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ABSTRACT

The influence of matric suction as a stress state variable of unsaturated soil on shear modulus and also
nonlinearity of soil has been recognized in several researches. Therefore, it is clear that presentation of
seismic response of unsaturated soil profile with consideration of the suction effect provides a more redlistic
response of the soil profile. The aim of this study was to evaluate and validate the impact of suction on
ground response analysis by available two unsaturated dynamic modelsin the literature that can predict shear
modulus at very small strain and generate G/Gg-y, D-y curves with considering of suction. The paper presents
a parametric study of linear, equivalent linear and nonlinear site response analysis of the imaginary soil
profiles in terms of the amplification function and pseudo acceleration-displacement response spectra and
obviously show major effects of suction on the mentioned parameters.

INTRODUCTION

The basis of one-dimensional ground response analysis is a presentation of the procedure by using
simplifications avoids of wave scattering. In this method, SH is the input wave that radiated from rock to
soil, because when the wave traveling from one medium to another, produces itself exclusively. Moreover,
the soil layers that overlaying the bedrock must be parallel with both themselves and bedrock direction.
Eventually the response of a point on the bedrock will be transferred to the surface of the soil profileand it is
assumed that the response is similar to all of the site points.

Assumptions that soil is either dry or saturated, often is not consisting with reality and in many
engineering problems, however, a soil is partially saturated (degree of saturation is between 0 to 100
percent).

The Influence of matric suction as a stress state variable of unsaturated soil on shear modulus and also
nonlinearity of soil has been recognized in severa researches. So it is clear that presentation of seismic
response of unsaturated soil profile with consideration of the suction effect provides a more realistic response
of the soil profile.

A research of d’Onza et al. (2008) is the pioneer investigation in this field. The investigation is the
basis of linear ground response analysis by considering the soil suction on the shear wave velocity or
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damping ratio of the unsaturated soil deposits. They have discussed the amplification function in terms of the
amplification ratio of surface motion and concluded that the natura frequency of soil deposit significantly
increases with suction increase and the maximum amplification ratio is substantially reduced. More recently,
Biglari & Ashayeri (2013) and aso Biglari et a. (2014) investigated linear, equivalent linear and nonlinear
seismic ground response analysis of unsaturated soil deposits with considering suction effects on G/G, and D
curves that demonstrated increasing of suction level led to increasing natural frequency. Also, it was found
that the responses of the structures on the unsaturated soil profiles are more severe than saturated ones,
particularly at higher frequencies.

In this study, three different soil specimens that earlier have been studied on unsaturated dynamic
models is used to produce various profiles with a variety of suction for analysis of their seismic response in
both frequency domain (linear and equivalent linear) and time domain (nonlinear) analysis. A computer
program of DEEPSOIL.V5 is used based on the latest achievements and various techniques in both solution
domains. The results are discussed in terms of the maximum amplification ratio, first natural frequency,
pseudo accel eration-displacement response spectra and acceleration spectrum intensity of the transferred
ground motion by changing the amount of suction.

INPUT INFORMATION

To obtain the dynamic response of soil deposit, depth, shear modulus, damping ratio, unit weight of
soil profile layers and also input earthquake motion is required. Moreover, to evaluating response of the soil
deposit with considering the nonlinear behavior of the soil, G/Gy-y and D-y curvesis required too.

Wong et al. (2014) extracting model parameter values for Biglari et al. (2011) model for three
different low plasticity fine grained soils, namely ZK, CDT and PO reported by Biglari et al. (2011), Ng and
Yung (2008) and Vassallo et a. (2007) respectively and predicts shear modulus at very small strain in
variable matric suction and mean net stress. Furthermore, Biglari & Ashayeri (2012) modified the empirical
equation proposed by Ishibashi & Zhang (1993) to take into account the influence of the suction level as well
as stress state and index properties for unsaturated soils. In this paper, according to the available information
about the physical properties (Table 1 and figs 1-2) of mentioned soil samples (i.e. ZK, Po and CDT), G/Gy-
Yy, D-y curves and also shear modulus of the unsaturated soils standing on the unsaturated models of Biglari
et d. insmall and wide range strain (2011 and 2012) is obtained.

Table 1. Index properties of soils used in the evaluation of models

Parameters Zenoz kaolin CDT  Posilt
Specific gravity 2.65 273 2.74
Liquid limit(%0) 29 43 51
Plastic limit(%6) 17 29 33

Plasticity index (%) 12 14 18
Classification (USCS) CL ML  ML/MH

Variations of degree of saturation with mean net stresses and suctions for ZK and PO are presented in
figs. 1-2. It should be noted that variation of degree of saturation with mean net stresses for CDT is not
available. The degree of saturation is inferred from water retention curve and does not vary with mean net
stress. The degree of saturations are respectively 1.0, 0.92, 0.77 and 0.65 for suctions of 0, 50, 100 and 200
kPa (Wong et a. 2014).
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Fig of 4 and fig 5 shows soil profiles, including mean net stress, shear wave elocity and total unit
weight of different layersin various suction levels. These Fig shows four soil profiles of ZK in suction levels
of 0, 50, 150 and 300 kpa, four soil profiles of CDT in suction levels of 0, 50, 100 and 200 kpa and three sail
profiles of PO in suction levels of 100, 200 and 400 kpa (suction of zero isreferred to saturate condition).

All of the unsaturated soil profiles were divided into four 6 meter layers overlying the elastic bedrock
in constant suction and variation of mean net stress layers (Figure 3).
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Figure 3. Typical soil profile
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EVALUATING OF THE OUTPUT RESULTS OF GROUND RESPONSE ANALY SIS

In the many situations, soil deposits depending on climatic conditions and water table level of a
region are unsaturated and soil suction isthe one of the parameters that affects nonlinearity and aso dynamic
parameters of the unsaturated soil. Therefore, the purpose of the current study was to determine the suction
effect of unsaturated soil in ground response analysis. The analysis results of this study compares the
accel eration-displacement response spectra and amplification function in variable matric suction with the

both solution methods (time domain and frequency domain).

AMPLIFICATION FUNCTION

surveys such as that conducted by Kramer (1996)
have shown that, for undamped soils in linear analysis,
the only thing that decreasing maximum amplification is
increasing of the impedance (pvs). As shown in fig 6 in
the linear analysis, the amplification function is
independent of characteristics of input motions and it
should be noted that in alinear visco-elastic medium, the
maximum amplification decreased when soil suction
increasing because the suction level affected impedance
of soil by changing of the shear wave velocity. Of course
it should be mentioned, in conditions that void ratio is
reduced extremely (i.e. ZK) due to expansion in moving
from saturated situation to unsaturated situation, the
maximum amplification could be amplified (refer to
table, 2 the impedance of profiles with variation of
suction level). Also obvioudly it is observed from the fig
of 6, corresponding frequency of the first maximum
amplification (first natural frequency) increased with
suction increasing.

In order to obtain the average impedance of the
soil profiles average shear wave velocity, should be
determined based on Iranian code (Standard 2800), in
accordance with the thickness and shear wave velocity of
various soil layers by the following formula:

o (1)

ag, 2

Where d, and vy are the thickness and shear
wave velocity in each layer respectively
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Figure 6. Linear amplification function in variation
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Table 2. Average impedance (IM) versus suction for soil specimensin linear analysis

Zenoz kaolin CDT Po silt
Suction (Kpa) | IM | Suction (Kpa) | IM | Suction (Kpa) | IM
0 264.7 0 556.4 100 457.0
50 262.6 50 568.4 200 510.1
150 265.0 100 614.8 400 596.0
300 277.9 200 648.0
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Equivalent linear (EQL) method is a frequency domain solution that approximation real nonlinear
behavior of soil by using of an iterative approach. This part of the section presents the results of EQL
analysis of the unsaturated soil profiles of ZK, PO and CDT in terms of the first natural frequency and first
maximum amplification. As it's expectable, the output results on mentioned parameters for ZK have
completely agreement with the results obtain by Biglari and Ashayeri (2013). Table 4 shows the parameters,
versus changing of suction level for ZK in various earthquake motions (Table 3 shows the details of the input
motions). By refer to the table; it should be observed that the maximum amplification and first natura
frequency would increase sharply when the soil suction increased. The same results about the first natura
frequency of ZK is abtained for profiles of CDT and PO (Table 4). Unlike the results of ZK profiles about
the maximum amplification, the other soil profiles show the inverse relation between soil suction and
maximum amplification . These soil samples (PO and CDT) have a higher plasticity index (Pl) and lower
void ratio (e) rather than ZK soil sample. These physical properties due to the soil limited in smaller strain
ranges than ZK (Fig 7 shows the EQL stress strain behavior of the soil samples in cape Mendocino
earthquake).

Table 3. Details of the input motions

No. | Name of earthquake | Date of earthquake Station Magnitude (M b)
1 Cape Mendocino 25/04/1992 89005 Cape Mendocino 7.1
2 Chi-Chi 20/09/1999 ALS 7.6
3 Kaobe 16/01/1995 KIMA 6.9
4 Loma Prieta 18/10/1989 47379 Gilroy Array #1 6.9
5 Northridge 17/01/1994 24207 Pacoima Dam (upper left) 6.7
6 Tabas 16/09/1978 9101 Tabas 7.4

Fully nonlinear ground response analysis in comparison with the frequency solution methods would
render in more acceptable results when the all of nonlinearity soil parameters have been considered. For
nonlinear analysis (NL) in time domain, the dynamic equation of motion is solved in time steps with the aid
of numerical methods and at each step, hysteretic behavior of the soil is modeled with the system updating
stiffness and damping matrix (Hashash et al., 2011).

In nonlinear analysis, MRDF model was used for determining the best fit curves of shear modulus and
damping ratio. This model proposed a formulation that modifies the loading-unloading criteria that result
from using the Masing rules (1926). The new formulation provides better agreement with the damping
curves for larger shear strains (Phillips and Hashash, 2009).

The results of nonlinear time domain solution method about of the first maximum amplification and
first natura frequency shows a direct relation between the parameters and matric suction (In this study, the
value of number of moving average was considered equal t0100, it means that 100 times the amplification
function is to be smoothened by applying a three-point moving average). Regardless of the smoothing
effects, when the analysis would more accurate (i.e. NL method) output results in comparison with the EQL
analysis in term of first maximum amplification show the same trend in the all of soil samples (i.e. ZK, PO
and CDT). Figure 8 showsthe NL stress-strain behaviour of the soil samplesin Cape Mendaocino earthquake.
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Table 4. First maximum amplification and first natural frequency versus suction in NL and
EQL anaysisfor ZK, CDT and PO

First maximum amplification and first natural frequency (HZ) for ZK in NL analysis.
Suction | Cape Mendocino | Chi-Chi Kobe Loma Prieta | Northridge | Tabas
300Kpa | 2.49 072 |285|1.08|269|099| 223 | 043 | 250 | 0.80 | 252 | 0.95
150Kpa | 244 072 | 265|1.07|270|0.85| 219 | 043 | 2.38 | 0.77 | 2.44 | 0.67
50Kpa | 238 044 | 249 |0.60| 264 |0.73| 206 | 0.26 | 2.34 | 0.48 | 2.42 | 0.39

0 1.78 016 |191|033|184|033| 184|009 | 209|014 |197]0.29
First maximum amplification and first natural frequency (HZ) for ZK in EQL analysis.
300Kpa | 2.98 177 | 269|159 |269|158 | 274 | 1.62 | 297 | 1.77 | 2.82 | 1.68
150Kpa | 2.88 157 |262|139|259|135| 264 | 1.40 | 286 | 1.57 | 2.73 | 1.48
50Kpa | 276 138 |256|120|254|115| 258 | 1.21 | 275| 1.39 | 2.65 | 1.28
0 2.57 096 |240|0.76 | 248 | 0.84 | 250 | 0.85 | 2.67 | 1.04 | 2.50 | 0.89
First maximum amplification and first natural frequency (HZ) for CDT in NL analysis.
200Kpa | 2.47 148 | 270|178 280|174 | 265 | 148 | 241 | 1.63 | 2.65 | 1.64
100Kpa | 244 116 | 261161 |276|175| 247 | 141 | 238 | 1.38 | 248 | 1.46
50Kpa | 231 086 |252|130|242|141| 216 | 1.36 | 225 | 1.09 | 2.32 | 0.98
0 2.23 074 | 247 |1.07|237|099| 213 | 0.60 | 219 | 0.80 | 220 | 0.74
First maximum amplification and first natural frequency (HZ) for CDT in EQL analysis.
200Kpa | 2.27 238 |220|225|220|223| 221 | 226 | 228|242 | 223|231
100Kpa | 2.32 214 | 222|196|222|195| 224 | 1.99 | 232 | 2.16 | 2.27 | 2.06
50Kpa | 237 189 | 225|169 |226|169 | 228 | 1.75 | 237 | 190 | 232 | 1.81
0 2.42 171 | 228|149 |227|148| 230 | 1.53 | 241 | 1.71 | 234 | 1.60

First maximum amplification and first natural frequency (HZ) for PO in NL analysis.
400Kpa | 2.54 165 |280|199|290|228| 274 | 1.61 | 250 | 1.65 | 2.71 | 1.77
200Kpa | 252 116 | 275|161 |292|175| 260 | 1.42 | 248 | 1.37 | 259 | 1.45
100Kpa | 2.39 097 |264|130|261|140| 231 | 1.36 | 235| 1.09 | 2.44 | 1.09

First maximum amplification and first natural frequency (HZ) for PO in EQL analysis.
400Kpa | 2.39 254 | 234|245|234|245| 233 | 244 | 240 | 258 | 2.36 | 2.48
200Kpa | 252 216 | 242|202|241|200| 243 | 204 | 252 | 217 | 2.47 | 2.10
100Kpa | 2.59 193 |246|175|246|175| 249 | 1.79 | 259 | 1.93 | 253 | 1.86

PSEUDO ACCELERATION-DISPLACEMENT RESPONSE SPECTRA

Pseudo acceleration-displacement response spectra is a technique to display the spectral curves and
has the specia application in the earthquake engineering codes. The purpose of tracing this spectrum is
displaying the information of pseudo accel eration-displacement into a curve in order to avoid of complexities
of drawing atri-spectrum.

Fig 9 shows pseudo accel eration-di splacement response spectra of the EQL analysis in various suction
levels for Chichi earthquake. As the mentioned fig shows, the results presented about pseudo
acceleration- displacement response spectra revedled that with increasing of suction level, pseudo-
acceleration spectra increases at shorter periods and displacement spectra decreases at longer periods. The
importance of aforesaid result will be a summary of this statement that, design of structures in an imaginary
site at the lower suction level in comparison with the higher suction level in short periods is underestimated
and in long periods is overestimated.

In order to more clear the results in short periods ranges, a well-known intensity parameter has been
used (Figs 10 and 11). ASI* is defined as the integral of the pseudo acceleration spectral (Sa) over the period
range of 0.1 - 0.5 Sec (Bradley, 2010).

0.5
ASl = ¢pa(T 5%)dT 2

0.1

1- Acceleration Spectrum Intensity
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CONCLUSIONS

In this study, seismic response of saturated and unsaturated soil profiles in variation of suction and
degree of saturation by using of "DEEPSOIL" which is capable to calculate the dynamic response of soil in
frequency domain methods (linear and equivalent linear) and time domain method (nonlinear) has been
conducted.

Anayzes, were performed on various soil profiles by using of 6 acceleration records in different
solution methods and the influence of matric suction as a stress state variable of unsaturated soil have been
evaluated on strong ground motion parameters. Stress-strain behavior of different soil samples (i.e. ZK, PO
and CDT) shows that dynamic response of soils in addition of matric suction, is affected by plastic index,
void ratio and mean net stress extremely, as the important parameters in determining of nonlinearity of soils.
So, the changes in suction level of a soil sample that have more nonlinearity, has aways direct relation with
maximum amplification ratio. The results of both linear, equivalent linear and nonlinear solution indicated
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that the first natura frequency in the all of soil profiles increases with suction increasing. Additionally, the
results presented about pseudo accel eration-displacement response spectra revealed that, with increasing of
suction level, pseudo-acceleration spectra increases at the short periods and displacement spectra decreases
at the long periods.

REFERENCES

Biglari M and Ashayeri | (2012) An empirical model for shear modulus and damping ratio of unsaturated soils, Proc
5th Asia- Pacific Conf on Unsaturated Soils, Pataya, Thailand

Biglari M and Ashayeri | (2013) Seismic ground response analysis of unsaturated soil deposits, International Journal of
Civil Engineering, 11(2): 150-155

Biglari M, Ashayeri | and Fouladi F (2014) Nonlinear ground response analysis of unsaturated soil deposits, Proc 6th
International Conference on Unsaturated Soils, Sydney, Australia, 389-396

Biglari M, Jafari MK, Shafiee A, Mancuso C and d'Onofrio A (2011) Dynamic properties of unsaturated kaolin
measured in a wide strain range with new suction controlled cyclic triaxial device, Geotechnical Testing Journal,
ASTM, Vol 34, No 5

Biglari M, Mancuso C, d’Onofrio A, Jafari MK and Shafiee A (2011) Modelling the initial shear stiffness of unsaturated
soils as a function of the coupled effects of the void ratio and the degree of saturation, Computers and Geotechnics,
38(5): 709-720

Biglari M, d’Onofrio A, Mancuso C and Jafari MK (2012) Small-strain stiffness of Zenoz kaolin in unsaturated
conditions, Can Geotech J, 49(3): 311-322

Bradley BA (2010) Site-specific and spatially distributed ground-motion prediction of acceleration spectrum intensity,
Bulletin of the Seismological Society of America, 100(2): 792-801

D’Onza F, D’Onofrio A, and Mancuso C (2008) Effects of unsaturatedsoil state on the local seismic response of soil
deposits, Proc 1st European Conf on Unsaturated Soils, Durham, UK, 531-536

Gallipoli D, Gens A, Sharma R and Vaunat J (2003) An elasto-plastic model for unsaturated soil incorporating the
effects of suction and degree of saturation on mechanical behavior, Géotechnique, 53 (1): 123-135

Hashash Y M, Phillips C and Groholski DR (2010) Recent advances in non-linear site response analysis, in Proc of the
5th International Conference in Recent Advances in Geotechnical Earthquake Engineering and Soil Dynamics

Ishibashi |1 and Zhang X (1993) Unified dynamic shear moduli and damping ratios of sands and clays, Soil and
Foundations, JSSVIFE, 33(1): 182-191

Kramer SL (1996) Geotechnical earthquake engineering, Prentice-Hall, Upper Saddle River, New Jersey

Masing G (1926) Eigenspannungen and verfertigung beim messing, Proc 2nd Int Congress on Applied Mech, Zurich,
Switzerland

Ng CWW and Yung SY (2008) Determination of the anisotropic shear stiffness of an unsaturated decomposed soil,
Géotechnique, 58(1): 23-35

Phillips C and Hashash Y (2009) Damping formulation for nonlinear 1D site response analyses, Soil Dynamics and
Earthquake Engineering, 29(7): 1143-1158

Vassallo R, Mancuso C and Vinale F (2007) Effects of net stress and suction history on the small strain stiffness of a
compacted clayey silt, Can Geotech J, 44(4): 447-462

Wong KS, MaSin D and Ng CWW (2014) Modelling of shear stiffness of unsaturated fine grained soils at very small
strains, Computers and Geotechnics, 56: 28-39

8 International Institute of Earthquake Engineering and Seismology (I1EES) &



