) are shown to result in the most favorable matches with the
results from simple shear tests, as illustrated in Fig. 14b. However, all the curves from
triaxial tests are flatter compared to those from simple shear tests. Figure 14d—f plots the
curves corrected with Eq. (8). It is demonstrated that the proposed correction curve pro-
duces improved fits with the measurements from simple shear test. The slope of the fitted
curves matches very well with the target curves. Again, Fig. 14e results in the best fit with
the liquefaction resistance curves obtained from simple shear tests. To quantify the
accuracy of two correction factors, the absolute residuals between the target and corrected
curves (Fig. 14b, e) are calculated and displayed in Fig. 15. The residuals are calculated
for relative densities of 40 and 80 %. When the correction factor of Seed and Peacock
(1971) is used, the maximum residuals are up to 0.18 and 0.31 for Dr = 40 and 80 %,
respectively. However, when the proposed N dependent function is used, the residuals are
significantly reduced for both Dr = 40 and 80 % specimens to less than 0.05 and 0.14
respectively. Considering differences in the sample preparation method, discrepancy with
the target curve is inevitable. However, it is encouraging that the proposed N dependent
correction function derived from the mean curves greatly enhances the fit with the simple
shear test results for a specific soil.

5 Conclusions

Empirically derived liquefaction resistance curves are presented based on a large database
of test results from published literature and simple shear tests that we performed. The
measurements from simple shear and triaxial tests are separately compiled to develop
respective liquefaction resistance curves. The representative curves that we derived are
normalized to reduce the wide scatter of the measurements and to make it usable with
liquefaction triggering chart that relate in situ parameter with cyclic resistance ratio (CRR)
for a magnitude (M) = 7.5 event. The proposed curves are compared to design curves that
have been used to determine the equivalent number of uniform cycles (Nq) and to derive
the magnitude scaling factors. The main findings of this study are the following.

1. Two models were used to fit the measured data. The power law, which is most often
used, is shown to be flatter than the measurements at low number of cycles and
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underestimates the resistance at high number of cycles. The slope of the power law is
also demonstrated to be not unique for a set of data, but highly sensitive on the range
of data it is fitted to. Additionally, the asymptotic trend of the measurements cannot be
realistically captured by the power law. The Park et al. (2014) model is shown to
produce very favorable fit with the target measurements. Contrary to the power law,
unique sets of parameters for the Park et al. (2014) model that fit a wide range of data
can be found.

The scatter of CRR is significantly reduced when normalized to CRR at Ny;—7.5 (Neg
for a M = 7.5 event), denoted CRRy—75. The wide range of measured liquefaction
resistance curves collapses into a narrow band. The normalized curves are dependent
on the relative density, where they increase with an increase in the relative density.
The normalized curves, however, are independent of the confining pressure and the
sample preparation method. The standard deviation of the normalized curves is shown
to be lower than 0.08. Therefore, the variability of the normalized curve can be well
represented by the proposed mean and two standard deviation curves.

The normalized curves from simple shear tests are demonstrated to be lower than the
widely used power law based curves at N < Ny;—;5 and higher at N > Ny;_7 5. The
proposed curves are also steeper than the power law based curves at low N. The
normalized curves based on triaxial test measurements are shown to be greatly lower
and flatter than the simple shear test based curves.

We propose an empirical exponential function that closely fit the representative curves
produced from the measurements. To account for the pronounced difference in the
slope of the normalized liquefaction resistance curve with respect to Ny,—7 5, different
values are assigned to the parameter for N < Np—7.5 and N > Ny—75. Representative
values for the parameter of the empirical function for Ny;_7 5 ranging from 10 to 30 are
presented in the form of a chart and also a table.

Correction factor used in practice to adjust the cyclic liquefaction curve from a triaxial
test to account for the K,, condition is shown to be inappropriate because it only shifts
the curve vertically and does not modify the slope of the curve. A new correction
function that additionally adjusts the slope of the curve as a function of N is proposed.
The correction function is validated through measurements from parallel triaxial and
simple shear tests using comparable soil specimens.

The proposed liquefaction resistance curves can be used to calculate N4, to develop
new sets of magnitude scaling factors, and to calibrate numerical pore pressure
models. The shape of the curve may have a secondary influence on N, as reported in
previous studies, but it is expected to have a primary effect on the magnitude scaling
factors. Although it is out of scope of this study, it is an important topic that warrants
further investigation.
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