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1. Site response background



Site response

Site response: The effect of near-surface geologic

materials on seismic waves as they propagate from

depth to the ground surface

A Can lead to vastly different earthquake damage
patterns over short distances

A Site response models are subject to large
uncertainties



Site response analyses

Vs1 P1 &
Vs> p2 &

Vs.n Pn &n : Downhole

VS, rock prock grock

Output:

Output ground
motion (surface)

Soil Model:

A Linear

A Equivalent-linear
A Nonlinear

Input:

Soil profile

A S-wave velocity, Vs

A Density, p

A Damping ratio, &

A Additional parameters

Input ground motion



Site response methods

e Linear model
) Zhang et al. (2005) Modulus
o Ground response is assumed to be Reduction and Damping Curves

visco-elastic (damping is allowed,
but modulus reduction is not)

e Equivalent-linear model (SHAKE)

o Nonlinearity is modeled by altering
the shear modulus G and damping
ratio & to be consistent with the
induced strains

o The selected values of G and
damping ratio & are constant
throughout the duration of the
loading

e Nonlinear model

o Performed in the time domain
incrementally by numerically solving
the equation of motion at each step 00001 0001 001 0.1

o Advanced constitutive models Shear Strain, v (%)
(stress-strain relations) may be used
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2. Data and methods



Kaklamanos et al. (2013a)

e Study location: Kiban-Kyoshin network (KiK-net) of vertical
seismometer arrays in Japan

Site response studies: Linear and equivalent-linear analyses
of 3720 ground-motion records at 100 KiK-net stations

Objectives:

o Analyze the accuracy Equivalent-
CIEDERREIREL Y o nonimear
(precision) resulting from ransiion
common site response

modeling assumptions

o Identify critical parameters
that most greatly
contribute to the
uncertainty in site

response analyses : 0.1 1
Spectral period, T (s)

EQUIVALENT-
LINEAR
ANALYSES

SUFEICIENT Linear threshold

LINEAR AND
EQUIVALENT-LINEAR
ANALYSES SUFFICIENT
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Kaklamanos, J., Bradley, B.A., Thompson, E.M., and Baise, L.G. (2013a). Critical parameters affecting bias and

variability in site response analyses using KiK-net downhole array data, Bulletin of the Seismological Society of
America 103(3): 1733-1749.



Kaklamanos et al. (2013b)

e Study location: KiK-net station IWTHOS8, determined by
Thompson et al. (2012) to meet the assumptions of 1D wave
propagation, and therefore is ideal for validating 1D site
response models

e Site response studies: Linear,
equivalent-linear, and nonlinear
analyses of 18 ground-motion
records at this site

e Objectives: Build upon the results
of Kaklamanos et al. (2013a) by
performing site response analyses
at a subset of the 100 KiK-net sites,
and quantifying the prediction = Earthquake cpicener
accuracies of the site response
models
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Kaklamanos, J., Baise, L.G., and Dorfmann, L. (2013b). Quantification of uncertainty in nonlinear soil models
at a representative seismic array, 11th International Conference on Structural Safety and Reliability
(ICOSSAR 2013) , New York City, N.Y., 16-20 June 2013.



Station IWTHOS8

e Average shear-wave velocity, Vg3, = 305 m/s

e (Class D site (stiff soil) according to the National
Earthquake Hazards Reduction Program guidelines

Depth (m) Shear -wave velocity profile

Residual soil

Weathered granite

50

Granite

100

1000 2000

Shear Wave Velocity, Vg (m/s)




Site response models tested

Linear models: PIESFELIL:
- SHAKE ey —2 !
-~ DEEPSOIL o 1 (rr_)
- ABAQUS
Equivalent-linear models: Kaklamanos et al. (2013c):
Within SHAKE, the following
modulus-reduction and damping (¢ ) O t

relationships are tested:
— Zhang et al. (2005)
— Darendeli (2001)

Nonlinear models:

-- DEEPSOIL (Hashash et al., 2011)

- Overlay model in finite element
program Abaqus/Explicit, with N =
20 overlays (Kaklamanos et al.,
2013¢)
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3. Results



Residual
plots

Vertical axis:

Intra-site
residuals of 5%-
damped pseudo-
acceleration
response spectra
(PSA)at T =0.15s
in natural
logarithmic space

Horizontal axis:

Maximum shear
strain in soil

profile, 3.,

Intra-site residual, g; Intra-site residual, ¢; Intra-site residual, €;

Intra-site residual, €;
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Residual plots for different spectral periods

o (@) PGA(T=05s) (b) PSA(T=0.15) (c) PSA(T=0.155)
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Detailed study of ground motions

Predicted and observed response spectra at the ground surface:

—_
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Observed

Linear (SHAKE)

Linear (ABAQUS)
Equivalent Linear (SHAKE)
Nonlinear (ABAQUS)
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Correlation coefficients between predicted and

observed amplification spectra

At station IWTHOS:

Correlation
coefficient, r

— rec:\:)tds
Model: records

(18) only

(1)

Linear: SHAKE 0.415 0.537
Linear: DEEPSOIL 0.396 0.526
Linear: Abaqus 0.404 0.553
EQL: Darendeli (2001) 0.378 0.559
EQL: Zhang et al. (2005) 0.379 0.592
Nonlinear: DEEPSOIL 0.383 0.715
Nonlinear: Abaqus 0.396 0.719

“Nonlinear” records have maximum shear strain

Nonlinear-
Abaqus

Nonlinear-
DEEPSOIL

EQL-
Zhang

EQL-
Darendeli

Linear-
SHAKE

o

¢ Nonlinear
Records

+ All
Records

T8t v B

03 04 05 06 07 0.8
Correlation coefficient, r



Extension to six KiK-net sites

Kaklamanos et al.
(2013d):

Comprehensive
linear, equivalent-
linear, and nonlinear
site response
analyses of 191
ground motions
(representing 154
earthquakes)
recorded at six
validation sites in the
KiK-net array
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Correlation coefficients between predicted and
observed amplification spectra

At six stations (FKSH11, FKSH14, IWTHOS,

IWTH27, NMRHO04, and TKCHO8):
Nonlinear- | + o
Correlation LIS
coefficient, r :
Nonlinear- + o
NL DEEPSOIL
All
records
Model: records EOL-
(191) only Q 1 + o
(15) Zhang
Linear: SHAKE 0.587 0.558 EQL-
. Darendeli ®
Linear: DEEPSOIL 0.584 0.558 :
¢ Nonlinear
Linear: Abaqus 0.544 0.524 Linear- | o+ Records
. SHAKE
EQL: Darendeli (2001) 0.571 0.575 + All
Records
EQL: Zhang et al. (2005) 0.583 0.771 | | . .
Nonlinear: DEEPSOIL 0.585 0.817 0.5 0.6 0.7 0.8 0.9
Nonlinear: Abaqus 0.545 0.831 Correlation coefficient, r

“Nonlinear” records have maximum shear strain TStu B
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4. Conclusions



Key findings

Differences in accuracy are largest between the linear model and
the other models; there are generally small differences between
equivalent-linear and nonlinear models.

Linear analyses break down at strains of 0.01%-0.1% (with a
midpoint of 0.05%); equivalent-linear and nonlinear analyses
offer significant improvements at strains beyond this level.

When observed and predicted amplification spectra are compared
over a range of spectral periods, nonlinear models are shown to
exhibit a slight improvement over equivalent-linear models for
shear strains greater than 0.05%.

The remaining scatter in the model residuals illustrate the
limitations of 1D total-stress site response models, and that
other factors, such as three-dimensional (3D) effects, may need
to be incorporated to fully explain the soil behavior at these sites.
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