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ABSTRACT: Seismic waves caused by earthquakes undergo many changes when passing through
different layers of soil. For this reason, the effects of soil parameters on the dynamic response of the

uncertainties, which in this research is the inherent variability of the soil shear modulus parameter. In
this research, using random field theory and finite difference method in the framework of Monte Carlo

simulations, the effect of two-dimensional spatial variability of the soil shear modulus parameter on

the magnification factor of the maximum ground acceleration and the surface acceleration response  Keywords:

spectrum has been investigated. In the conventional deterministic analysis, only a constant value of the ;. rtainty

average shear modulus is considered in the dynamic model, but in the stochastic analysis, the parameter Random field
anaom 11e

of the soil shear modulus is considered as a random variable. The results obtained from the analysis

show that with the increase of heterogeneity and changes in the shear modulus of the soil, the values of Monte Carlo simulation
the magnification factor of the maximum ground acceleration decrease. Also, with the increase in the ~Dynamic magnification factor
coefficient of variation of the soil shear modulus and as a result of the increase in the heterogeneity of the

soil profile, the acceleration response spectrum of the surface of the soil profile obtained from random

analyzes decreases.

1- Introduction

Analysis of the dynamic response of the earth is an
important method for the simulation of seismic waves
that reach the surface of the earth by passing through the
soil layers from the bedrock. The dynamic response of the
ground is a function of the characteristics of the soil, and the
uncertainty in the characteristics of the soil, whose values are
different at any point of the soil, has a significant effect on
the dynamic response of the ground. In most constructions,
local soil properties such as layering, shear wave velocity
(7)), damping curves and shear modulus reduction control
the dynamic response of the soil and have a significant effect
on ground vibration [1]. For this reason, in this study, by
randomly considering the soil shear modulus as an effective
parameter on the soil shear wave velocity, the effect of the
uncertainty of the shear modulus and, as a result, the soil
shear wave velocity on the dynamic response of the soil has
been determined.

2- Random Field Theory

As mentioned in the previous section, soil parameters have
inherent spatial variability, in the sense that these parameters
change from one point to another. If the desired parameter
is modeled with only a single random variable, the spatial
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variation of the parameter cannot be considered. For this
purpose, in order to consider the inherent spatial variability
of soil parameters, random field theory is used and these
parameters are modeled as a random field. The application
of random field theory was proposed by Vanmarcke [2]. He
stated that three characteristics are needed to express the
random parameter of the soil:

. Average soil random parameter (u)

. The standard deviation (o) or coefficient of
variation (Cov), each of these parameters shows the amount
of dispersion and changes of the studied parameter compared
to the average value, and the range of coefficient of variation
of resistance parameters of all types of soils is usually between
10 and 80%.

. Correlation length (oscillation scale) to calculate
the distance that the soil parameter shows a relatively high
correlation from one point to another.

In this study, the correlation function used is the two-
dimensional exponential correlation function, which is
defined as the following relationship [3]:
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Fig. 1. Realizing the random field of the shear modulus (Pa) of the soil profile for the coefficient of variation of 40%
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Correlated random field is a random field in which the
soil random parameter values are correlated and dependent
on each other in certain correlation lengths along the
horizontal and vertical lines. There are different methods
to generate the correlated random field, in this research, the
covariance matrix decomposition method is used. The reason
for using this method in this research is that this method can
model a statistically correlated random field with very clear
and specific relationships between the assumed statistical
parameters and the corresponding random field including the
predetermined correlation length. Also, the covariance matrix
decomposition method allows considering two-dimensional
heterogeneous correlation lengths and coefficients of different
changes of soil parameters. In order to generate a random
field of shear modulus with normal logarithm distribution,
the following relationship is used [4, 5]:

G =exp(tt,; +L.£) @)

which is obtained from equations (3) and (4):

2
o0 :1n[1+“—§] =In(1+COV2) 3)
He
1,
Hhn =1n g4 _Eo-lnG 4)

which g, and o, are the mean and standard deviation
of the soil shear modulus and COV_ is the coefficient of
variation of the soil shear modulus, respectively.
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3- Dynamic magnification factor

The dynamic magnification factor is the ratio between
the maximum acceleration on the ground surface and the
maximum acceleration in the bedrock [6, 7]. This parameter
coefficient is required to estimate how much the maximum
acceleration will increase from the bedrock to the ground
surface. This coefficient is also called the magnification
factor of the maximum acceleration of the ground in some
articles.

4- Input excitation

In order to perform dynamic analysis in this study, 4
accelerometers from different earthquakes in the world have
been selected in two groups of near and far earthquakes. The
earthquakes investigated in this study include two earthquakes
near Cape Mendocino and Northridge and two earthquakes
near Landers and Loma Prieta.

5- Dynamic Modeling

In this research, the finite difference model used is a
soil profile with a probability distribution of dimensions 60
meters long and 30 meters deep, which is shown in Figure 2.
The behavioral model used in the modeling is the Simplified
cysoil (CHSoil) behavior model presented in the FLAC 2D
software. Figure 1 shows an example of the realization of the
random field of the shear modulus of the soil profile in the
FLAC 2D software for the coefficient of variation of 40%.

The random analyses performed in this study fall into
four general groups (related to four incoming earthquakes).
Each group includes the coefficient of variation of the shear
modulus 020,40 and 50%, considering the correlation lengths
of the horizontal shear modulus of 25, 35 and 40 meters and
the vertical correlation lengths of 1, 2 and 3 meters, which
is a total of 36 different states ready for dynamic analysis
and for each mode, 500 analyzes have been performed using
Monte Carlo simulation, based on which 18,000 random
analyzes have been performed. The graphs of the average
magnification factor of the model compared to the shear
modulus change factor for the Loma Prieta earthquake are
shown in Figure 2.
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Fig. 2. The graph of changes in the average magnification factor of ground acceleration compared to the coefficient of
variation based on different correlation lengths of the shear modulus

6- Conclusion

According to the results of the random analysis, the
dynamic magnification factor and its comparison with
the deterministic analysis, it can be concluded that in the
conventional deterministic analysis where a fixed average
value of the shear modulus is used in the model, the values of
the magnification factor remain constant and do not change in
any way. The effects of heterogeneity and spatial variability of
soil properties (coefficient of variation and correlation length
of the shear modulus) are not considered, but in random
analysis, considering the parameter of shear modulus as a
probability parameter in the soil that has spatial variability,
in each coefficient of variation and correlation length, The
shear modulus of the magnification coefficients of ground
acceleration is different and this indicates the effects of
heterogeneity and spatial variability of soil properties on the
magnification coefficient of ground acceleration and generally
on the dynamic response of the ground. The comparison of
the results of deterministic analyses with random analyzes
conducted in this research shows that ignoring the spatial
changes of soil shear modulus in deterministic analyses
leads to overestimation of the magnification factor of ground
acceleration and the acceleration response spectrum of the
profile surface. It will be dust. The results show that with the
increase of the coefficient of variation of the shear modulus
and as a result of the increase of heterogeneity in the soil
profile, the values of the magnification factor of the ground
acceleration and also the response spectrum of the surface
acceleration of the soil profile decrease. Also, with the
increase in the correlation length in the horizontal and vertical
directions and as a result of the reduction of the heterogeneity
in the soil profile, the magnification coefficients of the ground

acceleration increase. By examining the average acceleration
response spectra of the soil profile surface obtained from
random analysis and comparing them with the acceleration
response spectrum of the bedrock, it can be concluded that
the acceleration response spectra of the soil profile surface
with the passage of earthquake waves Through the soil
profile and reaching the surface, they increase in relation to
the acceleration response spectrum of the bedrock.
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Fig. 1. Changes in the value of the peak ground acceleration (PGA) with depth for the 2015 Ne-
pal earthquake for different site classes [18]
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Table 2. Properties of input near field earthquakes [19]
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Table 3. Properties of input far field earthquakes [19]
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Fig. 2. Geometry and soil profile meshing in FLAC 2D
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Table 4. Statistical and probabilistic characteristics used in dynamic modeling [21-23]

Pl Hlade olod bl byl
VAO- P (:it) SL ppao (339
Oy v Osles o o
v @, (a2 50) ySlas Sluol gl
3 v, (42 ,9) b gLl 45
V. C (JBwly 9leS) (S dionn
YAID G, (Yl Ko) Lo (o2 Jouro
AT/ K., (JB5ly 50) Lo UL Jgoro
10 m o Jge ol
-0 n SIL Jgo lg
VY Dros (JBwly gbs) Lo 5LAS
\ P, (el L) Bl eyl (ilen Y30 ,L0
120 R, (S b
Yeofe cor, (1) oyt Jgoko Ol s gy
YOO L, (%) (H3 gLl yd (Smod Jobo
Vv L, (50) @8 (gLl )0 (Sumod Jobo

5 erdiges sl sdel aaldl j3 ] dslxe sg5u S cul ¢ SCige
FLAC 38l )5 SB Jidg (2 Syt (ol (e (53l s>
Y JSw) )2 ‘_;w)_v Jg.\n o yd AR 9 ¥eo ¥ u').u.u w)a.o le)g 2D
J&wb . w).: J9.\.a ).s.)l.no JSw.s L)i‘ » Ll 0l 031> uLwJ
i J9de Slyedd g pd (Rl L 395 o 0anlie oSy gbo ot 5 o
Jgde polie (SuS1y g wbioe (Rl (b Jgte ol Sl ol
iloshi> S FISH o8 (lal )l o g0 oo (a8l 55 (052
2 Swliod gl Julow plodl b g 48 )3 jguo iy Jodo (Bolad liee
aploe Julos )b 3 (DAF) (Sialod oleiS )3 <o s FLAC
Dgud 50
b Sl B (N) o) cige (gilo dnds ColdS sl pund Cas
Spin oSl i 55 395 S5 JSign (i il

Spdips (8,5 i ) jpelate 4 (SVLeisl slajpell (pioren
Sloj ) S e oS 4 S )13 pdyllas] i Siw 59y 2 Je b
odlizl L3l (sla bl sl (slajye 45 g 395 0 3ylg ol 4 (6399
ol oalaiwl yio S dlal &y Sl Lol 5 gaze Jubls Jae ) sl 00
(S s 58,8 5 allae (3 5ol ool (sl o
FLAC2D jléls 5 o FISH 58 G sbu) L S 5 Jgdo S0
Yzl g g )lel (slojialyly 5l (slacgome o (ol a5 @50
Silo i a5 1SS L o5 ise (siloand ¥ Joia 53 oad &)

Silw s ol sl 1 aS D9 o plowl iy Jodo (B0lad s

41



FY-F B FIA asan M) JL» AR O)LO.J:J O 0)9° ‘)c.f),..ol u‘)@.ﬁ @“W Ai)afu

2.00E+07
3.00E+07
4.00E+07
5.00E+07
6.00E+07
20 7.00E407

10

0 10 20 30 40 50 60
Qo yo Ve Sl s o o (AN

30 1.00E+07
2.00E+07
3.00E+07
4.00E+07
5.00E+07

20 6.00E+07
7.00E+07
8.00E+07
9.00E+07

10 1.00E+08

0 10 20 30 40 50 60

30 0.00E+00
2.50E+07
5.00E+07
7.50E+07
1.00E+08

20 1.25E+08
1.50E+08
1.75E+08

10

0 10 20 30 40 50 60

aoy3 00 Sl e o ()

Moy 00 g Vo Ol gt Cupd Sl S dgy (Pa) b Joo H3bad line (55w s 51 o digos T JSWS

Fig. 3. Examples of realizing the random field of the shear modulus (Pa) of the soil profile for the coef-
ficient of variation of 20, 40 and 50%
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Fig. 4. Evaluation of the adequacy of the number of realizations for the coefficient of variation of the
shear modulus of 50% and the correlation length in the horizontal direction of 25 meters and in the verti-
cal direction of 1 meter
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Table 5. Magnification coefficients of ground acceleration considering a constant average value
of shear modulus
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Fig. 5. The graph of changes in the average magnification factor of ground acceleration compared to the coef-
ficient of variation based on different correlation lengths of the shear modulus
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Fig. 6. Comparison of the average acceleration response spectra of the surface soil profile obtained from

random analyzes for the coefficient of variation of 20% and the horizontal correlation length of 25 meters

and the vertical correlation length of 1 meter with the acceleration response spectrum of the bedrock for
the Loma Prieta earthquake

—_—RFT
=====NonRFT
~———Bedrock

0 0.5 1 1.5 2 25 3 35 4 45 5
Period (sec)

Jsb g 20,3 Ve Olpndd Cupd gl Bolad (sadaod 51 ol S Jidg g QL Gwly (saciub (100ke dunlie LY JSW
W35 53 it Siwwr U Gy b g iy Sl )3 SB Sy b QU Gowly b U o ) o388 g o YO 81 (Siamod
Loma Prieta

Fig. 7. Comparison of the average acceleration response spectra of the surface soil profile obtained from

random analyzes for the coefficient of variation of 20% and the horizontal correlation length of 25 meters

and the vertical correlation length of 1 meter with the acceleration response spectrum of the surface soil

profile in deterministic state and the acceleration response spectrum of the bedrock for the Loma Prieta
earthquake
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