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ABSTRACT

Strong ground motions from the M,, 6.6 2007 Niigata-ken Chuetsu-oki earthquake were
recorded by a free-field downhole array installed near the Service Hall at the Kashiwazaki-
Kariwa nuclear power plant. Site conditions at the array consist of about 70 m of medium-dense
sands overlying clayey bedrock, with ground water located at 45 m. Ground shaking at the
bedrock level had geometric mean peak accelerations of 0.55 g which is reduced to 0.4 g at the
ground surface, indicating nonlinear site response. Ground settlements of approximately 15+5
cm occurred at the site. A site investigation was performed to develop relevant soil properties for
ground response and seismic compression analysis, including shear wave velocities, shear
strength, relative density, and modulus reduction and damping curves.

Ground response analysis of relatively weak motion aftershock data provides good matches of
the observed resonant site frequencies and amplification levels, suggesting that the velocity
profile and assumption of 1D response may be reasonable over the frequency range of interest.
Initial analysis of the aftershock data was performed using equivalent-linear and nonlinear
ground response procedures in which soil backbone curves are matched to test data for modest
strain levels < ~0.5%. These analyses over-predict high frequency ground response, suggesting
that the laboratory-based small strain damping level is too low for field conditions. Increasing
the small strain damping to about 2-5% in the sand layers provides improved results. Subsequent
ground response analysis of strong motion data produces a strain localization phenomenon where
large strains develop at a depth having a velocity contrast. Accordingly, we introduce a
procedure to modify the large-strain portion of backbone curves to asymptotically approach the
shear strength. When implemented in nonlinear and equivalent linear ground response, the strain
localization phenomenon is removed, strains in the upper portion of the soil profile are increased,
and predicted ground motions match observations reasonably well.

Measured relative densities (Dg) at the site range from approximately 40% (from tube samples)
to 65% (from SPT correlations). A material specific volumetric strain material model for that
range of D was developed, which when coupled with the shear strain demands from the ground
response analysis, predicts ground settlements ranging from 8-12 cm for horizontal ground
shaking and 12-18 cm when vertical ground motions are considered. Those settlement estimates

are reasonably consistent with the observations from the site.
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1 Introduction

The M,, 6.6 Niigata-ken Chuetsu-oki earthquake occurred on July 16, 2007 off the west coast of
Niigata Prefecture, Japan. An overview of the damage from this important earthquake is
provided by Kayen et al. (2009) and references therein. As shown in Figure 1.1, the main shock
ruptured a buried reverse-slip fault, rupturing up-dip from a focal depth of 9 km. The focal
mechanism for this event, based on source inversions by Miyake et al. (2010), has conjugate
fault planes with a strike of 34° and dips of 54° to the northwest and 36° to the southeast. The
southeast-dipping plane is preferred (and is shown in Figure 1.1) based on asperities analysis, the
aftershock pattern observed from ocean-bottom seismometers, and results of reflection surveys
(Miyake et al., 2010).

SE-dipping

Figure 1.1 Map of Kashiwazaki area showing location of KKNPP site relative to fault
rupture plane by Miyake et al. (2010). Shading on fault plane indicates slip in meters.

1



As shown in Figure 1.1, the Kashiwazaki-Kariwa Nuclear Power Plant (KKNPP) is
located on the hanging wall of the fault above a region of relatively high slip. Accordingly, the
distance of this site to the surface projection of the fault (the Joyner-Boore distance) is Rj, = 0
km, whereas the rupture distance is Ry, = 16 km. As described in Tokimatsu et al. (2009), the
KKNPP suspended operations due to earthquake damage until partially re-opening in 2009.
Figure 1.2 shows a map of the KKNPP including its seven generators (marked as Units 1-7) and
three free-field downhole seismic arrays near Units 1 and 5 and the Service Hall. Recordings
from the Unit 1 and 5 downhole arrays were overwritten with aftershock data and only peak
accelerations remain. The Service Hall Array (SHA) recordings are intact, and as shown in
Figure 1.3, this array contains four three-component accelerometers at depths of 2.4 m (Holocene
dune sand), 50.8 m (Pleistocene Banjin Formation), 99.4 m (Pliocene Nishiyama Formation),
and 250 m (Pliocene Nishiyama Formation) (Tokimatsu and Arai, 2008). Figure 1.2 also shows
the peak near surface geometric mean accelerations, which are 0.54, 0.72, and 0.40 g for vertical
arrays at Unit 1, 5, and SHA respectively. Motions near the top of the Pliocene bedrock
(Nishiyama formation) were 0.69, 0.41, and 0.52 g for vertical arrays at Unit 1, 5, and SHA
respectively. The lowering of peak accelerations from bedrock to surface in the Unit 1 array and
SHA indicates nonlinear site response for those soil columns. In contrast, downhole to surface
motions are amplified in the Unit 5 array, which is in rock. The data shown in Figure 1.2 for
instruments other than the SHA are taken from Tokimatsu (2008) and TEPCO (2007).

Access to the KKNPP site was limited following the earthquake, but reconnaissance was
performed by Sakai et al. (2009) and Tokimatsu (2008), who observed widespread settlement
both in free-field areas and adjacent to reactor structures. Settlement near the reactors was
especially large and damaged utility connections. The settlements occurred in unsaturated sandy
soils, some natural and some backfilled. In the vicinity of the SHA, two lines of evidence suggest
settlements of approximately 15+5 cm. First, as shown in Figure 1.4a, the top of one of the deep
steel pipes housing a vertical array instrument extended above the ground surface by 15 cm. We
infer that the pipe, whose toe is founded in competent materials, remained essentially in place
while the surrounding soil settled. We are uncertain why other deep pipes housing different
accelerometers in the array did not show similar extensions above the ground surface. Second, as
shown in Figure 1.4b, settlement was evident around the pile-supported Service Hall building

structure by amounts ranging from 10-25 cm. Settlements were larger immediately adjacent to



the structure, presumably because of poorly compacted backfill around the basement walls for

this structure.
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Figure 1.2 Map of Kashiwazaki-Kariwa nuclear power plant showing locations of
downhole arrays and geometric mean peak accelerations from 2007 Niigata-ken Chuetsu-
oki earthquake. Peak accelerations are shown for surface (‘sur’) and bedrock (‘br’)
conditions.

The data set from the SHA site at KKNPP is uniquely valuable in two respects. First,
prior to the 2011 Tohoku Japan earthquake, the SHA recorded the strongest motions for a
vertical array in soil. Vertical array recordings enable validation of ground response analysis
codes and studies of dynamic soil behavior under in situ conditions (e.g., Zeghal et al., 1995;
Cubrinovski et al. 1996; Kwok et al., 2008; Tsai and Hashash, 2009). With the exception of a
few arrays in liquefiable materials, previous vertical array data has generally been at low to
modest shaking levels that would not be expected to induce large shear strains associated with
strongly nonlinear soil behavior. It is the nonlinear condition where the need for code validation
is greatest, and the strong ground motions at SHA are known to have produced nonlinear site

response.
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Second, while ground settlements in unsaturated soils have been observed previously in
strongly shaken filled ground (e.g., Pyke et al., 1975; Stewart et al., 2002; Wartman et al., 2003),
there are very few cases in which the pre-earthquake ground elevations are known so that grade
changes induced by the earthquake can be measured (Stewart et al., 2004). Moreover, there are
no previous seismic compression case studies in which ground motions were recorded at the site.
Because the SHA site has both reasonably well-defined ground settlements and vertical array
recordings, it is a unique resource for validating seismic compression analysis procedures (e.g.,
Tokimatsu and Seed, 1987; Duku et al., 2008).

T

Original grt;mnd
surface

Figure 1.4 Photographs of (a) raised pile at vertical array, showing ground settlement;
and (b) settlement around Service Hall building.

Following this introduction, we provide a brief review of previous studies on nonlinear
site response at vertical array sites and seismic compression case histories. We then describe the
geotechnical characterization of materials from the SHA site and the recorded ground motions
followed by a description of equivalent linear and nonlinear ground response analyses and their
ability to replicate the observed near-surface recordings. Using shear strains predicted from these
analyses, we then estimate ground settlement based on material-specific testing of the shallow
soil materials at the SHA site and compare those predictions to the observed settlement of 15+5

cm.






2 Previous Studies

It is important to place the value of this case history in context by comparing it to previously
available case studies for nonlinear site response and seismic compression. This is undertaken in

the following sections.

2.1 NONLINEAR SITE RESPONSE

With regard to nonlinear site response, Stewart and Kwok (2008) led a multi-investigator project
developing parameter selection and code usage protocols for nonlinear ground response analysis.
The codes/protocols were tested against the best available vertical array data not involving soil
liquefaction (because the codes are for total stress analysis). The arrays utilized were a series of
stiff soil sites in Japan (Kiknet), the Lotung array in Taiwan (soft silts), the La Cienega array in
California (soft clay), and the Turkey Flat array in California (shallow, stiff soil). At the Turkey
Flat site (Kwok et al., 2008), peak velocities from the 2004 M,, 6.0 Parkfield earthquake were in
the range of 7-8 cm/s and calculated peak ground strains were as large as 10%%. Figure 2.1
compares predicted and observed acceleration histories at the surface and an intermediate depth,
showing good comparisons.

At the other sites considered by Stewart and Kwok (2008), peak velocities were 11-18
cm/s (La Cienega), 5-6 cm/s (Kiknet), and 17-31 cm/s (Lotung). Ground strains from these other
sites were of the same order as those at Turkey Flat (slightly larger at Lotung). The level of strain
is important, because one of the key attributes of the parameter selection protocols is the manner
by which soil backbone curves are extended from the small strain range where dynamic soil
testing is reliable (strains < 0.5%) to relatively large strains associated with the shear strength
(1% or more). This is of considerable practical significance, because it is for these large strain
problems that nonlinear ground response analysis procedures are selected for use in practice in

lieu of simpler equivalent-linear methods. The SHA site provides the first example of highly



nonlinear soil behavior not involving liquefiable soils in which the induced ground strains are

likely in the range of 1%.
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Figure 2.1 Acceleration histories for data from the 2004 Parkfield earthquake and
simulation results from site response program DeepSoil. Results are shown for two
horizontal directions and two elevations (V1, ground surface; D2, 10-m depth) with the
recorded input motions at elevation D3 (Kwok et al. 2008).

Tsai and Hashash (2009) used some of the same vertical array data as Stewart and Kwok
(2008) in a neural network based inverse analysis of vertical arrays to extract soil properties.
Their analyses were not constrained by model-based assumptions of soil behavior and hence
hold the potential to provide new insights into in situ soil behavior. However, the approach does
have the potential to map modeling errors unrelated to soil behavior (e.g., lack of 1D response)
into inverted soil properties. The approach was applied to the Lotung and La Cienega arrays.
Shear wave velocity models were slightly adjusted from data in the “learning” process and
stress-strain loops were extracted. As shown in Figure 2.2, modulus reduction and damping
curves were then computed from the loops, which demonstrate stronger nonlinearity than lab-
based curves (lower modulus reduction, higher damping). The higher damping is also in
agreement with system identification of Lotung data from Elgamal et al. (2001). We note in
Figure 2.2 that the damping increase from the vertical array analysis seems to affect the small

strain damping (Dmin) but not the overall shape of the damping-strain relationship.
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Figure 2.2 Comparison of interpreted soil behavior by extracting soil parameters using
two different methods, with curves from laboratory tests (Anderson and Tang 1989) and
those from system identification (Elgamal et al. 2001), Lotung array (Tsai and Hashash
2009).

Baise et al. (2011) examine weak motion data from a large number of sites in the Kiknet
vertical array network in Japan to investigate event-to-event consistency in site transfer functions
(surface/downhole) and the degree to which those transfer functions are compatible with
theoretical models for 1D vertical shear wave propagation (SH1D). Figure 2.3 shows examples
of small and large event-to-event variability in weak motion amplification from their analysis,
while Figure 2.4 shows examples of good and poor fit of the SH1D model to data. Of the 74 sites
considered, only 11 had good fits to the SH1D model, although an unknown number of the
misfits may be simply associated with modest errors in the shear wave velocity profile.

Nonetheless, large misfits as shown in Figure 2.4 (right side) indicate a clearly more complex



site response than SH1D. Sites such as those would not be good candidates for calculating 1D

nonlinear site response for comparison to observation.
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Figure 2.3 Transfer functions at two stations, illustrating inter-event variability: (a)
IWTH25 is characteristic of a site with a large degree of inter-event variability, and (b)
IWTHOS5 is characteristic of a site with low inter-event variability. The median prediction
of the transfer function is shown as a black line, and the 95% confidence band is shown
in gray (Baise et al. 2011).
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Figure 2.4 Transfer functions at two stations, illustrating goodness-of-fit: (a) IWTHO4 is
characteristic of a site where the SH1D model accurately predicts the transfer functions,
and (b) IWTH12 is characteristic of a site where the SH1D model poorly predicts a
transfer function (Baise et al. 2011).
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2.2 SEISMIC COMPRESSION CASE STUDIES

There are several well documented field case histories of settlements from seismic compression.
These include the Jensen Filtration Plant shaken by the 1971 San Fernando earthquake (Pyke et
al., 1975), two sites in Santa Clarita shaken by the 1994 Northridge earthquake (Stewart et al.,
2004), damaged embankments from the 2001 Southern Peru earthquake (Wartman et al., 2003),
and ground failure patterns from the 2003 Colima earthquake (Wartman et al., 2005).

The Joseph Jensen Filtration Plant site in Granada Hills, California was formed by a cut-
and-fill operation. The compacted clayey sand fill was up to 17 m thick overlying 1.5-6 m of
alluvium. The groundwater table was located in the alluvial layer, which liquefied from
estimated peak horizontal accelerations of about 0.5-0.6 g from the M,, 6.6 San Fernando
earthquake. As shown in Figure 2.5, recorded settlements were about 12.7 cm along a survey
baseline. However, Pyke et al. (1975) attributed some of the observed settlement to lateral
spreading and estimated settlements due to seismic compression to be around 8.9-10.2 cm, which

was about 0.7% of the fill thickness.

3-'\rﬂ|
E.-mnml
BETTLING MiXING | MAIN CONTROL BLDG
BAS NS BASING '5
§ i
| No veiiimmen oin iE‘" Sn_
— it 1——77 . i —rr
o ...__..__.__...__.___.__._._,_] 1 Eim_4
b G - ity n croe R
e Compgcied K
e iy byt -
P e e e —— M'_"_'ﬂiﬂ_"' =rhoyEeeTEe
! r“_"'1'|1-r|‘rr-:||-|
5D 1 Pk Bl v \
o T

L] 20 30 weaiam

Figure 2.5 Jensen Filtration Plant profile (Pyke et al. 1975).

In their analysis, Pyke et al. (1975) conducted a series of strain-controlled cyclic simple
shear tests on the site fill material. Subsurface investigations revealed the clayey sand fill to be
uniformly compacted with an average dry density of 1,937 kg/m® and an average water content
of 10%. This equated to a relative compaction of approximately 92%. The strain histories from
their site response analysis were used to determine the equivalent number of uniform shear strain
cycles, which they found to be five with a shear strain of two-thirds the peak value. Applying
these values to the simple shear tests produced an estimate of settlement that was approximately
one third of that observed in the field. As shown in Figure 2.6a, Pyke et al. (1975) went on to
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conduct multi-directional shake table tests and found that the total settlement caused by the
combined horizontal motions are approximately equal to the sum of the settlements caused by
the horizontal motions acting separately. As shown in Figure 2.6b, the application of vertical
shaking combined with horizontal further increased measured settlements by amounts ranging
from approximately 20% to 50% for effective vertical accelerations ranging from 0.15-0.3g.
Considering this, Pyke et al. (1975) applied a correction factor for multi-directional loading

which increased their computed settlement to within the range of observed field settlements.
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Figure 2.6 Comparison of settlements under (a) components and combined random
motions and (b) in three-dimensional shake table tests (Pyke et al. 1975).

After the 1994 M,, 6.7 Northridge earthquake, two sites in Santa Clarita, California
(denoted Sites A and B) had settlements from seismic compression that could be reliably
estimated. For Santa Clarita Site A, the soils consisted of a sandy clay and clayey sand fill up to
24 m thick underlaid by shallow alluvium and rock. Soil conditions show the fill generally being
compacted to approximately 88% modified Proctor relative compaction and dry of optimum.
Stewart et al. (2004) estimated peak horizontal accelerations of 0.5-0.7 g with measured
settlements of up to 22 cm from pre and post-earthquake surveys. For Santa Clarita Site B, the
soils consisted of a silty sand fill 15-30.5 m thick lying over rock. Soil conditions indicate
modified Proctor relative compactions of about 92-93% near the surface and about 95% at depth.

Stewart et al. (2004) estimated peak horizontal accelerations of 0.8-1.2 g with measured

12



settlements of 1.3-6.1 cm from pre and post-earthquake surveys. Figure 2.7 shows a plan of Site

B indicating fill depths and measured settlements.
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Figure 2.7 Plan and settlement of Santa Clarita Site B (Stewart et al. 2004).

In their analysis, Stewart et al. (2004) used an approach that was similar to Pyke et al.
(1975). For each site, they performed decoupled analyses of shear and volumetric strain. Shear
strain was calculated using one-dimensional and two-dimensional ground response analyses,
while volumetric strain was evaluated from shear strain using material-specific models derived
from simple shear laboratory testing that incorporated important effects of fines content and as-
compacted density and saturation. Figure 2.8 shows the material-specific model used to estimate
vertical stains for Site B. These vertical strains were integrated over the height of the fill to

estimate the total settlement from seismic compression. Figure 2.9 summarizes this process for a
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cross section at Site B. The top plot in Figure 2.9 displays the shear strain profile from 2D
ground response analyses while the bottom plot displays the estimated settlement obtained when
the shear strain results are combined with the material-specific volumetric strain model from
Figure 2.8. Overall, the computed settlements were in good agreement with the observed
settlements at both Site A and Site B.
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Figure 2.8 (a) Seismic compression and (b) variation of normalized vertical strain with
number of cycles of soil from Site B (Stewart et al. 2004).

In the 2001 M,, 8.4 Southern Peru earthquake, many highway embankment sites were
damaged due to seismic compression and these damaged areas were almost entirely underlain by
fill materials. Wartman et al. (2003) describe these fills as consisting of gravelly, sandy, and silty
soils with measured settlements of at least 10 cm for 2-4 m high embankments. The investigators
noted that settlements were typically proportional to the height of the embankment and uniform
across the road, with a sample schematic of observed ground deformations shown in Figure 2.10.
Wartman et al. (2003) also observed seismic compression in a natural silty fine Aeolian sand
overlaid by a highway road. Measured settlement was about 10-25 cm with lateral offsets of 5-10
cm. The investigators found that newer embankments performed better than older embankments
and attributed it to improved compaction. Detailed back-analyses to evaluate the predictability of

these deformations have not been completed.
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Figure 2.9 Vertical profiles of shear strain from site response analyses (top frame) and
lateral profiles of observed and calculated settlement (bottom frame) along a cross
section for site B (Stewart et al. 2004).

Wartman et al. (2005) also observed seismic compression induced damage at bridge
embankments from the 2003 M,, 7.6 Colima earthquake. These embankments were typically 7 to
8 m high and were constructed of local sandy and silty soils compacted to 90 to 95% relative
compaction, based on the modified Proctor standard. Earthquake induced settlements were
uniform across the width of the roadway, with differential settlements of 4 to 10 cm at the
bridge-embankment interface. They also found widespread ground failures in a neighborhood
that was developed on top of uncontrolled fill consisting of sandy and gravely soils. Portions of
this neighborhood underlain by a shallow groundwater table typically liquefied while portions
founded on unsaturated soils experienced seismic compression, manifested through ground
cracking and settlements ranging from 5 to 20 cm. Additionally, several similarly backfilled

mining pits also experienced seismic compression. These settlements were typically 15 to 30 cm,

15



with certain areas settling as much as 1.5 m. Detailed back-analyses to evaluate the predictability

of these deformations have not been completed.
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Figure 2.10 Schematic of observed ground deformation at a highway embankment site

(Wartman et al. 2003).
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3 Site Characterization

We undertook a site exploration program for the Service Hall site at 