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In this paper, the effect of the middle soft soil layer on the seismic response of a multi-layered
site is investigated with the help of one-dimensional equivalent-linear and non-linear analysis
methods. The constitutive model used for the multi-layer soil site is the viscoelastic model.
Basically, in the discussions of soil dynamics, a soft soil layer with a low shear wave velocity
is assumed, which is the basis of the analytical and numerical analyses of this research. In this
study, the effect of the stiffness, geometric and spatial characteristics of the middle soft soil
layer on the overall seismic response of the site in the field of spectral acceleration responses
is investigated. The viscoelastic stress-strain relationship has been solved in the analysis of the
equivalent-linear response using the analytical method and in the analysis of the non-linear
response using the finite difference numerical method. Also, the effect of characteristics such
as the depth of the soft soil layer, thickness, shear wave velocity, material damping, its density
and other factors have been evaluated in the separate analyses. The results of this research
show that the existence of the soft soil layer has a double effect on the seismic response of
multi-layer sites. First, by increasing the thickness of the soft layer under the hard layer, this
layer reduces the spectral response acceleration values like a damper. And on the other hand,
by removing the upper hard layer and increasing the thickness of the soft layer up to the ground
surface, the acceleration spectral amplification values, despite the decreasing trend, are several
times the case when the hard layer is located on top of the soft layer. In both equivalent-linear
and non-linear methods, with the increase in damping, the peaks of the acceleration response
spectrum are smoothed, in addition to that, the spectral acceleration value also decreases.
Besides, the non-linear method, in the conditions of the minimum damping ratio (i.e., critical
damping ratio equal to zero), gives more response acceleration than the equivalent-linear
method. Increasing the damping, as well as increasing the thickness of the soft layer, has
caused a decrease in the response acceleration values of the multilayered site.
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Introduction
The site conditions and the location of structure construction, which sometimes face geotechnical

risks, significantly impact the response of a surface structure over the construction and operation
period. Field geotechnical identifications during the feasibility study and design phase of a
structure can largely visualize the construction site conditions for the design engineer.
Sometimes, after field surveys, layers with different hardness and resistance characteristics are
revealed in the foundation of structures and the underlying soil layers. Studying the effects of
these layers on the overall response of the foundation during an earthquake is one of the questions
facing civil engineers. The main objective of this research is to understand the effects of soft soil
layers on the dynamic response of a site, the results of which can be used as a criterion for
judgment by design engineers. According to existing seismic codes, various commercial-research
software programs have been developed from the beginning for analyzing the seismic response
of multi-layered sites, such as SHAKE [1], DESRA-2 [2], DYNA1D [3], SHAKE91 [4], EERA
[5], NERA [6], SHAKE?2000 [7], ShakEdit [8], and DEEPSOIL [9]. Most software programs
simulate and analyze a multi-layered soil model in a simplified one-dimensional form and are
written based on computational logic, including the equivalent linear or non-linear method. In
this research, the equivalent-linear seismic response analysis of a multi-layered site was
estimated using the EERA software program, and the non-linear seismic response analysis of a
multi-layered site was conducted using the NERA software.

Method
The equivalent-linear model of the stress-strain response of soil is presented based on the

viscoelastic Kelvin-Voigt model to represent the variation of shear strains over time under
dynamic loading (time effect in the analysis) according to Equation (1) below. In this model, shear
stress is dependent on shear strain and the rate of shear strain concerning time:

=Gy +ny (1)
Additionally, in the non-linear hysteretic seismic stress-strain behavior of materials, the IM model
proposed by lwan and Mroz is used, and the hysteresis curve employed in this material behavior
model is based on the Masing rule. The equations for these models are solved based on the
relationships, methods, and processes presented in the references.

Results
In this section, a parametric study is conducted to investigate the effect of different geometric and

resistance conditions of layers, including a soft intermediate layer and stiff upper and lower layers,
on the seismic response of a multi-layered soil site. This parametric study aims to select these
parameters so that a structure with the best compatibility in terms of positive performance against
seismic loading can be constructed at each site. The ultimate goal of conducting these analyses is
to prevent the occurrence of excessive amplification or magnification of response spectrum values
in surface structures during an earthquake. This issue can lead to significant irreversible rotations
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and deformations in structures and their destruction. As it can be seen from the results of both
equivalent-linear and non-linear analyses, the changes of underground water table level have no
effect on the spectral acceleration results of the site response. Of course, if the soil density of the
layers, especially the soft layer, is not corrected according to the water level (that is, using saturated
unit weight instead of wet or dry unit weights below the underground water table). Considering
the dependence of the natural period (inverse of the natural frequency) of the structures (steel and
concrete frames or masonry structures) on their height and also how the response accelerations are
magnified in the present analysis, with the change of the conditions of the middle soft layer, the
height of the structure in each soil site should be chosen in such a way that the phenomenon of
resonance or the phenomenon of amplification does not happen despite the existence of a soft layer
(or layers) and in the conditions of the difference in the stiffness of the soil layers.

Conclusions
This study conducted a numerical investigation of the effect of an intermediate soft soil layer on

the seismic response of multi-layered sites. The soft layer can be formed due to differences in soil
density (a loose layer between two compact layers), cementation, and increased surface layer
resistance due to its material, differences in material (a layer of clayey soil between two harder
granular layers), or due to subsurface folding or cavities that over time fill with softer sediments.
The basis for judging the softness or hardness of the soil layers in this study is based on the
recorded values of shear wave velocity (Vs) in the soil layers. In the default case, in the numerical
analyses, the critical damping ratio of the soil layers is assumed to be 5%. In some parametric
studies of the present study, this value has varied. The effect of changing the geometric
characteristics (thickness and location of the layer) and the hardness of the soft soil layer on the
spectral acceleration response of the site through parametric analyses using equivalent-linear one-
dimensional methods (in the EERA program) and non-linear methods (in the NERA program) has
been examined. The main results obtained from this study can be summarized as follows:

1. The site response spectrum is not very sensitive to changes in the density of the soft layer and
is only dependent on the shear wave velocity in this layer.

2. In both the equivalent-linear and non-linear methods, as the overburdened soil (the upper hard
layer) increases in thickness on the soft layer, the values of the spectral acceleration response
decrease so that the spectral acceleration response of the soil layers reach a negligible value close
to zero at a maximum thickness of 1000 meters.

3. In both the equivalent-linear and non-linear methods, with an increase in the thickness of the
soft layer, this layer acts like a mirror, causing a decrease in the acceleration response.

4. Changes in the thickness of the upper soft layer (without defining an upper hard layer) have a
dual and contradictory effect: a decrease in acceleration response with an increase in the thickness
of the soft layer and an overall increase in the magnification values in the acceleration response.
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5. In the equivalent-linear analysis, with an increase in the shear wave velocity of the soft layer
from a minimum value of 50 m/s to a value of 200 m/s, the acceleration response increases

(maximum acceleration response)
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a
0 0.25 0.5 0.75 1 ( ) 0 025 05 0.75 1 1.25|
1 1

£ £

T
LARTE ;101
a o
4 4
o c
£ x
S <
£ £
5 ]
g g ‘
z 1007 5 100
° 2 /
0 =3

=]

—+—EERA —+—EERA
—=— NERA —=—NERA
1000 1000

Sl ) 4 as pé g e Jolee ol&isle iub lid Fuwl AY S
2 aY Coalsed () (g csrw 4Y culses (1) isla el yolie

S5 A O
Tl 2 Sbe pp S Y Jlgoae (o) p a4 Gl (nl po
pr Y el sa s aitloyy gy wiz slaelfisl s gloj,)
55 Oyt G 43Y) S cloa¥ (15 B 5 56 Wl oo
A 4 (b 4 Casglie (Al g o graslislons (051550 0¥
sladls Y 50 ole oy S AY) iz OS] i
90 4 aS (Feejpy D> b (S5 wed Sl o by (Fed—
Sgladd glive 0,0%s JSb g0y Fp s glacdpl b ol
ool S sl og o b pegad 50 (GioS
S cloa )3 o ood (Vo) oyt o 5Lt s s pyolie

e i go0e o Jdos 0 (B8 hw Sy ol
0 9 el ool (B30l S sleany Sl
el 0ad 00l s )] o «juol> adllas (g al,b (sla o
GY S g (Y o § Cwldd) cwiin Sliasin poss i
slo bl 5o, 51 S i e gl 5 S
EERA asliy j3) s - Jolas susr S slobs, 4 s ell
sl 4235 )13 oy 3y90 (NERA auliy ) (s - i
il Ol BB 25 9,150 255 & addllas (nl 5l Lol ones b
P aY J& Dok 4 plaiz oSl Gl b )

ol asly Y pl o b zee Sy 4 dadd g sl

L Gomb @l ) pYL sloss p p s Y aS iS g oo

17 Amplification (or magnification)



VE Y ) o)l o) 090 (yras pwdigo o i i (gildto

35

University of California, Berkeley, December, (102p),
(1972).

[2] Lee, M. K. W. and Finn, W. D. L., “DESRA-2, Dynamic
effective stress response analysis of soil deposits with
energy transmitting boundary including assessment of
liquefaction potential”, Faculty of Applied Science,
University of British Columbia, Vancouver, Canada,
(1978).

[3] Prevost, J. H., “DYNA1D: A Computer Program for
Nonlinear Seismic Site Response Analysis - Technical
Documentation,” Multidisciplinary Center for
Earthquake Engineering Research, Report NCEER-89-
0025, (1989).

[4]Idriss, .M. and Sun, J.I., “User’s Manual for SHAKE91, ”
Center for Geotechnical Modeling, Department of Civil
Engineering, University of California, Davis, (1992).

[5] Bardet, J. P., Ichii, K., and Lin, C. H., “EERA, A
computer program for Equivalent linear Earthquake site
Response Analysis of layered soils deposits”, University
of Southern California, Los Angeles, (2000).

[6] Bardet, J. P., and Tobita T., “NERA, A computer program
for Nonlinear Earthquake site Response Analysis of
layered soils deposits”, University of Southern California,
Los Angeles, (2001).

[7] Ordonez, G.A., “SHAKE2000, A computer program for
the 1-D analysis of geotechnical earthquake engineering
problems”, March 2006 — Revision, (2006).

[8] Ordonez, G.A., “ShakEdit, A pre and postprocessor for
SHAKE and SHAKE91”, March 2006 - Revision,(2006).

[9] Hashash, Y.M.A, Groholski, D.R., Phillips, C. A., Park,
D, Musgrove, M., “DEEPSOIL 5.1 User Manual and
Tutorial, 107p, A one-dimensional site response analysis

program for perform both 1-D nonlinear and 1-D
equivalent linear analyses”, Department of Civil and
Environmental Engineering, University of Illinois at
Urbana-Champaign, USA, (2012).

[10] Idriss, I. M., “Response of Soft Soil Sites during
Earthquakes”, Proceedings, Memorial Symposium to
honor Professor Harry Bolton Seed, Berkeley,
California, Vol. Il, May,(1990).

[11] Matthiesen, R.B., Duke, C. M., Leeds, D. J. and Fraser,
J. C., “Site Characteristics of Southern California
Strong-Motion Earthquake Stations, Part Two”, Report
No. 64-15. Department of Engineering, University of
California, Los Angeles, August (1964).

[12] Idriss, I. M. and Seed, H. B., “Seismic Response of
Horizontal Soil Layers”, Journal of the Soil Mechanics
and Foundations Division, ASCE, Vol. 94, No. 4,
pp.1003-1031, (1968).

[13] Kanai, K., “Relation Between the Nature of Surface
Layer and the Amplitude of Earthquake Motions”,
Bulletin, Tokyo Earthquake Research Institute, (1951).

o3l (IS e jo e ims oo lid 095 3l s — Jolee
C.Ia_.u)O c_.wl.: uL»_w MK;«CL} ‘6‘ o)JJ).»_.w.a&»_w L;Jr_w
YW R URCEA LG ES W

99 ;@ 0 bl b mul o S 4Y JSs s LY
b by omle (b e g (S - Jobee Julow )
Oezeed Hls 18 e 5 S 4y JBs aiion 5 aieS ooguse
5 b —Jsbee gy 99 50 QL gl sla Al (6,5 IS W)
S 00 ).in.\SJ 05)‘5 ‘k5‘4'> —f..c

GRIPI L (s - g (o — Jobae by, 99 2 50 A
» OB)LC “MHCSQ )‘54.{& uL\_...u Gml.’ ;Sb..jo LSLQQJ.S “Sl.> (5")"“
et gy ormed e (a8 5 b Sl e o
Lol 00l Gl wim KLl ool bl polie jo uals

e g ishS —Jolae (Llos by 99 2 s 5l azslixy -4
b LS @l p iy 2 5l Sl e p b -
adl.cul Jl o adlas pl glagsladas jo oL ol
Ol 515 L @las oy auY ohg aa doas¥ S &> asli>
o9 Bl 4 glil paase (59 5l eolaiwl Zw) 9a-is o]
(i 213l 5 0 Sas b osbye (ogass

(b 558 (9)l9) erb g0y (Sly dazgi b=V
ool elas ) a4 (oo sloojlw 5 (oo b soYsd slald) o o;lus
i bl Lo o gl laclid ol ) (K8 55
Sopb il 2 3 o3l i Cenlioo ¢ Slo o Y Ll
L) Y 0525 b (oles 5 oauay b auaiis oauay a5 wo,5 bl
anas 3l (Sl

References

[1] Schnabel, P. B., Lysmer, J., and Seed, H. B. “SHAKE: A
Computer Program for Earthquake Response Analysis of
Horizontally Layered Sites”, Report No. UCB/EERC-
72/12, Earthquake Engineering Research Center,



36

o eai] o Joles (Sealis slagls p Gloo 3 Y JI (o

Dynamics and Earthquake Engineering, 127 (2019)
105860,(2019).

[26] Phillips C., Hashash Y.M.A., “Damping formulation for
nonlinear 1D site response analyses”, Soil Dynamics
and Earthquake Engineering 29(2009)1143-1158,
(2009).

[27] Tao Y., Rathje E., “Taxonomy for evaluating the site-
specific applicability of one-dimensional ground
response analysis”, Soil Dynamics and Earthquake
Engineering 128 (2020) 105865,(2020).

[28] Gao J.C., Chan C.H., Lee C.T., “Site-dependent ground-
motion prediction equations and uniform hazard
response spectra”, Engineering Geology 292 (2021)
106241.

[29] Nguyen H.V., Lee J.H., “Probabilistic site response
analysis for nuclear facilities considering variability of
soil properties and its effects on uniform hazard response
spectra and ground motion response spectra”, Soil
Dynamics and Earthquake Engineering 150 (2021)
106953,(2021).

[30] Anthi M., N. N., “A wave propagation algorithm for
nonlinear site response analysis of layered soil
accounting for liquefaction”, Soil Dynamics and

Earthquake Engineering 149 (2021) 106860,(2021).

[31] Tsai C.C., Liu in H.W., “Site response analysis of
vertical ground motion in consideration of soil
nonlinearity”, Soil Dynamics and Earthquake

Engineering 102 (2017) 124-136,(2017).

[32] Hardin, B. O. and Drevich, V. P., “Shear Modulus and
Damping in Soils: I. Measurement and Parameter
Effects”, Journal of Soil Mechanics and Foundation
Division, ASCE, Vol. 98, No. 6, pp. 603-624,(1972).

[33] Hardin, B. O., and Drnevich, V. P., “Shear Modulus and
Damping in Soils: II. Design Equations and Curves”,
Journal of Soil Mechanics and Foundation Division,
ASCE, Vol. 98, No. 7, pp. 667-691,(1972).

[34] Seed, H. B. and Idriss, I. M., “Soil Moduli and Damping
Factors for Dynamic Response Analysis”, Report No.
UCB/EERC-70/10, Earthquake Engineering Research
Center, University of California, Berkeley, December,
48p,(1970).

[35] Seed, H. B., Wong, R. T., Idriss, I. M. and Tokimatsu,
K., “Moduli and Damping factors for Dynamic
Analyses of Cohesionless Soils”, Journal of the

Geotechnical Engineering Division, ASCE, Vol. 11 2,
No. GTI 1, November, pp.1016-32,(1986).

[36] Sun, J.1., Golesorkhi, R. and Seed, H.B., “Dynamic
Moduli and Damping Ratios for Cohesive Soils”,
Report No. UCB/EERC-88/15, Earthquake Engineering
Research Center, University of California, Berkeley,
42p,(1988).

[14] Tsai, N. C., and Housner, G.W., “Calculation of Surface
Motions of a Layered Half Space,” Bulletin of the
Seismological Society of America, Vol. 60, No. 5, pp.
1625-1651,(1970).

[15] Roesset, J.M. and Whitman, R.V., “Theoretical
Background for Amplification Studies”, Research
Report No. R69-15, Soils Publications No. 231,
Massachusetts Institute of Technology, Cambridge,
(1969).

[16] Lysmer, J., Seed, H. B. and Schnabel, P. B., “Influence
of Base—Rock Characteristics on Ground Response”,
Bulletin of the Seismological Society of America, Vol.
61, No. 5, pp. 1213-1232,(1971).

[17] Sugito, M., “Frequency-dependent equivalent strain for
equi-linearized technique”, Proceedings of the First
International Conference on Earthquake Geotechnical
Engineering,Vol. 1, A. A. Balkena, Rotterdam, the
Netherlands, pp. 655-660,(1995).

[18] Joyner, W.B. and Chen, A.T.F., “Calculation of
nonlinear ground response in earthquakes,” Bulletin
Seismological Society of America, Vol. 65, pp. 1315-
1336,(1975).

[19] Fabozzi S., Catalano S., Falcone G., Naso G., Pagliaroli
A., Peronace E., Porchia A., Romagnoli G., Moscatelli
M., “Stochastic approach to study the site response in
presence of shear wave velocity inversion: Application
to seismic microzonation studies in Italy”, Engineering
Geology,(2020).

[20] Saenz M., César Sierra, Juan Vergara, Juan Jaramillo,
Juan Gomez, “Site specific analysis using topography
conditioned response spectra”, Soil Dynamics and
Earthquake Engineering 123 (2019) 470-497,(2019).

[21] Sun R., Yuan X., “A holistic equivalent linear method
for site response analysis”, Soil Dynamics and

Earthquake Engineering,(2020).

[22] ChangJ.,Deng Y., Xuan Y., Yan Z., Wu W.,He J., “The
dynamic response of sites with earth fissures as revealed
by microtremor analysis-A case study in the Linfen
Basin, China”, Soil Dynamics and Earthquake
Engineering 132 (2020) 106076,(2020).

[23] Du W., Pan T.C., “Site response analyses using down
hole arrays at various seismic hazard Levels of
Singapore”, Soil Dynamics and Earthquake
Engineering, 90:169-182,(2016).

[24] Garcia-Suarez J., Seylabi E., Asimaki D., “Linear one-
dimensional site response analysis in the presence of
stiffness-less free surface for certain power-law
heterogeneities”, Soil Dynamics and Earthquake
Engineering 141 (2021) 106530,(2021).

[25] Manha N.H., Chang N.Y., “A new viscous damping

formulation for 1D linear site response analysis”, Soil



VE Y ) o)l o) 090 (yras pwdigo o i i (gildto

37

[37] Vucetic, M. and Dobry, R., “Effect of Soil Plasticity on
Cyclic Response”, Journal of the Geotechnical
Engineering Division, ASCE, Vol. 111, No. 1, January,
pp. 89-107,(1991).

[38] Kramer, S.L., “Geotechnical Earthquake Engineering”,
Prentice Hall, Upper Saddle River, New Jersey, pp. 254-
280,(1996).

[39] Iwan, W. D., “On a class of models for the yielding
behavior of continuous and composite systems”, Journal
of Applied Mechanics, ASME, Vol. 34, pp.612-617,
(1967).

[40] Mréz, Z., “On the description of anisotropic work
hardening”, Journal of Mechanicsand Physics of Solids,
Vol.15, pp.163-175,(1967).

[41] Masing, G., “Eigenspannungen und Verfestigung beim
Messing”, Proceedings of the Second International
Congress of Applied Mechanics, pp.332-335,(1926).

[42] Bendat, J. S., and A. G. Piersol, “Random Data, Analysis
and Measurement Procedures”, John Wiley & Sons,

New York, pp. 334-383,(1986).

[43] Cooley, J. W. and Tukey, J. W., “An Algorithm for the
Machine Calculations of Complex Fourier Series”,
Mathematics of Computation, 19(90), pp. 297-301,
(1965).

[44] Meirovitch, L., “Analytical Methods in Vibrations”, The
MacMillan Company, NY, pp. 400-401,(1967).



