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Abstract. The stress-based simplified liquefaction triggering procedure is the
most widely used approach to assess liquefaction potential worldwide. However,
empirical aspects of the procedure were primarily developed for tectonic earth-
quakes in active shallow-crustal tectonic regimes. Accordingly, the suitability of
the simplified procedure for evaluating liquefaction triggering in other tectonic
regimes and for induced earthquakes is questionable. Specifically, the suitability
of the depth-stress reduction factor (rg) and magnitude scaling factor (MSF) rela-
tionships inherent to existing simplified models is uncertain for use in evaluating
liquefaction triggering in stable continental regimes, subduction zone regimes, or
for liquefaction triggering due to induced seismicity. This is because both rgq, which
accounts for the non-rigid soil profile response, and MSF, which accounts for shak-
ing duration, are affected by the characteristics of the ground motions, which can
differ among tectonic regimes, and soil profiles, which can vary regionally. Pre-
sented in this paper is a summary of ongoing efforts to regionalize liquefaction
triggering models for evaluating liquefaction hazard. Central to this regionaliza-
tion is the consistent development of tectonic-regime-specific ry and MSF rela-
tionships. The consistency in the approaches used to develop these relationships
allows them to be interchanged within the same overall liquefaction triggering
evaluation framework.
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1 Introduction

The stress-based “simplified” liquefaction evaluation procedure is the most widely used
approach to evaluate liquefaction triggering potential worldwide. Analysis of fifty well-
documented liquefaction case histories from the 2010-2011 Canterbury, New Zealand,
earthquake sequence showed that the three commonly used Cone Penetration Test (CPT)-
based simplified liquefaction triggering models (i.e., [1-3]), performed similarly, with
the Idriss and Boulanger [3] model performing slightly better than the others. The same
conclusion was obtained from the analysis of several thousand case studies from the
Canterbury earthquake sequence, wherein the models were used in conjunction with
surficial liquefaction manifestation severity indices (e.g., Liquefaction Potential Index:
LPI [4]) to evaluate the severity of liquefaction [5, 6].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
L. Wang et al. (Eds.): PBD-IV 2022, GGEE 52, pp. 437451, 2022.
https://doi.org/10.1007/978-3-031-11898-2_25


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-11898-2_25&domain=pdf
https://doi.org/10.1007/978-3-031-11898-2_25

438 R. A. Green

Despite the conclusions from the comparative studies using the New Zealand data, the
suitability of the existing variants of the simplified models for use in evaluating liquefac-
tion triggering in stable continental or subduction zone tectonic regimes is questionable.
Additionally, the suitability of existing models for evaluating liquefaction potential due
to induced earthquakes is also questionable. This is because the simplified procedure is
semi-empirical, with the empirical aspects of it derived from data from tectonic earth-
quakes in active shallow-crustal tectonic regimes (e.g., California, Turkey, and portions
Japan and New Zealand). As a result, existing variants of the simplified procedure may
not be suitable for use in evaluating liquefaction triggering when the geologic pro-
files/soil deposits or ground motion characteristics differ significantly from those used
to develop some of the empirical aspects of the models. Specifically, the depth-stress
reduction factor (rg) and magnitude scaling factor (MSF) relationships inherent to exist-
ing variants of the simplified liquefaction evaluation models are significantly influenced
by the characteristics of the geologic profiles and ground motions.

In this paper, ongoing efforts by the author and his collaborators to develop region-
specific rqg and MSF relationship are summarized. Relationships are being developed for
tectonic earthquakes in stable continental regimes (e.g., the central-eastern US: CEUS)
and subduction zone events (e.g., the Pacific Northwest, PNW of the US), and induced
earthquakes in the Groningen region of the Netherlands due to natural gas extraction and
in Midwest of the US (MWUS: Oklahoma, Texas, and Kansas) due to deep waste water
disposal. The significance of the differences in these regional relationships is shown
by the ratios of the factors of safety against liquefaction triggering computed using the
various preliminary region-specific relationships and those from active shallow-crustal
tectonic regimes.

2 Background

2.1 Overview of the Simplified Model

In the simplified procedure, the seismic demand is quantified in terms of Cyclic Stress
Ratio (CSR), which is the cyclic shear stress (1) imposed on the soil at a given depth in
the profile normalized by the initial vertical effective stress (o) at that same depth. The
word “simplified” in the procedure’s title originated from the proposed use of a form of
Newton’s Second Law to compute T at a given depth in the profile, in lieu of performing
numerical site response analyses [7, 8]. The resulting “simplified” expression for CSR
is given as:
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where: am,x = maximum or peak horizontal acceleration at the ground surface; g =
acceleration due to gravity; oy and ¢’y, = total and initial effective vertical stresses,
respectively, at the depth of interest; and rq = depth-stress reduction factor that accounts
for the non-rigid response of the soil profile.

Additional factors are applied to Eq. 1, the needs for which were largely determined
from results of laboratory studies, to account for the effects of the shaking duration
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(MSF: Magnitude Scaling Factor, where the reference motion duration is for a moment
magnitude, My, 7.5 earthquake in an active shallow-crustal tectonic regime), initial
effective overburden stress (K, where the reference initial effective overburden stress
is 1 atm), and initial static shear stress (K, where the reference initial static shear stress
is zero, e.g., level ground conditions). The resulting expression for the normalized CSR
(i.e., CSR*: CSR normalized for motion duration for a My, 7.5 active shallow-crustal
event, 1 atm initial effective overburden stress, and level ground conditions) is given as:

CSR* — CSR

= 2
MSF - K;-Kq

= 0.65(“ ) ()
g o0y MSF-K;Kgy
Case histories compiled from post-earthquake investigations were categorized as
either “liquefaction” or “no liquefaction” based on whether evidence of liquefaction
was or was not observed. The normalized seismic demand (or normalized Cyclic Stress
Ratio: CSR¥*) for each of the case histories is plotted as a function of the correspond-
ing normalized in-situ test metric, e.g., Standard Penetration Test (SPT): Ny gocs; Cone
Penetration Test (CPT): qcinNes; or small strain shear-wave velocity (Vs): Vsi. In this
plot, the “liquefaction” and “no liquefaction” cases tend to lie in two different regions
of the graph. The “boundary” separating these two sets of case histories is referred to as
the Cyclic Resistance Ratio (CRRy7.5) and represents the capacity of the soil to resist
liquefaction during the reference event and initial stress conditions (i.e., a My, 7.5 active
shallow-crustal event, 1 atm initial effective overburden stress, and level ground con-
ditions). This boundary can be expressed as a function of the normalized in-situ test
metrics.
The factor of safety against liquefaction (FSjjq) is defined as the capacity of the soil
to resist liquefaction for the reference conditions divided by the normalized seismic
demand:

CRRy75

FSiig = —gge

3)

The ability of the soil to resist liquefaction during earthquake shaking can be consid-
ered an inherent property of the soil, independent of earthquake shaking characteristics.
However, because CRRyp7.5 was developed from case histories from active shallow-
crustal tectonic earthquakes, the seismic demand imposed on the soil needs to be “cor-
rected” so that it is consistent with the reference conditions. In the simplified liquefaction
evaluation procedure, the potential differences in ground motion characteristics manifest
in the rg and MSF relationships used to compute CSR* (Eq. 2). Both ry and MSF are
discussed in detail in the following.

2.2 Depth-Stress Reduction Factor

As stated above, rq is an empirical factor that accounts for the non-rigid response of
the soil profile. For illustrative purposes, the r4 relationship developed by Idriss [9] and
used in both the Idriss and Boulanger [3] and the Boulanger and Idriss [10] simplified
liquefaction evaluation models is shown in Fig. 1. The Idriss [9] rq relationship is a
function of earthquake magnitude and depth, with rq being closer to one for all depths for
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larger magnitude events (note that rq = 1 for all depths corresponds to the rigid response
of the profile). This is because larger magnitude events have longer characteristic periods
(e.g., [11]) and hence, longer wavelengths. As a result, even a soft profile will tend
to respond as a rigid body if the characteristic wavelength of the ground motions is
significantly longer than the height of the profile. Accordingly, the correlation between
earthquake magnitude and the frequency content of the earthquake motions significantly
influences the rq relationship. Additionally, the dynamic response characteristics of the
geologic profile, to include the impedance contrast between bedrock and the overlying
soil, also influences rq. This raises questions regarding the universality of existing rq
relationships that were developed using motions recorded during moderate to major
tectonic events (5 < My < 8) in active shallow-crustal regimes and geologic profiles
characteristic of California. Specifically, it is uncertain regarding whether or not such
relationships are suitable for evaluating liquefaction triggering in other tectonic regimes,
for induced earthquakes, or geologic profiles that significantly differ from those used to
develop the existing rq relationships.
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Fig. 1. rq factor used to account for the non-rigid response of the soil column. The red, blue, and
green lines were computed using the Idriss [9] rq relationship for Mw5.5, My 6.5, and My, 7.5
events, respectively.

2.3 Magnitude Scaling Factor: MSF

As stated above, MSF account for the influence of the strong motion duration on lig-
uefaction triggering. For historical reasons, the influence of ground motion duration on
liquefaction triggering is expressed relative to of that of a M, 7.5 shallow-crustal event
in an active tectonic regime. Towards this end, MSF have traditionally been computed
as the ratio of the number of equivalent cycles for the reference event (neqmy7.5) to that
of the event of interest (neq m), raised to the power b [i.e., MSF = (neq m7.5/Neq )21
Commonly, the Seed et al. [12] variant of the Palmgren—Miner (P-M) fatigue theory
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is used to compute neq M and neq m7.5 (collectively referred to as neq henceforth) from
earthquake motions recorded at the surface of soil profiles. Additionally, the value of
b is commonly obtained from laboratory test data. b is the negative slope of a plot of
log(CSR) vs. log(Niiq), as shown in Fig. 2; Ny;q is the number of cycles required to trigger
liquefaction in a soil specimen subjected to sinusoidal loading having an amplitude of
CSR, typically determined using cyclic triaxial or cyclic simple shear tests.

MSE = Neqm7.s
Negm

b

Cyclic Stress Ratio (CSR)
(log scale)

Number of Cycles to Trigger Liquefaction (N;,)
(log scale)
Fig. 2. For liquefaction evaluations, the Seed et al. [12] variant of the P-M fatigue theory has
most commonly been used to compute the equivalent number of cycles (neq). Per this approach,
the negative of the slope of a CSR vs. Njjq curve (or b-value) developed from laboratory tests is
used to relate the “damage” induced in a soil sample from a pulse having one amplitude to that
having a different amplitude. The b-value is also used to relate ngq and MSF

There are several shortcomings inherent to the Seed et al. [12] variant of the Palm-
gren—-Miner (P-M) fatigue theory used to compute neq and how the b-value used to
compute MSF is determined. These include:

e Because the Seed et al. [12] approach for computing neq is based on motions recorded
at the surface of the soil profile, both the magnitude and uncertainty in neq, and hence
MSEF, are assumed to be constant with depth. However, Green and Terri [13] have
shown that neq can vary with depth in a given profile, and Lasley et al. [14] showed
that while the median values of neq computed for a large number of soil profiles and
ground motions remains relatively constant with depth, the uncertainty in their values
varies with depth.

e Pulses in the acceleration time history having an amplitude less than 0.3-ap,x are
assumed not to contribute to the triggering of liquefaction, and thus are not considered
in the computation of neq. Using a relative amplitude criterion to exclude pulses is
contrary to the known nonlinear response of soil which is governed by the absolute
amplitude of the imposed load, among other factors. The use of a relative amplitude
exclusion criterion with tectonic earthquake motions may inherently bias the resulting
MSE, limiting its validity for use with motions having different characteristics (e.g.,
motions from induced earthquakes).

e Each of the two horizontal components of ground motion is treated separately, inher-
ently assuming that both components have similar characteristics. However, analysis
of recorded motions has shown this is not always the case, particularly for motions
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in the near fault region of tectonic events (e.g., [15-17]). Also, the horizontal com-
ponents of the induced motions recorded in the Groningen region of the Netherlands
have been shown to exhibit very strong polarization [18].

e b-values used to compute MSF are commonly derived from multiple laboratory stud-
ies performed on various soils, and it is uncertain whether all these studies used a
consistent definition of liquefaction in interpreting the test data. As a result, the b-
values entail a considerable amount of uncertainty [19]. Additionally, previously used
b-values are not necessarily in accord with those inherent to the shear modulus and
damping degradation curves used in the equivalent linear site response analyses to
develop the rg and neq relationships (elaborated on subsequently).

o Recent studies have shown that the amplitude (e.g., amax) and duration (e.g., neq) of
earthquake ground motions are negatively correlated (e.g.,[14, 20, 21]). Few, if any,
of the MSF relationships developed to date have considered this.

Some of the above listed shortcomings likely will be more significant to the lique-
faction hazard assessment than others, but it is difficult to state a-priori which ones these
are. Furthermore, even for tectonic earthquakes in active shallow-crustal regimes, the
validation of MSF is hindered by the limited magnitude range of case histories in the field
liquefaction databases, with the majority of the cases being for events having magnitudes
ranging from M,,6.25 to M,,7.75 [22]. Specific to liquefaction hazard assessment for
induced earthquakes, MSF for small magnitude events are very important, particularly
given that published MSF values vary by a factor of 3 for M, 5.5 [23], with this factor
increasing if the proposed MSF relations are extrapolated to lower magnitudes.

3 Development of Regional rq and MSF Relationships

3.1 Regional-Specific Relationships

Region-specific rg and MSF relationships are being developed using approaches outlined
below. The approaches are consistently being implemented across tectonic regimes and
for tectonic vs. induced events. As a result, any bias inherent to the relationships should
be consistent across all relationships, which is essential to allow use of these relationships
in conjunction with the same CRRyy7 5 curve.

3.2 Regional rq Relationships

Region-specific rq relationships are being developed using an approach similar to that
used by Cetin [24]. Equivalent linear site response analyses are being performed using
soil profiles and ground motions representative of: (1) active shallow-crustal events
(e.g., western US: WUS); (2) shallow-crustal events in the stable continental setting
(e.g., CEUS); (3) mega-thrust subduction zone events (e.g., PNW); (4) induced events
resulting from deep waste water disposal in the MWUS; and (5) induced events resulting
from natural gas production in the Groningen region of the Netherlands. In all cases
ground motions representative of the respective source mechanisms and soil profiles
representative of the respective regions are being compiled. Several functional forms for
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the region-specific rq relationships are being examined in regressing the results from the
site response analyses for each region, with the final form of regressed rq relationship
for each region being selected by balancing simplicity and low standard deviation of the
regressed equation.

3.3 Regional MSF Relationships

The development of region-specific MSF relationships that overcome all the shortcom-
ings listed in Sect. 2.3 is not as straightforward as developing the new rq relationships.
The reason for this is that there are many more issues with how neq and MSF relationships
have been developed than there are for how rq relationships have been developed. As a
result, new approaches for computing neq and MSF need to be developed, as opposed
to implementing an existing approach using a more comprehensive dataset and a more
rigorous regression analysis.

Well-established fatigue theories have been proposed for computing neq for mate-
rials having varying phenomenological behavior; reviews of different approaches for
computing neq are provided in Green and Terri [13], Hancock and Bommer [25], and
Green and Lee [26], among others. Developed specifically for use in evaluating lique-
faction triggering, the approach proposed by Green and Terri [13] is selected herein for
developing the region-specific neq relationships. This approach is an alternative imple-
mentation of the P-M fatigue theory that better accounts for the nonlinear behavior of
the soil than the Seed et al. [12] variant. In this approach, dissipated energy is explicitly
used as the damage metric. neq is determined by equating the energy dissipated in a
soil element subjected to an earthquake motion to the energy dissipated in the same
soil element subjected to a sinusoidal motion of a given amplitude and a duration of
neq. Dissipated energy was selected as the damage metric because it has been shown
to correlate with excess pore pressure generation in saturated cohesionless soil samples
subjected to undrained cyclic loading (e.g., [27, 28]). Furthermore, from a microscopic
perspective, the energy is thought to be predominantly dissipated by the friction between
sand grains as they move relative to each other as the soil skeleton breaks down, which
is requisite for liquefaction triggering.

Conceptually, the Green and Terri [13] approach for computing neq is shown in
Fig. 3. Stress and strain time histories at various depths in the soil profile are obtained
from a site response analysis. By integrating the variation of shear stress over shear
strain, the cumulative dissipated energy per unit volume of soil can be computed (i.e.,
the cumulative area bounded by the shear stress-shear strain hysteresis 1oops). neq is
then determined by dividing the cumulative dissipated energy for the entire earthquake
motion by the energy dissipated in one equivalent cycle. For historical reasons, the shear
stress amplitude of the equivalent cycle (Tayg) is taken as 0.65: Tmax (Where Tmax is the
maximum induced cyclic shear stress, T, at a given depth), and the dissipated energy
associated with the equivalent cycle is determined from the constitutive model used in
the site response analysis.
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Fig. 3. Tllustration of the proposed procedure to compute neq [13]. In this procedure, the dissipated
in a layer of soil, as computed from a site response analysis, is equated to the energy dissipated in
an equivalent cycle of loading multiplied by neq

The same soil profiles and ground motions being compiled for developing the region-
specific rq relationships are being used to develop the region-specific neq relationships,
thus ensuring consistency between the relationships. As with the region-specific rq
relationships, several functional forms for the neq relationships are being examined in
regressing the results from the site response analyses for each region, with the final form
of regressed neq relationship for each region being selected by balancing simplicity and
low standard deviation of the equation.

As mentioned previously, MSF = (neq M7.5/Neq Mm)? where the value of b is commonly
obtained from laboratory test data (i.e., b is the negative slope of a plot of log(CSR)
vs. log(Nyig), as shown in Fig. 2). However, it is also possible to compute b-values
from contours of constant dissipated energy computed using modulus reduction and
damping (MRD) curves [29], as illustrated in Fig. 4. Assuming that the relationship
between CSR and Njjq is a contour of constant dissipated energy, the b-value representing
this relationship can be computed by estimating CSR for a range of Njjq values from
the dissipated energy per unit volume of soil for a M,,7.5 active shallow-crustal event
(AWnm7.5). Towards this end, the same approach used in equivalent-linear site response
analysis can be used to compute AWy75: using a visco-elastic constitutive model in
conjunction with MRD curves (e.g., Ishibashi and Zhang [30]). This approach results in
the following equation:
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MSF = eq M7.5
neq M
AWM7.5

contour of constant AW

b

CSR (log scale)

Njiq (log scale)

Fig. 4. A CSR vs. Njjq curve can be computed from shear modulus and damping degradation
curves assuming the curve is a contour of constant dissipated energy. AWy7.5 can be computed
using Eq. 4 and the remaining portions of the curve can be computed for different amplitudes of
loading by simply computing the number of cycles for the assumed loading amplitude required
for the dissipated energy to equal AWp75.

S \2
27D, (CRRu 75+ Ky - o,

G
Gmax ( Gmax ) y

where K, accounts for the overburden per Green et al. [31] and is analogous to the
overburden correction factor, Kg; Gmax is the small-strain shear modulus; and D,, and
(G/Gmax)y are the damping and shear modulus ratios, respectively, associated with a
given value of shear strain, y.

Because the relationship between CSR vs. Njjq is assumed to be a contour of constant
dissipated energy, the remaining portions of the curve can be computed for different
amplitudes of loading (i.e., CSR) by simply computing the number of cycles for the
assumed loading amplitude required for the dissipated energy to equal AWp75. In
this approach, the AW for one cycle of loading (i.e., AW1) having amplitude CSR is
computed as:

AWpy75 =

NegM 7.5 “4)

N2
27D, (CSR : crw)
Ginax (%)

and the Njjq corresponding to this CSR amplitude is AWp7.5/AW].

AW, = ®)

14
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Although an estimate of Gy, 1S necessary to compute AWy17.5 or AW individually,
because it appears in both the numerator and the denominator when computing Njjq =
AWn7.5/AWY, it cancels out. Accordingly, the value of Njiq (and b-value) computed
from MRD curves in this manner is not contingent on Ggx-

Values of Dy, and (G/Gpax )y can be determined using any published, applicable MRD
curves. The Ishibashi and Zhang [30] curves, hereafter denoted 1Z, are being used in this
study. These MRD curves are dependent on the initial mean effective stress, 6’0, and
soil type or plasticity index, PI. For liquefiable soils, PI is being assumed to equal zero
and o’ o is being computed as a function of the at-rest lateral earth pressure coefficient,
Ko, which is assumed to equal 0.5.

Using this procedure, b-values are being regressed for a range of q¢ines and o”vo
values. Values of qcines were correlated to D, using the following expression [3, 32]
[33]:

D, = 0.478(geines)*2%* — 1.063 (6)

In general, b-values remain relatively constant with increasing Dy and ¢’y,. An aver-
age b-value from the IZ MRD curves for ¢’y, = 100 kPa is 0.28. Note that although
the b-values showed some sensitivity to changes in D; and ¢’ ., the ranges of b-values
(0.25-0.31) have only a mild impact on MSF. It is noted that using the same MRD curves
to compute b as are also being used in the site response analyses to develop the rq and
neq relationships, ensuring consistency among all the relationships.

4 Ratios of FSjiq

To assess the significance of the region-specific rqg and MSF relationships on the lique-
faction triggering predictions, the ratios of the FSy;q computed using the region-specific
relationships and relationships for the reference tectonic regime (i.e., active shallow-
crustal regimes) are examined. Because it is assumed that the ability of the soil to resist
liquefaction during earthquake shaking is an inherent property of the soil, the ratio of
FSiiq for the CEUS and WUS, for example, becomes:

CRRy75
dmax Oy 1 —
0-657% o "d CEUS MSF cpys Ky Ka rawus  MSF crus
FS[iqratio = CRR = o @)
M7.5 Yd CEUS MSFWUS

0.65 e (:f:rd wus MSFWU;-K}/ K

Plots of FSiiq ratic computed using preliminary region-specific rq and MSF relation-
ships are shown in Fig. 5. Specifically, FSyiq ratio are shown for tectonic events in stable
continental regimes (e.g., CEUS: Fig. 5a), tectonic subduction zone events (e.g., PNW:
Fig. 5b), induced earthquakes in the MWUS (i.e., Oklahoma, Texas, and Kansas: OTK)
(Fig. 5¢), and induced earthquakes in the Groningen region of the Netherlands (Fig. 5d).

Values of FSjiq ratio that are less than one imply that the use of the simplified models
developed for tectonic events in active shallow-crustal regimes will over-predict the
liquefaction hazard. In contrast, values of FSiiq ratio that are greater than one imply that
the use of the simplified models developed for tectonic events in active shallow-crustal
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Fig. 5. Preliminary FSijq ratios for: (a) stable continental tectonic events: CEUS My 6.5 tectonic
event; (b) subduction zone tectonic events: PNW My, 8.5 tectonic event; (¢c) MWUS (i.e., Okla-
homa, Texas, and Kansas: OTK): My 5.25 induced event; and (d) Groningen region of the Nether-
lands: My 5.25 induced event. In all cases, soil deposits were assumed comprising loose uniform
sand deposits with the ground water table at a depth of ~2 m
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regimes will under-predict the liquefaction hazard. Accordingly, based on the plots in
Fig. 5, use of liquefaction triggering models developed for active shallow-crustal tectonic
regimes will result in a higher computed liquefaction hazard for subduction zone events
in the PNW and for induced earthquake in the Groningen region of the Netherlands
than the actual liquefaction hazard. Additionally, use of liquefaction triggering models
developed for active shallow-crustal tectonic regimes will result in a higher computed
liquefaction hazard for tectonic events in the CEUS and for induced earthquake in the
MWUS at shallower depths and lower liquefaction hazard at deeper depths than the actual
liquefaction hazard. In some of the cases, the liquefaction is significantly under- or over-
predicted. These trends provide the impetus to develop and use regionally applicable
liquefaction triggering models in assessing liquefaction hazards.

While the plots of the computed FSjiq ratio shown in Fig. 5 show trends in over- or
under-prediction of the liquefaction hazard in various tectonic regimes or tectonic vs.
induced earthquakes using models developed for active shallow-crustal tectonic events,
region-specific rq and MSF relationships can be used to directly evaluate the liquefaction
hazard in a given region. Specifically, the region-specific rqg and MSF relationships can
be used to compute CSR*, which in turn can be used in conjunction with the CRRy7.5
curve determined from case histories from active shallow-crustal tectonic events, to
compute FSjiq in a given region. This is because CRRy7 5 is considered to be an inherent
property of the soil and because consistent approaches are being used to develop all the
region-specific relationships. As a result, any bias inherent to these relationships will
be consistent among all relationships, which is essential to allow use of the region-
specific relationships in conjunction with the same CRRy75 curve. The exceptions to
the assumption that CRRy7.5 is an inherent property of the soil is if the mineralogy
or age of the soil of interest differs from that represented in the case history databased
used to develop the CRRy7 5 curve. In these cases, corrections need to be applied to the
CRRwM7 5 curve, but for the purpose of this study, these exceptional conditions are not
considered.

5 Summary and Conclusions

The stress-based “simplified” liquefaction evaluation procedure is the most widely used
approach to evaluate liquefaction triggering potential worldwide. However, the suitabil-
ity of the existing variants of the simplified models for use in evaluating liquefaction
triggering in tectonic regimes other than active shallow-crustal regimes is questionable.
Additionally, the suitability of existing models for evaluating liquefaction potential due
to induced earthquakes is also questionable. This is because the simplified procedure is
semi-empirical, with the empirical aspects of it derived from data from tectonic earth-
quakes in active shallow-crustal tectonic regimes (e.g., California, Turkey, and portions
Japan and New Zealand). As a result, existing variants of the simplified procedure may
not be suitable for use in evaluating liquefaction triggering when the geologic profiles/soil
deposits or ground motion characteristics differ significantly from those used to develop
some of the empirical aspects of the models.

In this paper, ongoing efforts by the author and his collaborators to develop region-
specific rg and MSF relationship were summarized. Relationships are being developed
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for tectonic earthquakes in the central-eastern US (CEUS) and subduction zone events
in the Pacific Northwest (PNW) of the US, and induced earthquakes in the Groningen
region of the Netherlands due to natural gas extraction and in Midwest of the US (MWUS:
Oklahoma, Texas, and Kansas) due to deep waste water disposal.

The significance of the region-specific relationships is shown by the ratios of the
factors of safety against liquefaction triggering computed using the various preliminary
region-specific relationships and those from active shallow-crustal tectonic regimes.
Based on preliminary relationships developed by the author and his collaborators, use of
liquefaction triggering models developed for active shallow-crustal tectonic regimes will
result in a higher computed liquefaction hazard for subduction zone events in the PNW
and for induced earthquake in the Groningen region of the Netherlands than the actual
liquefaction hazard. Additionally, use of liquefaction triggering models developed for
active shallow-crustal tectonic regimes will result in a higher computed liquefaction haz-
ard for tectonic events in the CEUS and for induced earthquake in the MWUS at shallower
depths and lower liquefaction hazard at deeper depths than the actual liquefaction hazard.
In some of the cases, the liquefaction is significantly under- or over-predicted. These
trends provide the impetus to use develop and use regionally applicable liquefaction
triggering models in assessing liquefaction hazards.
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