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Outline

• Advantages of borehole data
• Difficulties of working with these data
• Understanding linear and nonlinear 

modeling
• Working proposition?
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1. Advantages of borehole data

Garner Valley - USA
(Borehole Obs.)

Wave propagation from bedrock to surface
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PGA distribution 
(KiK-net)

Field data observation of soil 
nonlinearity onset?

Statistical analysis with 
respect to magnitude and 
Vs30
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Calibration of soil models

Stress computation from
 deformation data

Waveform modeling
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Revealing nonlinear response
after Bonilla et al. (2011)

• 2011 Tohoku earthquake data
• Predominant frequency more affected than fundamental
• Affected frequency increases as Vs30 increases
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Loose sand => liquefaction

-Lowpass filtering

-Deamplification 

Dense sand => cyclic mobility

- High frequency peaks

- Amplification

Port Island, Kobe / Kushiro Port

Velocity model is not always enough!
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2. Difficulties of borehole data

Downgoing 
wavefield

Site response (outcrop 
response) is not the 
same as borehole 

response
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Vs30 uncertainty
(lack of knowledge of 

the medium)

• Variability within each 
soil class is important

• This variability is even 
larger at depths greater 
than 30 m

• Is Vs30 enough?

• Not always core 
sampling, thus no 
dynamic soil parameters

9



Analysis of 
KiK-net 

boreholes

After Regnier et al. (2010)

• Similar Vs30 
(between 350 and 
450 m/s)
• Different velocity 
distribution at depth
• Different site 
response
• Is Vs30 enough?
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Vs30 = 400 +/- 5 m/s

After Regnier et al. (2010)

No comments!
The data speak alone
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3. We need to know well the linear response
(example of the CORSSA array, Greece)

1. H/V spectral ratio (noise data)

2. H/V spectral ratio (earthquake data)

3. Standard spectral ratio (borehole response)

4. Borehole response inversion (velocity, thickness, 
and Q profiles)
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Inverting for nonlinear soil properties

1832 T. Satoh, T. Sate, and H. Kawase 

Table 3 

Soil Properties Obtained from the Identification Method for S-Wave Velocities and Damping Factors 

No. 

S-Wave Velocity (m/see) Damping-Factor (%) 

Thickness Kanagawa Kanagawa 

(m) Mainshock Foreshock Aftershock Earthquake Mainshock Foreshock Aftershock Earthquake 

1 7.0 53.8(63.8) 60.7 59.1 64.4 7.0(6.3) 3.4 3.9 5.0 

2 5.0 158.8(168.8) 165.7 165.8 169.4 

3 16.0 690.0* 

4 48.0 340.0 

5 6.0 750.0* 2.8 
6 12.0 340.0 
7 3.6 700.0* 
8 - -  800.0* 

In the first and second layers, the values in parentheses are identified from the part just after the main parts of the mainshock records, and the values 

without parentheses are identified from the main parts. Asterisks indicate S-wave velocities based on the logging results, i.e., not identified here. 
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Figure 15. Relationships between the effective 
shear strain and the shear modulus reduction ratio or 
the damping factor for (a) the first layer and (b) the 
second layer are estimated by two methods. Solid 
symbols shows the values based on linear 1D theory 
with the S-wave velocities and the damping factors 
estimated by the identification method. Open symbols 
show the values based on the equivalent linear 1D 
theory in which the S-wave velocities and the damp- 
ing factor for the main part of the foreshock are used 
as initial values for iteration. The shear modulus re- 
duction ratio for the foreshock are assumed to be unity 
and the damping factor to be 3.4% at the effective 
shear strain of 10-4%. Solid and dashed curves rep- 
resent the shear modulus reduction ratios and the 
damping factors as a function of the effective shear 
strain given by JESG (1991) from laboratory tests. 

in the main part and the part just after the main part of  the 

strong motion, vertically propagating S waves are dominant 

in the period range from 0.1 to 2.0 sec, while in the later 

part, horizontally propagating waves are dominant in the pe- 

riod range longer than 0.7 sec, and vertically propagating S 

waves are still dominant in the shorter period range. For the 

weak motion, only the main part can be examined because 

of  the small signal-to-noise ratios in other parts. In the main 

part of  the weak motion, vertically propagating S waves are 

also dominant. 

Based on these results, we decided to analyze these three 

S-wave dominant time segments, that is, the main part of  the 

strong motion, the part just after the main part of  the strong 

motion, and the main part of  the weak motions, based on 1D 

wave propagation theory for vertically propagating S waves. 

The observed spectral ratio between KD2 and KS2 for the 

main part of  the strong motion shows a longer peak period 

with lower amplitude at the peak around 0.5 sec compared 

to the corresponding peak for the weak motions. The shift 

of the peak period can be clearly seen in the Fourier spectra 

of  the KS2 records. To quantify this period and amplitude 

shift, the S-wave velocities and the damping factors are iden- 

tified by minimizing the residual between the observed spec- 

tral ratio and the theoretical amplification factor calculated 

from the 1D wave propagation theory. The S-wave velocity 

and the damping factor in the surface alluvial layer identified 

for the main part of  the strong motion are about 10% smaller 

and 50% greater, respectively, than those identified for the 

main part of the weak motions. The relationships between 

the effective shear strain and the shear modulus reduction 

ratios or damping factors estimated by the identification 

method agrees with the laboratory test results. We corrob- 

orate that the main part of  the strong motion, whose maxi- 

mum acceleration at the surface station KS2 is 220 cm/sec 2 

and whose duration is 3 sec, has the potential of  making the 

surface soil nonlinear at an effective shear strain on the order 

of  0.1%. 

The S-wave velocities in the alluvial layers identified 

from the part just after the main part of the strong motion 

Earth Science and Disaster Prevention (NIED). This work was performed
while one of the authors (F. D. M.) was a visiting scholar at the Disaster
Prevention Research Institute, Kyoto, on leave from Bureau de Recherches
Géologiques et Minières, Orléans. This work was supported by the CAR-
NOT Institute and the 21st Century COE Program of Kyushu University
(H-14). Drs. S. Parolai, T. Satoh, and an anonymous reviewer made valuable
suggestions to improve this article.

References

Aguirre, J., and K. Irikura (1997). Nonlinearity, liquefaction, and velocity
variation of soft soil layers in Port Island, Kobe, during the Hyogo-ken
Nanbu earthquake, Bull. Seismol. Soc. Am. 87, 1244–1258.

Aki, K. (1993). Local site effects on weak and strong ground motion,
Tectonophysics 218, 93–111.

Aki, K. (2003). A perspective on the history of strong motion seismology,
Phys. Earth Planet. In. 137, 5–11.

Archuleta, R. J., S. H. Seale, P. V. Sangas, L. M. Baker, and S. T. Swain
(1992). Garner Valley downhole array of accelerometers: Instrumenta-
tion and preliminary data analysis, Bull. Seismol. Soc. Am. 82, 1592–
1621.

Archuleta, R. J., S. H. Seale, P. V. Sangas, L. M. Baker, and S. T. Swain
(1993). Garner valley downhole array of accelerometers: Instrumenta-
tion and preliminary data analysis, Bull. Seismol. Soc. Am. 83, 2039.

Asano, K., and T. Iwata (2006). Source process and near-source ground
motions of the 2005 West Off Fukuoka Prefecture earthquake, Earth
Planets Space 58, 93–98.

Assimaki, D., and J. Steidl (2007). Inverse analysis of weak and strong
motion downhole array data from the Mw 7.0 Sanriku-Minami earth-
quake, Soil Dynam. Earthq. Eng. 27, 73–92.

Bard, P. Y., M. Campillo, F. J. Chavez-Garcia, and F. Sanchez-Sesma (1988).
The Mexico earthquake of September 19, 1985—A theoretical inves-
tigation of large- and small-scale amplification effects in the Mexico
City Valley, Earthq. Spectra 4, 609–633.

Beresnev, I. A., K.-L. Wen, and Y. T. Yeh (1995). Seismological evidence
for nonlinear elastic ground behavior during large earthquakes, Soil
Dynam. Earthq. Eng. 14, 103–114.

Bonilla, L. F., R. J. Archuleta, and D. Lavallee (2005). Hysteretic and
dilatant behavior of cohesionless soils and their effects on nonlinear
site response: Field data observations and modeling, Bull. Seismol.
Soc. Am. 95, 2373–2395.

Bonilla, L. F., J. H. Steidl, J.-C. Gariel, and R. J. Archuleta (2002). Borehole
response studies at the Garner Valley Downhole Array, Southern
California, Bull. Seismol. Soc. Am. 92, 3165–3179.

Chang, C. Y., C. M. Mok, M. S. Power, Y. K. Tang, H. T. Tang, and
J. C. Stepp (1991). Development of shear modulus reduction curves

based on Lotung downhole ground motion data, in Proc. of the
2nd Int. Conf. on Recent Advances in Geotechnical Earthquake
Engineering and Soil Dynamics, St. Louis, Missouri, 11–15 March
1991, 111–118.

Chávez-García, F. J., and D. Raptakis (2008). Inversion of soil structure and
analysis of the seismic wavefield from a vertical array, in Proc. of the
14th World Conf. on Earthquake Engineering, Beijing, China, 12–17
October 2008.

Chin, B.-H., and K. Aki (1991). Simultaneous study of the source, path, and
site effects on strong ground motion during the 1989 Loma Prieta
earthquake: A preliminary result on pervasive nonlinear site effects,
Bull. Seismol. Soc. Am. 81, 1859–1884.

Cramer, C., and C. Real (1992). A statistical analysis of submitted site-
effects predictions for the weak-motion blind prediction test conducted
at the Turkey Flat, USA, site effects test area near Parkfield, California,
in Proc. of the Int. Symp. on the Effects of Surface Geology on Seismic
Motion, Odawara City, Japan, Volume 2, 15–20.

Cultrera, G. C., D. M. Boore, W. B. Joyner, and C. M. Dietel (1999).
Nonlinear soil response in the vicinity of the Van Norman Complex
following the 1994 Northridge, California, earthquake, Bull. Seismol.
Soc. Am. 89, 1214–1231.

Darragh, R. B., and A. F. Shakal (1991). The site response of two rock and
soil station pairs to strong and weak ground motion, Bull. Seismol. Soc.
Am. 81, 1885–1899.

Field, E. H., P. A. Johnson, I. A. Beresnev, and Y. Zeng (1997). Nonlinear
ground-motion amplification by sediments during the 1994 Northridge
earthquake, Nature 390, 599–602.

Frankel, A. (1994). Dense array recordings in the San Bernardino Valley of
Landers–Big Bear aftershocks: Basin surface waves, Moho reflections,
and three-dimensional simulations, Bull. Seismol. Soc. Am. 84, 613–
624.

Frankel, A. D., D. L. Carver, and R. A. Williams (2002). Nonlinear and
linear site response and basin effects in Seattle for theM 6.8 Nisqually,
Washington, earthquake, Bull. Seismol. Soc. Am. 92, 2090–2109.

Ghayamghamain, M. R., and H. Kawakami (1996). On the characteristics
of non-linear soil response and dynamic soil properties using vertical
array data in Japan, Earthq. Eng. Struct. Dynam. 25, 857–870.

Goldberg, D. E. (1989). Genetic Algorithms in Search, Optimization, and
Machine Learning, Addison-Wesley, Reading, Massachusetts, 432 pp.

Graves, R. (1993). Modeling three-dimensional site response effects in the
Marina District Basin, San Francisco, California, Bull. Seismol. Soc.
Am. 83, 1042–1063.

Haskell, N. A. (1953). The dispersion of surface waves in multilayered
media, Bull. Seismol. Soc. Am. 43, 17–34.

Kawase, H., and K. Aki (1989). A study on the response of a soft basin for
incident S, P, and Rayleigh waves with special reference to the long

0

 0.2

 0.4

 0.6

 0.8

1

10-6 10-5 10-4 10-3 10-2 10-6 10-5 10-4 10-3 10-2

G
/G

m
ax

G
/G

m
ax

!

Sand and gravel

1 2
3, 5, 9

7

11

Inversion - sand
Inversion - gravel

Seed and Idriss (1970b)
0

 0.2

 0.4

 0.6

 0.8

1

!

Clay

PI = 200%
PI = 0%

4

6

8

10

Inversion - clay
Vucetic and 

 Dorby (1991)

(a) (b)

Figure 24. (a) Comparison of the strain-dependent characteristics inverted for sand and gravel layers with laboratory test results for sand
(Seed and Idriss, 1970b) whose effective vertical stress ranges from 0.05 to 0.5 MPa. (b) Comparison of the strain-dependent characteristics
inverted for clay layers with laboratory test results for clay (Vucetic and Dobry, 1991) whose plasticity index (PI) ranges from 0% to 200%.
For both panel, numbers indicate layers of Table 3.

170 F. De Martin, H. Kawase, and A. Modaressi-Farahmand Razavi

is consistent with the empirical estimation. The results ob-
tained by the NIOM analysis at a strain less than 5 ! 10!4 were
lower than the empirical estimation; however, as pointed out
in previous section, the disturbance due to strong shaking
might also affect the shear modulus in this layer, and, taking
into account this effect, both results can be considered as con-
sistent with each other. However, because the effect of the dis-
turbance due to seismic motion has not yet been examined
closely, experimental studies on the effects of the disturbance
due to strains of up to 1 ! 10!3 (a possible strain due to seis-
mic motions) are required for the accurate assessment of the
nonlinear soil behavior.

Comparison with the Results Obtained by Vertical
Array Analyses

Our results are also compared with the in situ shear mod-
uli obtained from various vertical array records by other
researchers. Tokimatsu et al. (2008) conducted inversion ana-
lysis of the KSH array records observed during the 2007
Chuetsu-oki earthquake and several aftershocks. They
showed that the normalized shear modulus decreased to 0.01–
0.2 for the surface layer (the recent sand deposit) and 0.4–0.6
for the Banjin formation during the mainshock, whereas no
degradation in the base layer (Nishiyama formation) was
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Figure 8. (a) to (c) Normalized shear modulus reduction relationship for the three layers at the KSH site based on the S-wave velocity
shown in Figure 7. Numbers located with the results of the mainshock indicate center time of the time window. In the diagrams, laboratory
test results of Fujisawa sand obtained by Katayama et al. (1986) are in diagram (a) for reference. The empirical relationships proposed by
Shibata and Soelarno (1975) are also shown in diagrams (a) and (b).

Nonlinear Soil Behavior in Kashiwazaki-Kariwa Nuclear Power Plant during 2007 Earthquake 773

Pioneering work by T. 
Satoh since the 90’s 

De Martin et al. (2010)

Mogi et al. (2010)
• Use of vertical arrays
• Inversion of G/Gmax only
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Inverting for nonlinear soil properties

5. Conclusions

We have developed a full-waveform inversion

algorithm for nonlinear site response downhole array

seismogram inversion, which estimates the constitu-

tive soil model parameters of a given hysteretic

model. We investigated several analytical functions

and selected the least complex idealization of soil

behavior that allows the necessary versatility of soil

stress-strain response using the minimal number of

model parameters. We define the objective function

in the wavelet domain to assign equal weight across

the frequency bands of the non-stationary seismic

motion.

The forward model of inelastic wave propagation

is based on a finite difference scheme, with fre-

quency-independent low-strain damping Q, modified

hyperbolic monotonic stress-strain response, and a

new hysteretic set of U-R rules capable of matching

simultaneously the shear modulus reduction and

damping versus shear strain curves.

The convergence rate and robustness of the pro-

posed scheme are evaluated for noise-free and noise-

contaminated data. The wavelet-based inversion is

shown to perform very well even for low signal-to-

noise ratios, namely relatively poor signals. The

algorithm was employed for a homogeneous inelastic

layer in a synthetic example, where multiple ground

Figure 17
a Downhole array instrumentation of Lotung LSST experiment site (modified from ANDERSON, 1993), b shear wave velocity profile (Vs) at

DHB location, adopted from ELGAMAL et al. (2001). Density used in the nonlinear soil response inversion was q = 2 tn/m3 and attenuation

factor Q = 10

Table 5

Recorded events at the LSST downhole array used in the inversion of seismogram recordings (from GLASER, 1995)

Event Date Magnitude (Ml) Epicenter Focal depth (km) Peak Acceleration [gals]

Longitude (E) Latitude (N) E–W N–S V

LSST 7 5/20/86 6.5 2,404.90 12,135.49 15.8 289.25 261.48 159.77

LSST12 7/30/86 6.2 2,437.73 12,147.65 1.6 366.89 270.72 726.11

LSST16 11/14/86 7.0 2,359.51 12,149.99 6.9 180.83 249.86 129.00

D. Assimaki et al. Pure Appl. Geophys.

motions ranging from medium to high intensity were

shown to converge to consistent nonlinear properties.

The target best fit model was defined as the average

modulus reduction and damping curves across the

ensemble of ground motions used. The inversion was

next employed on field data at a downhole array site,

and results were shown to compare very well with

published data on generic soil conditions. Results

from this work advance the state of the art in in situ

strong motion site response inversion, where the soil

is for the most part approximated by an equivalent

linear medium with reduced stiffness and increased

attenuation compared to the elastic response that

approximates only the average inelastic soil response

to the seismic input used in the inversion.

By estimating the inelastic constitutive properties,

the proposed inversion scheme accounts for the

instantaneous adjustment of soil response to the level

and strain and load path, a realistic approximation of

the true inelastic response. This approach, by contrast

to the equivalent linear one, yields nonlinear soil

parameters that characterize the site regardless of the

input data used to interpret them, and therefore allows

results from the inversion to be used for prediction of

nonlinear site response during future events. The

authors are currently extending the formulation to

multilayered 1D profiles with a downhole and surface

receiver, and in the future will be working to imple-

ment the proposed inversion for 3D near-surface soil

formations and non-destructively extract inelastic soil

characteristics from active surface vibration sources

(i.e., Spectral Analysis of Surface Waves).
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An insight of nonlinear soil response

114 Chapter 5. E!ect of soil nonlinearity on dynamic SSI : Parametric study

waves. However, the reflected waves coming from the sides of the model dissipate during the
propagation as the soil behavior is nonlinear.

5.2.4.2 Soil-foundation interface

In order to prevent the apparition of traction between the foundation and the surrounding soil,
the contact elements presented in Appendix §A have been positioned at the soil-foundation
interface. The contact element properties are selected in order to reduce stress concentration at
the foundation corners but not to alter the dynamic response by excessive sliding. The contact
elements are able to represent the uplift condition but for sake of simplicity the uplift is neglected
in this work.

Since the soil-foundation interface consists of modeling an artificial material for contact ele-
ments, to numerically ensure the continuity of the displacement the value of the Young modulus
of the contact is equal to the lower value of the Young modulus of two materials in contact, this
means the soil. The properties of the contact elements are shown in Table 5.4.

Parameter Value

E 185-261.5-394(MPa)
G 92.5-131-197(MPa)
! 27
c 4(kPa)

Table 5.4: Soil-foundation interface parameters depending on the soil profile

5.2.5 Case studies

Three di!erent structures and three di!erent soil profiles are considered. Consequently, we have
9 di!erent case studies. For each case, one linear and four nonlinear analyses (with the input
motions presented in §5.2.3) are performed. Therefore, our parametric study consists of 45
di!erent analyses. Table 5.5 displays the properties of each case study.

For each case study, the soil response and the soil-structure interaction are studied. The soil
response of the three di!erent soil profiles are presented in §5.3. The soil-structure interaction is
studied in §5.4. Di!erent indexes and control points are defined to simplify the way the results
are displayed. Figure 5.8 shows these indexes and the control points in the model.

1

2

3

ff

ts

sb

out

Po.CPo.B

Po.A

a
Foundation length

a/2

a

Figure 5.8: Definition of the control points of the soil-structure models

ff represents the free field, ts the top of the structure, out the outcropping and sb the base
of the soil profile. The control points Po.A, Po.B and Po.C represents the points where we
will study the soil and structure responses. The parameter a is the length of the foundation.

5.2. Description of the model 109

total mass of the structure is equal to 182t and its fixed base fundamental frequency is 2.32Hz.
The geometrical properties of the third structure are presented in Fig.5.1c.

The properties of these three structures are summarized in Tab.5.1. Beam elements are used
to model the columns and beams of the selected reinforced concrete buildings.

Building Total Total First fixed Length
height (m) mass (ton) base frequency (Hz) of Foundation (m)

b01 25.4 5634 0.56 30
b02 10 72 3.51 8
b03 21 180 2.32 18

Table 5.1: Properties of the three selected buildings

5.2.2 Soil profiles

5.2.2.1 Elastic properties

Three di!erent soil profiles are considered to represent di!erent level of nonlinearities. The soil
consists of 50m of three di!erent layers. The geometry and elastic properties of these soil profiles
are displayed in Fig.5.2.

10m
!1 = 1930kg/m3
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20m
!2 = 2015kg/m3
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(b) Soil profile (#2)
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(c) Soil profile (#3)

Figure 5.2: Geometric and material properties of the three selected soil profiles

To obtain these soil profiles specially their shear wave velocities we used the strategy pre-
sented by Cotton et al. (2006). The soil densities of the profiles are obtained by following David
Boore’s notes (http : //www.daveboore.com/daves notes.php). He presented the necessary for-
mulation to obtain the density depending on S and P waves velocities. The total height of the
soil profiles is 50m, consists of three di!erent layers of 10, 20 and 20m. These soil profiles are
laying on an elastic bedrock. The e!ect of the sti!ness increasing with the confinement is taken
into account by a nonlinear elastic approach considered as,

G = Gref

!
P

Pref

"n

(5.1)

where the elastic shear moduli, G, is a function of the mean compressive stress P . The Gref

is the elastic shear moduli measured at the mean pressure Pref and n depends on the soil type.
It is usually 0.5 for granular soils and close to 1 for clays. Therefore, the low-strain shear moduli
increases with depth. The low-strain shear moduli and elastic shear wave velocity of the soil
profiles are shown in Fig.5.3.

Soil-structure interaction model

Confining pressure dependency

Gandomzadeh (2011)
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(a) Low-strain shear moduli of the profiles
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(b) Low-strain shear wave velocity of the profiles

Figure 5.3: Low-strain shear moduli and elastic shear wave velocity of the studied soil profiles

Figure 5.4 displays the results of the elastic frequency analyses of the three studied soil
profiles. The first and the second elastic natural frequencies of soil profile #1 are respectively
2.96 and 7.05Hz. For the second soil profile, they are 2.4 and 5.74Hz. Finally, for the third
studied soil profile, the frequencies are equal to 1.98 and 4.82Hz. The relative position of the
fixed base frequency of the three selected buildings are also shown in Fig.5.4. The buildings are
selected in a way to form di!erent combinations of the fundamental and natural frequencies of
the soil and structure. For example, the fundamental frequencies of buildings b01 and b03 are
lower than the first natural frequency of the soil profile #1 (Fig.5.4a). For the same soil profile,
the fundamental frequency of the second building is greater than the soil natural frequency
for other soil profiles. Consequently, the e!ect of the ratio of the natural and fundamental
frequencies of the soil and structure can be investigated.

5.2.2.2 Nonlinear properties

The implemented nonlinear constitutive model (§3.3) requires the shear modulus reduction
curve. The reference strain, !ref , for the first layer of the first, second and third soil profile
are respectively 0.1%, 0.058% and 0.033% (Fig.5.5a). This means the level of nonlinearity of
the first soil profile is less than two other soil profiles. On the other hand, for the same level
of shear strain, the shear modulus reduction is larger for soil profile #3 than for the first and
second one. The reference strains of the three soil profiles are displayed in table 5.2.

Soil Profile #1 Soil Profile #2 Soil Profile #3

Layer 1 0.10 0.058 0.033
Layer 2 0.12 0.069 0.038
Layer 3 0.14 0.072 0.043

Table 5.2: Reference strain (%) of the three studied soil profiles

The bedrock behavior is elastic. A Young’s modulus of E = 3.7632GPa, a density of
" = 2100Kg/m3 and a Poisson’s ratio of # = 0.4 are considered for the bedrock. Similar
Poisson’s ration is considered for the soil.

5.2.3 Input motion

In the CESAR-LCPC software, the input motion can be introduced into the model either as a
displacement or as a force. For displacement input, we are limited to the borehole condition.
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waves. However, the reflected waves coming from the sides of the model dissipate during the
propagation as the soil behavior is nonlinear.

5.2.4.2 Soil-foundation interface

In order to prevent the apparition of traction between the foundation and the surrounding soil,
the contact elements presented in Appendix §A have been positioned at the soil-foundation
interface. The contact element properties are selected in order to reduce stress concentration at
the foundation corners but not to alter the dynamic response by excessive sliding. The contact
elements are able to represent the uplift condition but for sake of simplicity the uplift is neglected
in this work.

Since the soil-foundation interface consists of modeling an artificial material for contact ele-
ments, to numerically ensure the continuity of the displacement the value of the Young modulus
of the contact is equal to the lower value of the Young modulus of two materials in contact, this
means the soil. The properties of the contact elements are shown in Table 5.4.

Parameter Value

E 185-261.5-394(MPa)
G 92.5-131-197(MPa)
! 27
c 4(kPa)

Table 5.4: Soil-foundation interface parameters depending on the soil profile

5.2.5 Case studies

Three di!erent structures and three di!erent soil profiles are considered. Consequently, we have
9 di!erent case studies. For each case, one linear and four nonlinear analyses (with the input
motions presented in §5.2.3) are performed. Therefore, our parametric study consists of 45
di!erent analyses. Table 5.5 displays the properties of each case study.

For each case study, the soil response and the soil-structure interaction are studied. The soil
response of the three di!erent soil profiles are presented in §5.3. The soil-structure interaction is
studied in §5.4. Di!erent indexes and control points are defined to simplify the way the results
are displayed. Figure 5.8 shows these indexes and the control points in the model.

1

2

3

ff

ts

sb

out

Po.CPo.B

Po.A

a
Foundation length

a/2

a

Figure 5.8: Definition of the control points of the soil-structure models

ff represents the free field, ts the top of the structure, out the outcropping and sb the base
of the soil profile. The control points Po.A, Po.B and Po.C represents the points where we
will study the soil and structure responses. The parameter a is the length of the foundation.
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(a) Transfer function (ts/!)
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(b) Transfer function (ts/!)

Figure 5.30: Transfer function between the acceleration at the top of the structure and the free
field for 0.1g (left) and 0.7g (right) outcropping PGA’s for three di!erent soil profiles with linear
and nonlinear soil behaviors

reduces. This is due to the geometric or radiation damping where the energy that reaches from
the soil to the structure comes back to the soil during its oscillation and vanishes into the soil.
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Figure 5.31: Acceleration at the top of the structure for the case study 9 (see Table 5.5) for the
0.7g outcropping PGA

Also, the acceleration at the end of the propagation is di!erent between these cases. This is
due to the di!erent nonlinear properties of the soil profiles that are related to their shear modulus
reduction curve. For each case, the strain level and the related shear moduli is di!erent and
consequently, the response of the soil will be di!erent.

In general, the shift of the fundamental frequency of the soil-structure system when soil
nonlinear behavior is acting is quite low. Numerical simulations show this is not a good index to
discriminate linear from nonlinear behavior. However, the amplitude may be more discriminant.
The structural material behavior is assumed linear, consequently, the aforementioned remark
may change considering a nonlinear structure.

5.5 Energy dissipation in the soil and maximum strain during
the propagation

5.5.1 Energy dissipation

In order to identify the role of the di!erent energy dissipation mechanisms in the problem and
assess the e!ects of soil nonlinearity on SSI, the dissipated energy due to the hysteresis behavior
of the soil can be computed during the wave propagation. For the soil, an energy dissipation
index can be computed by

Isoil =
1

"

!

!

!

t
!(x, t) : d"(x, t)dV (5.3)
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with ! and " the stress and strain tensors induced in the soil during the dynamic loading
in an interior material point x. This integration is performed over a control volume !. In our
plane-strain problem, the above equation takes the form:

Isoil =
1

!

!

!

!

t
[!xxd"xx + !yyd"yy + 2!xyd"xy] dV (5.4)

The contribution of each term to the total value of Isoil depends on the characteristics of the
loading. As a result of the horizontal seismic motion (in xy) applied in our case, the contribution
of the !xxd"xx is negligible. According to our results, the shear term represents the most part
of the total value of Isoil. For the heavier buildings, relatively larger variations of vertical stress
and strains are induced by the superstructure rocking. Consequently, the contribution of the
vertical term !yyd"yy increases.

The necessary developments are performed during this work in order to compute the energy
dissipation due to all the components of stress and strain shear tensors or due only to the
shear components. For example, Figure 5.32 displays the iso-values of the cumulative dissipated
energy in the soil, for three soil-structure systems (Case studies 2, 5 and 8) at the end of the
computation. The dissipated energy presented here is only due to the shear terms. These
structures are based on the second soil profile, and the input motion of 0.25g outcropping PGA
is applied at the base of the model after its division by two.

(a) Dissipated energy (b01 and soil profile #2) (b) Dissipated energy (b02 and soil profile #2)

(c) Dissipated energy (b03 and soil profile #2)
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Figure 5.32: Cumulative dissipated energy at the end of the wave propagation due to the shear
components of the stress and strains for case studies 2, 5 and 8 obtained for the 0.25g outcropping
PGA

These graphs help us to find the parts of the soil medium that dissipate more energy during
the wave propagation. The parts that are white in this figure dissipate more than 5J/m3

energy. We observe that the soil energy is strongly dissipated at the bottom boundary of each
layer and also close to the surface where the up and downgoing waves are combined. Firstly,
the shear modulus reduction curve is related to the confinement stress (equation 5.1), therefore
the soil becomes softer by getting closer to the surface. Secondly, the properties of each layer is
weaker than the one below it. Consequently, more energy dissipation is observed at the bottom
boundary of each soil layer. Thirdly, the impedance contrast is higher at the boundary between
layers, thus amplification is also produced, which competes with nonlinear e"ects.

The e"ect of the structure weight on the low-strain shear modulus is taken into account (see
1.6.4). This may change the nonlinear behavior of the soil particularly around the foundation.
In this work, we neglected the e"ect of initial static condition. This e"ect changes the behavior
of the soil before applying the dynamic loading. In addition, the weight of the structure and soil
produces the settlement in the media that we did not study in our work. Therefore, the e"ect
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bottom boundary of the soil layers and also close to the surface was described before in §5.5.1.
We observe that at these areas the maximum shear strain is in accordance with the dissipated
energy and is larger than other parts.
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(b) Maximum shear strain
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(c) Dissipated energy
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(d) Maximum shear strain

Figure 5.36: Maximum shear strain reached during the calculation and the dissipated energy due
to the stress and strain shear components for the case study 2 with two 0.1g (two left figures
a and b) and 0.7g (two right figures c and d) outcropping PGA’s, the results are compared
between four soil columns presented in Fig.5.8

Following the waves that come from the elastic bedrock (below the 50m soil layer), a part of
energy dissipates very fast at the beginning of the nonlinear soil (third layer). Before reaching
the second layer, the energy dissipation and maximum shear strain remain constant. Due to the
confinement stress, the soil becomes softer but at the same time the response amplitude also
decreases since the soil behaves nonlinearly. Therefore, as an hypothesis, these e!ects neutralize
each other and the energy dissipation and maximum shear strain remain constant. The waves
reach the second soil layer with lower sti!ness, therefore it is amplified on one side and on
another side, the second soil layer is softer than third one. Consequently, a significant part of
the energy is dissipated through the propagation at the bottom of the second soil layer. However,
the maximum shear strain and the dissipated energy in the second layer are greater than the
third one. The reason is the weaker soil properties. Also, the second soil layer is closer to the
surface, therefore the energy of the downgoing waves and the radiated waves due to the structure
oscillation continue to be dissipated. Finally, the energy dissipation and the maximum shear
strain increase close the free surface due to the combination of the up and downgoing waves.

For this case study, because of the significant weight of the structure the dissipated energy
and the maximum shear strain in the soil column at Po.B and Po.C close to the free surface is
lower than the free field and Po.A columns.

The aforementioned results are computed for the case study 5 (Fig.5.37). We observe that
for all cases the soil column Po.C exhibits the greatest maximum shear strain and the dissipated
energy for the points close to the surface. We explained previously that this may be due to the
rocking motion of the slender structure b02. Especially, the uplift is not allowed in our study,
therefore, the rocking e!ect becomes more important.

Finally, the maximum shear strain and the dissipated energy in the soil are presented in
Fig.5.38 for the 0.1g and 0.7g outcropping PGA’s. We observe that the results of di!erent soil

Dissipated energy is 
higher at interfaces 
and close to the free 
surface

Gandomzadeh (2011)

0.2g 0.7g
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What do we observe?
• Energy is strongly dissipated at the bottom of each 

layer and close to the free surface
• Since shear strength increases with depth, the 

energy is dissipated in the weaker part (transition 
between layers)

• Furthermore, the impedance contrast increases at 
each layer interface

• Thus, nonlinear response has a cumulative effect 
(number of cycles) and competition between 
impedance contrast (linear part) and material 
strength (nonlinear part)

• It is therefore necessary to instrument not only the 
middle of the layers but near their interfaces 
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Conclusions

• Input ground motion (e.g. near- and far-field) 
• Low strain properties (linear site response)
• Dynamic soil properties (nonlinear site response)
• Methods of computing site response

Sources of uncertainty (variability) in site response

What do we need?

• Understanding linear site response
• Inverting earthquake data to obtain dynamical soil 

properties (up to bedrock?)
• Core sampling and laboratory tests (material 

strength, granulometry, pore pressure effects, etc.)
• Instrumenting middle of layers and near their 

interfaces
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