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ABSTRACT

The objective of this study is to examine the influence of near-fault motions on liquefaction triggering
in Christchurch and neighboring towns during the 2010-2011 Canterbury earthquake sequence (CES).
The CES began with the 4 September 2010, M,,7.1 Darfield earthquake and included up to ten events
that triggered liquefaction. However, most notably, widespread liguefaction was induced by the
Darfield earthquake and the M,6.2, 22 February 2011 Christchurch earthquake. Of particular
relevance to this study is the forward directivity effects that were prevalent in the motions recorded
during the Darfield earthquake, and to a much lesser extent, during the Christchurch earthquake. A 2D
variant of the Richart-Newmark fatigue theory was used to compute the equivalent number of cycles
(neg) for the ground motions, where volumetric strain was used as the damage metric. This study is
unique because it considers the contribution and phasing of both the fault-normal and fault-parallel
components of motion on ne, and the magnitude scaling factor (MSF). It was found that when the
fault-normal and fault-parallel motions were treated individually, the former yielded a lower ne, than
the latter. Additionally, when the combined effects of fault-normal and fault-parallel components were
considered, it was found that the MSF were higher than those commonly used. This implies that
motions containing near-fault effects are less demanding on the soil than motions that do not. This
may be one of several factors that resulted in less severe liquefaction occurring during the Darfield
earthquake than the Christchurch earthquake.
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INTRODUCTION

The objective of the study presented herein is to examine the influence, if any, of near-fault ground
motion effects on liquefaction triggering in Christchurch, New Zealand, and neighboring towns during
the 2010-2011 Canterbury earthquake sequence (CES). The Christchurch area experienced widespread
liquefaction as a result of the CES. However, of the 10 events in the CES that are known to have
caused liquefaction, the 4 September 2010, M,, 7.1 Darfield and 22 February 2011, M,, 6.2
Christchurch earthquakes were the most significant (Figure 1). Of particular relevance to this study is
the forward directivity effects, a near-fault phenomenon, that were prevalent in the ground motions
recorded during the Darfield earthquake, and to a much lesser extent, during the Christchurch
earthquake (e.g., Bradley and Cubrinovski, 2011; Bradley, 2012a,b; Shahi and Baker, 2012). Forward
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directivity is a Doppler-type phenomenon resulting from the approximate equality of the fault rupture
and shear wave velocities and can result in a double-sided velocity pulse in the fault-normal
component of motion. The strike slip rupture mechanism of the Darfield earthquake and the
orientation of the causative fault relative to Christchurch resulted in forward directivity effects to
manifest throughout much of the city. In contrast, the predominantly reverse rupture mechanism of the
Christchurch earthquake and the causative fault orientation only resulted in forward directivity effects
in areas south of the city along the Port Hills. Several studies have examined the detrimental effects of
near-fault motions on building structures (e.g., Hall et al., 1995; Alavi and Krawinkler, 2001; and
Luco and Cornell, 2007), but relatively little attention has been given to near-fault effects on
liquefaction, hence the objective of this study.

The present study differs from previous ones that examined the influence of directivity on liquefaction
triggering (e.g., Green et al., 2008) because it considers the contribution and phasing of both the fault-
normal and fault-parallel components of motion on the equivalent number of uniform cycles (ne,) and
corresponding magnitude scaling factors (MSF). Towards this end, a variant of the macro cumulative
damage fatigue theory proposed by Richart and Newmark (1948) (i.e., R-N fatigue theory) was used to
compute ng, for the earthquake motions, wherein volumetric strain was used as the damage metric. The
R-N fatigue theory was extended to two-dimensional (2D) motions using numerical element tests,
where the response of a finite element subjected to the 2D motions was defined by the reduced-order
bounding-surface hypoplasticity constitutive model proposed by Li et al. (1992). The constitutive
model was calibrated using published seismic compression data from strain-controlled cyclic simple
shear tests performed on dry sand samples (Stewart et al., 2004; Duku et al., 2008).

In total, ten sets of fault-normal and fault-parallel components of near-fault motions recorded on rock
(Vs3> 600 m/s) were selected, with one of the sets being recorded during the CES. These motions
were used as rock outcrop input motions in equivalent linear site response analyses, and shear strain
time histories were computed at a reference depth that is approximately the modal depth to the center
of the critical layers determined from the liquefaction case history database. These strain time histories
were the motions used in conjunction with the R-N fatigue theory discussed above to compute neq. The
resulting neq values were then used to compute near-fault MSF, which were compared with those used
in simplified liquefaction evaluations (i.e., Youd et al., 2001) and do not account for near-fault effects.

In the following, an overview of the selection of ground motions and site response analyses is
presented, followed by an outline of the 2D variant of the R-N fatigue theory used to compute the ng,
for the near-fault and reference M,,7.5 motions. Finally, trends in the computed n,, and MSF for the
near-fault motions are discussed and compared to the conventional relationships for ne, and MSF.
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Figure 1. Aerial image of Christchurch and neighboring towns. The areas bounded in red
liquefied during the 4 September 2010, M,,7.1 Darfield earthquake and the areas highlighted in
yellow liquefied during the 22 February 2011, M,6.2 Christchurch earthquake.



SELECTION OF “NEAR-FAULT” MOTIONS

As stated above, ten sets of fault-normal and fault-parallel near-fault rock motions (Vsz > 600 m/s)
were used in this study; Table 1 lists the selected near-fault motions. Nine of the ten motions were
taken from the NGA 1 database and one from a collection of near-fault CES motions (NGA Sequence
number 6928). Other near-fault motions recording during the CES were not used in this study because
the site conditions of the recording stations were other than rock. All the selected motion sets are
considered to have forward directivity effects, manifested as “pulse-like” behavior in the fault-normal
component, identified by Shahi and Baker (2012), and no observable velocity pulse in the fault-
parallel component, consistent with the forward directivity phenomenon.

Table 1. Near-Fault Motions

Seq ul\é(r?cAe No. Event Year Station Mw Dls(tke::]w)c e
77 San Fernando 1971 | Pacoima Dam (upper left abut) | 6.61 1.81
150 Coyote Lake 1979 Gilroy Array #6 5.74 3.11
459 Morgan Hill 1984 Gilroy Array #6 6.19 9.86
828 Cape Mendocino 1992 Petrolia 7.01 8.18
879 Landers 1992 Lucerne 7.28 2.19

1013 Northridge - 01 1994 LA Dam 6.69 5.92
1051 Northridge — 01 1994 Pacoima Dam (upper left) 6.69 7.01
1511 Chi-Chi, Taiwan 1999 TCUO76 7.62 2.76
1529 Chi-Chi, Taiwan 1999 TCU102 7.62 151
6928 Darfield, New Zealand | 2010 LPCC 7.10 224

*Closest distance to ruptured area on fault

SITE RESPONSE ANALYSES

A series of site response analyses were performed using the selected sets of “near-fault” motions listed
in Table 1. The motions were input as rock outcrop motions to the shear wave velocity profile shown
in Figure 2, and shear strain time histories were computed at a reference depth, z.;, of 4 meters. As
shown in Figure 2, the profile assumes a constant soil unit weight of 18.9 kN/m? (= 120 pcf), a ground
water table depth of 1.5 meters, and shear wave velocities, Vs, that increase exponentially with depth
given by the following equation:

zZ

V( ) _w < >0.15 1
s(z) = ( S)z,.ef Zrer (1)
where: (Vs)zr is the shear wave velocity at the reference depth (z.s) of 4 m; and z is depth from the
ground surface in the same units as z.s; and the power of 0.15 is typical for sand profiles (e.g., Lee,
2009). (Vs)zres Was estimated using the correlation proposed Andrus et al. (2004):

-0.25
(Vs)zref =878" 1\/1,600'253 (:;:) 2
where: (Vs)zer IS in M/s; Ny g is the Standard Penetration Test (SPT) blow count normalized/corrected
to 1 atm of vertical effective confining stress and 60% hammer energy efficiency; P, is atmospheric
pressure; and o’y is the vertical effective stress at z.¢ in the same units as P,. In using Egqn 2, Ny go was
assumed to be 12 blows/0.3 m (or 12 blows/ft), which is approximately the modal blow count for the
liquefaction case histories listed in Cetin’s (2000) database, consistent with assuming z..s = 4 m, which
is approximately the modal depth to the center of the critical layers in Cetin’s (2000) liquefaction case
history database.



As stated above, shear strain time histories were computed at a depth of 4 m (i.e., z,¢) for both fault-
normal and fault-parallel components of motion. As outlined in the next section, these time histories
were then used in conjunction with the R-N fatigue theory to compute neg.
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Figure 2. Shear wave velocity profile used in the site response analyses

EQUIVALENT NUMBER OF UNIFORM CYCLES

The concept of converting a random load to an equivalently damaging number of sinusoidal cycles has
its roots in metal fatigue theory. One of the earliest approaches was proposed by Palmgren (1924) and
further developed by Miner (1945), with the approach commonly referred to as the Palmgren-Miner
(P-M) fatigue theory. In the late 1960's to early 1970's, Professor H.B. Seed and colleagues adopted
Miner’s implementation procedure for the P-M theory, with slight modifications, to compute n, for
evaluating the liquefaction triggering in soil (e.g., Seed et al., 1975a and Annaki and Lee, 1977). The
Seed et al. variant of the P-M theory is still commonly used in geotechnical earthquake engineering
studies today (e.g., Liu et al., 2001). However, several significant shortcomings of this procedure have
been identified by Green and Terri (2005) and Green and Lee (2006), among others. Namely, the P-M
theory, as adopted by Seed et al., applies to high cycle fatigue, which is characterized by a large
number of load cycles (thousands to millions) wherein the material being loaded remains in the elastic
range. As a corollary, the Seed et al. variant of the P-M theory fails to account for the absolute
amplitude and sequencing of peaks in earthquake-induced ground motions, both of which are known
to significantly influence excess pore pressure generation in saturated sands subjected to cyclic
motions (Martin et al., 1975; Ishihara and Yasuda, 1973; Ishihara and Nagase, 1988).

As a result of the above limitations of the P-M theory, Green and Lee (2006) proposed the use of the
R-N fatigue theory (Richart and Newmark, 1948) for computing ne, for evaluating seismic
compression in dry and partially saturated sands. The R-N theory can be applied to high and low cycle
fatigue analyses, where the latter is characterized by a few load cycles (one to hundreds) and plastic
deformations in the material being loaded (consistent with earthquake induced liquefaction).
Furthermore, the R-N theory can account for both the absolute amplitude and sequencing of peaks in
earthquake ground motions. As outlined in Green and Lee (2006), the Martin et al. (1975) procedure,
and the Byrne (1991) simplified variant thereof, for computing volumetric strains in freely draining
soils subjected to earthquake motions is an alternative form of the R-N fatigue theory. It is the Byrne
(1991) formulation of the R-N theory that was adopted in this study, wherein volumetric strain is used
as the damage metric to compute n, for strain time histories obtained from the site response analyses.



Volumetric Strain Model & Equivalent Number of Cycles — One-directional Loading
The incremental volumetric strain induced in freely draining soil by each peak (or half cycle) in a
shear strain time history is computed, per Byrne (1991), using the following relation:

(8e,); = 0.5(IYil=Vunresn)Cr exp (=C; - 2 —) ®)
where (Ae,); is the incremental volumetric strain induced by the i" peak in the shear strain time
history; v; is the amplitude of the if peak in the shear strain time history; yiresn IS the threshold shear
strain below which no volumetric strain will occur (taken as 0.01% in this study); (e,); is the
cumulative volumetric strain before the i peak in the shear strain time history is applied; and C, and
C, are the material parameters. Assuming (g,); = 0 for i = 1, the cumulative volumetric strain is
incrementally computed by summing the incremental volumetric strain induced by successive peaks in
the shear strain time history from the beginning to the end (i.e., for i = 1 to n, where n is the total
number of peaks in the shear strain time history):

(&)1 = (&) + (Agy); 4)

Byrne (1991) proposed the following generic relations for C; and C, for sands:

C, = 7600 - D, (5a)

¢, =% (5b)

C1

where D; is the relative density of the soil in percent.

The Byrne model is used to compute ne, for a random load by equating the cumulative volumetric
strains induced by the random load to that induced by ne, of a sinusoidal load. In geotechnical
engineering applications, the amplitude of the sinusoidal load is traditionally set equal to 0.65 times
the absolute value of the maximum amplitude pulse in the earthquake motion (e.g., Seed et al., 1975a).
Inherent to the above approach is the assumption that volumetric strain in dry sand is a valid damage
metric for computing ne for use in liquefaction evaluations. At first glance, excess pore pressure ratio
(r)) would be a seemingly more applicable damage metric for computing ne, for liquefaction
evaluations. However, a limitation of r, is that it has the potential to reach a limiting value (i.e., r, = 1)
prior to the end of shaking, beyond which point subsequent motions do not contribute to the computed
Neg. As a result, several investigators have scaled the amplitude of the ground motions so that r, = 1 at
the end of shaking (e.g., Ishihara and Nagase, 1988; Wer-Asturias, 1982). However, as mentioned
previously, the absolute amplitude of the pulses in a ground motion are known to influence the
liquefaction response of soil (e.g., Ishihara and Yasuda, 1974), and as a result, scaling of the ground
motion amplitude is not desirable. Using the volumetric strain of dry sand as the damage metric avoids
the ground motion scaling issue, and as discussed in Martin et al. (1975) and Byrne (1991) relates to
eXCess pore pressure response in saturated sands.

Model Calibration

Although Byrne (1991) provides generic relations for estimating the material parameters C; and C,
(i.e, Eqn 5), for this study, C; was determined using published seismic compression data from strain-
controlled cyclic simple shear tests performed on dry sand (Stewart et al., 2004). Eqn 5b was then used
to determine C,. Specifically, C; was calibrated to the volumetric strains induced in dry Silica #2 sand
samples having D, = 45% and subjected to 15 cycles of loading, for a range of shear strain amplitudes.
However, the data from Stewart et al (2004) were based on tests conducted having an effective
overburden pressure of 1 atm (~101.3 kPa), which differs from the vertical effective stress (o', , f) at

the reference depth used in this study (i.e., z.s; Figure 2). Accordingly, before C; was determined, the
volumetric strains from Stewart et al. (2004) were adjusted to O-,Vrzref by applying the overburden

correction factor (K,.) proposed by Duku et al. (2008):
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0'v,2p¢
Ka,e = (P—af) (6)
(Sv)mv,zref = (&)1atm " Ko e )

where: (‘g”)"’v.zref is volumetric strain corrected to O-,V:Zref’ and (&y)1am IS the volumetric strain

obtained from the cyclic simple shear tests performed using a vertical effective confining stress of 1
atm. C; was determined to be 0.51 and C2 was computed to be 0.78. Figure 3 shows a comparison
between the Byrne model predictions and (&) v, -
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Figure 3. Model predictions and Stewart et al. (2004) test data

Volumetric Strain Model & Equivalent Number of Cycles — Multi-directional Loading

A limitation of the R-N fatigue theory, and hence a limitation of the Byrne model, is that it was
developed for one-dimensional (1D) loading. However, both horizontal components of earthquake
shaking contribute to the breakdown of the soil skeleton and commensurate triggering of liquefaction.
In previous studies, the multi-directional loading commonly has been accounted for subsequent to the
computation of ne, €.9., increasing the estimated volumetric strain caused by ne, cycles of loading
(Pyke et al., 1975) or reducing the cyclic resistance required to trigger liquefaction in ne, cycles of 1D
loading (e.g., Seed et al., 1975b). This approach is better suited for situations where the characteristics
of the two horizontal components of motion are similar, or at least do not differ significantly. On the
contrary, the fault-normal and fault-parallel components of near-fault motions have very different
characteristics, as discussed previously. Accordingly, the authors opted to extend the R-N fatigue
theory to 2D using numerical element tests, where the volumetric strain response of a finite element
subjected to the 2D motions was defined by the reduced-order bounding-surface hypoplasticity
constitutive model proposed by Li et al. (1992). The numerical element tests were performed using the
utility program, TESTMODL, that is part of the multi-directional site response finite element code
SUMDES (Li et al., 1992).

TESTMODL

The reduced-order bounding-surface hypoplasticity constitutive model proposed by Li et al. (1992) is
built into TESTMODL and can be used to predict the non-linear, inelastic behavior of a soil specimen
under a variety of multi-directional loading conditions. TESTMODL can apply the general six
component loading paths (three normal and three shear), where loads can be either stress- or strain-
controlled, and the soil element can be modeled as either drained or un-drained. Following the



coordinate convention shown in Figure 4, a single horizontal component of motion (e.g., fault-normal
or fault-parallel) can be applied at either 613 or 6,3 as a shear strain-time history to compute the vertical
strain in the *33 direction. To simulate a horizontal soil profile of infinite lateral extent, strains in the
*11 and *22 directions can be forced to be zero. Thus, the vertical strain in the *33 direction is equal
to the volumetric strain in the element. The volumetric strain in the soil element resulting from being
subjected to a set of motions individually in the *13 or *23 direction, not simultaneously, are referred
to herein as (&yip-x)testmoor and (&vip-v)testmooL, While the volumetric strain resulting from the
simultaneous application of a set of fault-normal and fault-parallel motions in the *13 and *23
directions are denoted as (&y2p)TesTmOoDL-

G313

032 Oll

Figure 4. TESTMODL Coordinate Convention

Model Calibration
The reduced-order bounding-surface hypoplasticity constitutive model in TESTMODL was calibrated
using the shear modulus and damping degradation curves proposed by Ishibashi and Zhang (1993) in
conjunction with the seismic compression data mentioned above (Stewart et al., 2004). Figure 3 shows
a comparison between the TESTMODL model predictions and (&)

ViZref

Neq fOr Multi-directional Loading

As stated above, TESTMODL was used to compute the volumetric strains induced in a soil element
subjected to the fault-normal and fault-parallel components of motion, individually and
simultaneously, resulting in (gv,lD-X)TESTMODLs (Sv,lD-Y)TESTMODLa and (SV,ZD)TESTMODL for each set of near-
fault motions. To ensure consistency with previous studies that used the Byrne (1991) model to
compute ne for 1D loading (e.g., Green and Lee, 2006; Lee, 2009), the following relation was used to
obtain volumetric strains for computing the number of equivalent cycles for 2D loading (Neq,2p):

(&v,2D)TESTMODL

EV,ZD = ] X [(EvrlD_X)Byrne + (sVrlD_Y)Byrne] (8)

(EV'lD_X)TESTMODL+(SVJD_Y)TESTMODL

where: (&y10-x)syrme and (&y1p-v)syme are volumetric strains computed using the Byrne model for the
fault-normal and fault-parallel components of motion individually, not simultaneously.

The Byrne model was used to compute Nneqop, Which is the number of cycles of a 1D sinusoidal load
required to induce ¢, p in the soil, where the amplitude of the sinusoidal load (yes) was 0.65 times the
geometric mean of the peak shear strains in the fault-normal and fault-parallel motions (i.e., Ymaxx and

Ymax,Y) .

Yerr = 0-65\/ Ymax,x * Ymax,y %)

Figure 5 shows the resulting number of equivalent cycles for the fault-parallel and fault-normal
components of motion computed individually (ne1p) and simultaneously (Neq2p). Also shown in this
figure is the number of equivalent cycles correlation developed by Seed et al. (1975a), wherein the
motions (non near-fault) were treated individually.
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Figure 5. Number of Equivalent Strain Cycles for Near-Fault 1D and 2D Loading Conditions

From Figure 5, it can be seen the fault-parallel component tends to yield a greater neqip than its
respective fault-normal counterpart. As ne, and significant duration of a motion are related (e.g., Green
and Terri, 2005), this phenomenon can be explained by the relationship between duration and rupture
directivity noted in previous studies (e.g., Somerville et al., 1997; Green et al., 2008). That is, due to
the way the near-fault effects manifest in the ground motions, the fault-normal component tends to
have a shorter significant duration than the fault-parallel component.

Also from Figure 5, it may be observed that the n.,, ;p values for this study plot below the mean of the
Seed et al. (1975a) regression. This is likely due to the site-to-source distances of the motions used in
the two studies. Seed et al. (1975a) used non near-fault motions (i.e., motions that are further from the
fault rupture), while the study presented herein is focusing on near-fault motions. As shown in Lee
(2009), the number of equivalent cycles tends to increase with increased site-to-source distance.
Finally, as expected, the neq.p Values are generally greater than the neq1p Values, with the average ratio
0f Neg20/Neq,1o fOr the fault-normal and fault-parallel components being 2.4 and 1.8, respectively.

MAGNITUDE SCALING FACTORS FOR MULTI-DIMENSIONAL SHAKING

To assess the influence of near-fault motions on liquefaction triggering, ne.o values were used to
compute MSF for the motions. As shown in Idriss (1997) and Green (2001), neq and MSF are related

by:

m
MSF = (M) (10)

Neq

where neq w75 i the number of cycles for a reference earthquake magnitude of 7.5, traditionally taken
as 15 cycles (Seed and Idriss, 1982), and m is the negative of the slope of a log-log plot of cyclic stress
ratio (CSR) versus number of cycles to liquefaction for a soil having a given relative density and
confined at a given effective stress. For the study presented herein, m was set equal to 0.35, which is
falls within the range of published values and is approximately equal to that determine by Yoshimi et
al. (1984) from cyclic triaxial tests performed on high-quality, undisturbed samples obtained by frozen
sampling.

As mentioned above, neq w75 is traditionally assumed to be 15 cycles. However, this value is for 1D
loading (i.e., Negm7s_10). Accordingly, the approach outlined above to compute negop for near-fault
motions was applied to sets of horizontal components of non near-fault rock motions (Vs > 600 m/s)



recorded during earthquakes having M,,7.5 £ 0.3 and site-to-source distances less than 80 km. In total
15 sets of motions were used to compute Neqm7s 2o, all of them coming from the NGA 1 database, with
the average Neq w75 oo equal to 24.9.

The resulting near-fault MSF that accounts for the contributions of both the fault-normal and fault-
parallel components of motions (i.e., MSF,p) is plotted in Figure 6. For reference, MSF,p for non
near-fault motions computed using the approach outlined in this study is also shown in this figure, as
is the range of MSF recommended by Youd et al. (2001). As may be observed from this figure, the
near-fault MSF,p are generally higher than the non near-fault MSF,p and the MSF recommended by
Youd et al. (2001), implying that near-fault motions are less demanding, from a liquefaction triggering
perspective, than non near-fault motions having an equal amplitudes. This may be one of several
factors that resulted in less severe liquefaction occurring during the Darfield earthquake than the
Christchurch earthquake (Figure 1).
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Figure 6. Magnitude Scaling Factor for Near-Fault and Non Near-Fault for 2D Loading

CONCLUSION

Based on the analysis of the ten fault-normal and fault parallel near-fault ground motion sets, the
influence of rupture (forward) directivity on liquefaction triggering was evaluated. Using a 1D variant
of the R-N fatigue theory wherein volumetric strain was used as the damage metric, it was determined
that the fault-normal components of motion (i.e. motions containing a pronounced velocity pulse)
resulted in a lower number of uniform strain cycles than the fault-parallel counterpart. This finding is
consistent with that of Green et al. (2008) who used a low cycle variant of the P-M fatigue theory to
analyze near fault motions. To determine the combined influence of both the fault-normal and fault-
parallel components, a 2D variant of the R-N fatigue theory was developed as part of this study,
wherein volumetric strain was again used as the damage metric. To assess the influence on
liquefaction triggering, MSF were computed for the combined near-fault components of motions and
compared with ones developed for non near-fault motions that are commonly used in practice. The
near-fault MSF were generally higher than both the non near-fault MSF commonly used in practice,
implying that near-fault motions are less demanding, from a liquefaction triggering perspective, than
non near-fault motions. This may be one of several factors that resulted in less severe liquefaction
occurring during the Darfield earthquake than the Christchurch earthquake.
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