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1. Introduction 
 

Soil-structure interaction (SSI) effect plays important 

roles on the seismic behaviour of structures. Many 

approaches may be considered to deal with SSI analysis 

problems (Yazdchin et al. 1999, Liou and Chung 2009, 

Menglin et al. 2011). Various studies have been conducted 

on the effect of SSI, highlighting its important role in the 

analysis of structure (Jayalekshmi et al. 2014, Aydemir and 

Aydemir 2016). In the linear seismic buildings design, the 

most commonly used method for dynamic SSI analysis is 

the substructure method, which is customary and efficient 

approach (Cottereau et al. 2008). The key step in the 

method is the calculation of the interac tion force 

displacement relationship (dynamic stiffness) on the 

basemat-soil interface (Zhang and Wolf 1998, Celebi et al. 

2006). The calculation of the impedance functions of a 

foundation is a major issue in geotechnical engineering. An 

important concept to evaluate the dynamic response of 

foundation is the impedance function which provides 

valuable means to couple the two mutually interacting  
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subdomains, the unbounded soil domain and the structure 

(Pitilakis 2006). These impedance functions are defined as 

the complex dynamic stiffness-flexibility coefficients at the 

interface points of the soil-foundation system (Celebi et al. 

2006, Pena and Guzman 2014). The foundation impedance 

approach has received great impetus in past decades. This 

approach is presented by Gazetas (1983). Gazetas (1991) 

examined many experimental studies and compared the 

results with analytical methods. Kausel (2010) listed all 

these studies in a state of the art paper. 

The foundation impedance functions represent the 

dynamic stiffness of the soil medium surrounding the 

foundation (Safak 2006). However, large errors might 

appear during the identification of the parameters of the soil 

model, and these parametric errors may in turn lead to large 

drifts in the overall design (Cottereau et al. 2008). The 

uncertainties in the spatial domain can include constant 

characteristic of materials, such as elastic modulus, 

Poisson’s ratio and so on, and the geometrical ones, such as 

thickness. It is obvious that the behavior of systems is 

affected by the uncertainties in system parameters, and the 

degree of influence can only be assessed in a probabilistic 

context. The stochastic analysis of systems with uncertain 

parameters, whether it is analytical or numerical, has 

attracted considerable interests in the past several decades 

(Hryniewicz 2000, Hyuk Chun 2005, Raychowdhury and 

Jindal 2014). Three primary sources of geotechnical 

uncertainties are known namely: (i) inherent variability; (ii) 

measurement error; and (iii) transformation error (Nobahar 

2003, Maheshwari 2011). Recently, other researchers 

(Maheshwari and Kashyap 2011, Huber 2013, Pradeep 

Kumar and Maheshwari 2013) have carried out similar 
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Abstract.  The underlying goal of the present paper is to investigate soil and structural uncertainties on impedance functions 

and structural response of soil-shallow foundation-structure (SSFS) system using Monte Carlo simulations. The impedance 

functions of a rigid massless circular foundation resting on the surface of a random soil layer underlain by a homogeneous half-

space are obtained using 1-D wave propagation in cones with reflection and refraction occurring at the layer-basement interface 

and free surface. Firstly, two distribution functions (lognormal and gamma) were used to generate random numbers of soil 

parameters (layer’s thickness and shear wave velocity) for both horizontal and rocking modes of vibration with coefficients of 

variation ranging between 5 and 20%, for each distribution and each parameter. Secondly, the influence of uncertainties of soil 

parameters (layer’s thickness, and shear wave velocity), as well as structural parameters (height of the superstructure, and radius 

of the foundation) on the response of the coupled system using lognormal distribution was investigated. This study illustrated 

that uncertainties on soil and structure properties, especially shear wave velocity and thickness of the layer, height of the 

structure and the foundation radius significantly affect the impedance functions, and in same time the response of the coupled 

system. 
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investigation. For structural analysis with significant soil-

foundation-structure-interaction (SFSI) effects, geotechnical 

uncertainties may play crucial role in the overall system 

response variability and consequently it is extremely 

important to identify and characterize the relevant 

parameters (Raychowdhury and Jindal 2014). Stochastic 

approaches provide a mean to take into account the soil 

model and parametric errors in the design of the building. 

For this reason, the variability of soil properties should be 

taken into account in the analysis and design of the soil 

structure systems, in order to ensure reliable and economic 

design. 

On other hand, simplified methods continue to play an 

important role in soil dynamics and geotechnical 

engineering (Dobry 2014). Over the years, various methods 

have been accomplished for soil-foundation-structure 

interaction analysis (Dasgupta 2008, Salcher and Adam 

2015). These methods can be classified as: (a) analytical, 

which usually refer to simple foundation geometries laying 

on elastic half-space, (b) semi-analytical, that combine 

analytical formulations for the half-space with numerical 

procedures, and (c) simplified discrete models, which allow 

fast calculation of the foundation-soil-structure system 

properties. More details on the subject can be found in 

various sources (Maravas et al. 2014, Anastasopoulos and 

Kontoroupi 2014). The substructuring techniques are 

helpful in developing simplified models. The purpose of the 

simplified models is to reduce computational and data 

management efforts and can provide an improved 

visualization tool for the engineer. Wolf (1994) proposed a 

simple cone model, which cannot only give the soil 

impedance but also can model the soil response. 

Dynamic SSI may include several complex effects and 

the beneficial or detrimental effect of seismic SSI is still a 

controversial issue (Renzy et al. 2013). The main effects of 

seismic SSI on buildings with shallow foundations consist 

of period lengthening and damping increase of the soil-

structure system as established in major design codes 

(FEMA 440, ATC-3-06). In such provisions, it is concluded 

that SFSI consideration in the dynamics analysis has a 

beneficial effect translated by a reduction in the seismic 

response of structures. Likewise, it has been also recognized 

that SSI effects may be detrimental and increase the 

structural response as compared to a fixed base model 

(Gazetas and Mylonakis 1998). On other and, it has been 

shown that uncertainties incorporated into structural and 

geotechnical properties play an important role in predicting 

the performance of seismically excited structures (Mehanny 

and Ayoub 2008). For these reasons, the evaluation of SFSI 

effects on structural response needs to consider the 

combined impact of the uncertainty in soil and structural 

parameters. 

The main objective of the present paper is to investigate 

the influence of the soil-foundation-structure uncertainty on 

the SSFS system response. For this purpose, a FORTRAN 

program based on the analytic solution is developed. Firstly, 

a probabilistic analysis based on Monte Carlo simulations 

have been generated, in order to assess the effect of soil 

properties’ randomness, such as layer’s thickness and shear 

wave velocity on the impedance functions. Then, 

uncertainties about the height of the structure as well as 

foundation radius are taken into account and their effects on 

structural response are investigated. 

 

 

2. Dynamic soil-shallow foundation-structure model 
 

The used SSFS model may be an idealization of 

multistory building (Stewart et al. 1999) resting on a 

random homogeneous layer underlain a deterministic 

homogeneous half-space (Fig. 1). The coupled system is 

excited by vertically incident SH wave; so only inertial 

interaction part has to be analyzed. The latter is examined 

for horizontally ground motion with amplitude ug of 

frequency ω. 

The governing parameters of the layer, i.e. thickness and 

shear wave velocity are modelled as random variables. The 

mass density is determinist because it doesn’t exhibit 

randomness (Sadouki et al. 2012). The coupled system 

vibrates in horizontal and rocking directions because the 

effects of these motions are more important than the vertical  

 

 

 
(a) Soi-structure interaction system 

 
(b) Equivalent single degree of freedom (SDOF) 

 
(c) Model’s degrees of freedom 

Fig. 1 Coupled dynamic SSFS system for 

horizontal earthquake 
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and torsional ones (Durmus and Livaoglu 2015). The 

interaction force-displacement and interaction moment-

rotation for the system (Fig. 1) which include ground 

damping (ξ) effects of the foundations-soil system are 

formulated as (Wolf 1994) 
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For fixed base, the structure is modelled with a mass m, 

a lateral stiffness with spring coefficient k, a damper with 

coefficient c, and effective height h connected to a shallow 

foundation with radius r0. The effective values m, k and c 

are associated with the fundamental mode of vibration of 

the structure. The fixed base frequency of the structure is 

denoted as ωS and the hysteretic damping ξ (ωS²=k/m, 

c=2kξ/ω). Dimensionless parameters are introduced, 

because the response of the dynamic system will depend on 

the properties of the structure compared to those of the soil. 

These dimensionless parameters are introduced (Wolf 

1994): the ratio of the stiffness of the structure to that of the 

soil ( s ), the slenderness ratio ( h ), the mass ratio ( m ), and 

the depth to radius ratio ( d ) such as 
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The total displacement of the system (ut) and that of the 

basmati (u0
t) (Fig. 1(c)) are, respectively 

uhuuu gt  00   

00 uuu gt
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where u0 is the horizontal displacement of the foundation, 

hθ0 the rocking displacement due to the rotation of the 

foundation, and u the structural distortion. The equation of 

motion of the coupled system is (Wolf 1994) 
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In Eq. (4), Sξg(a0) and Sθξg(a0) are horizontal and rocking 

components of the impedance functions, respectively. 

 

 

3. Deterministic impedance functions 
 

3.1 The adopted cone model 
 

The general form of the foundation impedance function 

can be described by the following equation  

 )(.)()(  cikKK              (5) 

where K is the static component of the soil stiffness. The 

horizontal or rotational components k(ω) and c(ω), are the 

frequency-dependent stiffness and damping factors, 

respectively. The real part of the impedance function k(ω), 

denoted dynamic stiffness, reflects the stiffness and inertia 

of the supporting soil, and its dependency on frequency is 

solely attributed to the influence of frequency on inertia 

(Gazetas 1983). While, imaginary part ωc(ω) represents the 

energy dissipation in the system generated as a result of the 

wave propagation away from the foundation (radiation 

damping) (Celebi et al. 2006). Here, the impedance 

functions are obtained based on the cone model approach 

(Meek and Wolf 1992a, b, Wolf 1994). The cone model 

consists in replacing the soil deposit, for each degree of 

freedom of the foundation, by a truncated semi-infinite 

elastic cone with the apex located at a height z0 from the 

ground surface as depicted in Fig. 2. The last one shows the 

translational cones that are used to compute the horizontal 

dynamic responses of a shallow foundation. In similar way, 

we can outline cone model to compute the rocking dynamic 

response. 

Cone model is simple one-dimensional model for 

foundation vibration analysis. Most of the published results 

using cone model are confined to the determination of the 

dynamic response of the foundation in the form of 

impedance functions. Pradhan et al. (2004) compared such 

results with rigorous elastodynamic solutions based on 

finite element or boundary element methods. Moreover, 

Pradhan et al. (2008) presented an experimental validation 

of an analytical solution based on cone model for machine 

foundation vibration analysis on layered soil. In the cone 

model, the dynamic soil-foundation system can be 

represented approximately by a massless rigid disk resting 

on a soil medium where the force transmits in the cone. The 

soil medium below the disk is modelled as a truncated semi-

infinite bar with its area varying as in a cone with the same 

material properties as the half space. Therefore, in this 

model, properties of the cone segment section increase in 

the direction of wave propagation. 

 

 

 
Fig. 2 Horizontally loaded disk on a homogeneous 

layer underlain a homogeneous half-space: truncated 

semi-infinite cone for horizontal motions with wave 

pattern generated by reflection and refraction 
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3.2 Impedance functions 
 

The coupled system show in Fig. 1 is subjected to 

horizontal earthquake. So, the foundation’s degrees of 

freedom consist of the horizontal displacement with 

amplitude u0(ω) and rocking with amplitude θ0(ω). Then, to 

study the dynamic response of a foundation resting on the 

surface of a soil layer underlain by a half-space, a rigid 

massless foundation of radius r0 is addressed for horizontal 

motions (Fig. 1(a)). The layer with depth d has a shear wave 

velocity υS1, Poisson’s ratio ν1, mass density ρ1, and 

hysteretic damping ratio ξ1. The corresponding parameters 

of the half-space are υS2, ν2, ρ2, ξ2. The interaction force and 

moment, P0 and M0, respectively, and the corresponding 

displacement and rotation, u0 and θ0, are assumed to be 

harmonic. The dynamic response of the foundation, for both 

horizontal and rocking motions, can be expressed by the 

impedance function (Eq. (5)) which can be rewritten in term 

of the dimensionless frequency (a0=ωr0/υs) 

 )(.)()( 0000 aciaakKaK            (6) 

the static stiffness K, for horizontal motion (Kh) and rocking 

motion (Kr) are as follow 
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where G1 (=υS1².ρ1) is the shear modulus of the soil layer. 

The horizontal undamped dynamic stiffness k(a0) and 

damping coefficients c(a0), and rocking ones kθ(a0) and 

cθ(a0) of the rigid foundation can be calculated by direct 

application of the correspondence principle (Wolf 1994) to 

Eqs. (I-a) and (II-a), respectively, in the appendix. 

 

 

4. Stochastic approach 
 

4.1 Selection of uncertain soil parameters 
 

Quantification of uncertainties is usually done within the 

framework of probability theory where random soil 

parameters are modelled as random variables or random 

fields depending on space and time, in the concept of 

stochastic soil dynamics (Sadouki et al. 2012). The spatial 

variation of soil properties are modelled using the 

mathematics of random processes not because soil 

properties are random, but because our information about 

those properties is limited (Baecher and Christian 2003). 

Various probability distributions for soil properties have 

fitted by many researches where it was stated that each soil 

property can follow different probability distributions for 

various materials and sites (Nobahar 2003). The better 

known and most common analytical distribution functions 

that play a central role in statistical theory and data analysis 

are the normal, lognormal, exponential, and Gamma 

(Baecher and Christian 2003). On other hand, soil 

properties which greatly depend on the type of soil 

deposition conditions and loading history may be derived 

from a common set of in situ or laboratory test data. For this 

reason, the estimation of ranges of variability of random 

fields of soil properties at different scales has received wide 

attention. For example but not limited to, Phoon and 

Kulhawy (1999) found the range between about 5% to 45% 

for field and 5% to 40% for laboratory tests. This may 

imply positive or negative correlation among these 

parameter estimates, which is purely due to numerical 

processing of the test data. Correlation should be taken into 

account in stochastic field model. 

In order to reveal the important effects of parameters 

uncertainty, two main parameters (thickness of layer d and 

shear-wave velocity υS1 are considered as dependent or 

independent random variables according to a given 

distribution function with mean value and variance. 
 

4.2 Selection of uncertain structural parameters 
 

Among the structural parameters that may influence the 

response of the coupled system shown in Fig. 1, we select 

the effective height of the structure, and the foundation 

radius, as random variables. The range of variation of the 

height may be defined based on a typical period-height 

relationship as stated by Moghaddasi et al. (2009) where 

uniform distribution with ranges of variation for height and 

radius about 35% is used. The foundation radius is obtained 

from the slender ration which varies from 1 to 4 for 

ordinary (residential/commercial) structures. 
 

 

5. Methodology for Monte Carlo simulations 
 

In order to consider system uncertainties, various 

approaches such as Monte Carlo simulations, moment 

equation approach, and stochastic finite-element method 

have been developed. However, Monte Carlo simulation is 

the most common approach, in which a deterministic 

problem is solved many times using a large number of 

simulated random variables and statistical properties of 

responses (Manolis 2002, Lee et al. 2013, Laudarin et al. 

2013). In other words, Monte Carlo simulation is useful for 

obtaining numerical solutions for complicated problems 

especially when the number of variables is large or 

variables are correlated. Soesilo (1997) stated that 

randomness of many soil parameters tends to follow 

classical statistical distributions (normal and lognormal). 

Jones et al. (2002) reviewed the statistical parameters and 

the most commonly used probability distributions (uniform, 

normal, lognormal, Gamma, and exponential) to estimate 

uncertainty in geotechnical properties for performance-

based earthquake engineering. Popescu et al. (2005) 

investigated the three-dimensional effects in seismic 

liquefaction analysis of stochastically heterogeneous soils 

using the beta, gamma and lognormal distributions by 

means of Monte-Carlo simulations. They showed that the 

coefficient of variation (Cv) and the marginal probability 

distribution of the soil’s shear strength are the two most 

important parameters in reducing the bearing capacity. 

Jimenez and Sitar (2009) investigated the influence of 

different types of statistical distributions (lognormal, 

gamma, and beta) to characterize the variability of Young’s 

modulus of soils in random finite element analyses of 
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shallow foundation settlement. Moghaddasi et al. (2011) 

used uniform distribution for the randomly soil and 

structure selected parameters to investigate the effects of 

SFSI on seismic response of structures through a Monte 

Carlo simulation. 

In the present study, two distributions functions with 

mean and variance are used to generate random draws of 

each soil and structural parameters: lognormal and gamma 

distributions. Then, a mathematical expectation of the 

defined function (impedance function, structural response 

…) is computed. For example, the expected value of the 

impedance function, for each dimensionless frequency a0, is 

calculated as (Tanizaki 2004, Scherer 2005) 

 
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ddddfdaKYXaKE
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for stochastically correlated random variables. X, Y are the 

random variables of the layer’s thickness and shear wave 

velocity, respectively.  1,
1 sdv vdf

s
 represents the joint 

density function of X and Y. If the random variables are 

stochastically uncorrelated, the joint density function 

becomes 

)().(),( 11 11 sdsd ss
fdfdf             (9) 

where )(),( 11 sd s
fdf   

are the marginal density functions 

of X and Y. The expected value of the impedance function is 

estimated from a sum with Monte Carlo approach to 

numerical quadrature where the abscissas are chosen 

randomly according to the probability density function 

(PDF) f(x). x may be one of the soil parameters. Explicitly, 

the straightforward Monte Carlo quadrature scheme 

proceeds as follows (Dunn and Shultis 2012): 

• generate N values xi of the random variable x from the 

PDF f(x); 

• define the quadrature abscissas as the sampled values 

xi; and;  

• form the arithmetic average of the corresponding 

values of  i0 x,aK , i.e. 
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xi are the N generated values of the random variable 

parameter x, or quadrature abscissa. 

In the present study, firstly, 1 million random draws are 

generated for each one of the two main soil parameters 

(layer’s thickness and shear wave velocity) according to 

each kind of the two distribution functions, for horizontal 

and rocking component of the impedance functions. 

Secondly, 1 000 000 random draws are generated for each 

of the two main soil parameters and the two main structural 

parameters (height of the superstructure, and the foundation 

radius), according to the lognormal distribution. In total, 12 

million scenarios are generated to study the effects of 

randomness of soil and structure parameters on the 

foundation and superstructure responses. 

 

 

6. Numerical results 
 

6.1 Stochastic investigation on impedance functions 
 
6.1.1 Influence of random variation of each soil 

parameter 
In the present stochastic modelling of dynamic SSI, we 

firstly study the influence of randomly varying soil 

properties on the impedance functions of a circular 

foundation (Fig. 1(a)). The mean values of soil parameters 

given in Fig. 1(a) are selected such as the ratios d/r0=1, 

G1/G2=0.544, ρ1/ρ2=0.85. The Poisson’s ratio is ν1=ν2=0.25, 

and the damping ratio ξ1=ξ2=0.05. These data which result 

in an impedance ration (ρ1 υS1)/(ρ2 υS2)=0.68 correspond to 

more common case of more flexible and less denser layer 

than the half-space (rock) (Wolf 1994). Without losing 

generality, coefficients of variation (Cv) for each soil 

parameters is assumed in range of 5% to 20%. 0 % 

coefficient of variation corresponds to the deterministic 

case. 

Figs. 3 to 4 show the influence of random variations of 

layer’s thickness and shear wave velocity on mean values of 

the impedance functions for the horizontal motion for the 

given distribution functions, and Figs. 5 to 6 show the 

influence of the randomness of the same parameters on the 

same functions for the rocking motion. 

From figs. 3-6, we observe that the increasing 

coefficient of variation of soil properties leads to smaller 

spring and damping coefficients for all the two-distribution 

functions (Figs. 3 to 4 and 5 to 6) and there is no significant 

difference between mean values of these coefficients 

obtained by the two different distribution functions. Similar 

finding was obtained by Ahmed and Rupani (1999) when 

studying, deterministically, the variation of shear wave 

velocity on horizontal impedance of square foundation, and 

they attributed the decrease in spring coefficient to the 

increase of velocity value. It should be noted that these 

observations are valid for the present applications and for 

 

 

  
(a) (b) 

  
(c) (d) 

Fig. 3 Expected impedance functions for the circular 

foundation in horizontal motion for various Cv of 

layer’s thickness distributed: (a) - (b) lognormally, (c) - 

(d) gamma 
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(a) (b) 

  
(c) (d) 

Fig. 4 Expected impedance functions for the circular 

foundation in horizontal motion for various Cv of 

shear wave velocity distributed: (a) - (b) lognormally, 

(c) - (d) gamma 
 

  
(a) (b) 

  
(c) (d) 

Fig. 5 Expected impedance functions for the circular 

foundation in rocking motion for various Cv of layer’s 

thickness distributed: (a) - (b) lognormally, (c) - (d) 

gamma 
 

  
(a) (b) 

  
(c) (d) 

Fig. 6 Expected impedance functions for the circular 

foundation in rocking motion for various Cv of shear 

wave velocity distributed: (a) - (b) lognormally, (c) - 

(d) gamma 

relatively small coefficient of variation. Further 

observations need more applications varying foundation 

shape and depth, as well as larger coefficient of variation. 

 
6.1.2 Influence of random variation of all soil 

parameters 
The previous investigations concerned the effect of each 

soil parameter on the impedance functions assuming only 

one soil parameter, namely either layer’s thickness and 

shear wave velocity, as random, while the others parameters 

are assumed to be deterministic in the computation. 

In this section, the influence of randomly varying soil 

properties on the impedance functions is studied assuming a 

stochastic homogeneous media, where all governing 

parameters, i.e., layer’s thickness and shear wave velocity 

are modelled as random variables. Firstly, the random 

variables are assumed uncorrelated, and all follow, 

successively, lognormal distribution and gamma 

distribution. Then, the parameters are assumed correlated 

and all follow only lognormal distribution. 

So, Figs. 7 and 8 depict the influence of theses 

fluctuations on the impedance functions for coefficients of 

variation for all independent parameters ranging between 0 

and 20%, for the two used distribution functions, for 

horizontal and rocking motions, respectively. The results of 

the present multivariate case are somewhat different from 

those of the previous univariate case. A remarkable 

decrease in the mean stiffness coefficient amplitudes is 

observed when fluctuation sizes increase, for both 

horizontal and rocking modes of vibration and for the two 

used distribution functions. 

Secondly, to show if the random parameters are 

correlated, the effects of random fluctuations on the same 

quantities as done in the previous application, by assuming 

layer’s thickness and shear wave velocity are random fields, 

are investigated. Therefore, Fig. 9 shows the influence of 

theses fluctuations on the impedance functions for  

 

 

  
(a) (b) 

  
(c) (d) 

Fig. 7 Expected impedance functions for the circular 

foundation in horizontal motion for various Cv of 

layer’s thickness and shear wave velocity, distributed: 

(a) - (b) lognormally, (c) - (d) gamma 
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(a) (b) 

  
(c) (d) 

Fig. 8 Expected impedance functions for the circular 

foundation in rocking motion for various Cv of layer’s 

thickness and shear wave velocity, distributed: (a) - (b) 

lognormally, (c) - (d) gamma 

 

  
(a) (b) 

  
(c) (d) 

Fig. 9 Expected impedance functions for the circular 

foundation in multivariate normal distribution for 

various Cv of layer’s thickness and shear wave 

velocity: (a) - (b) horizontal motion, (c) - (d) rocking 

motion 

 
 

coefficients of variation for all the parameters ranging 

between 0 and 20%, in same time, for the lognormal 

distribution function, for horizontal and rocking motions, 

respectively. No significant differences appear between 

curves of Figs. 7(a), (b) and 9(a), (b), and Figs. 8(a), (b) and 

9(b), (c), respectively. These results mean that soil 

parameters (layer’s thickness and shear wave velocity) are 

non-correlated. 

 
6.2 Stochastic structural response 
 

The normalized magnitudes of the structural distortion 

 u , the displacement of the mass relative to the free field 

      guhu  00 , and the total displacement of the 

base     guu 0  
are plotted versus excitation frequency  

 
(a) 

 
(b) 

 
(c) 

Fig. 10 Stochastic response of soil-foundation-

structure system for various Cv of layer’s thickness 

distributed lognormally, for harmonic ground motion: 

(a) structural distortion, (b) displacement of mass 

relative to free field, (c) total displacement of base 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 11 Stochastic response of soil-foundation-structure 

system for various Cv of shear wave velocity 

distributed lognormally, for harmonic ground motion: 

(a) structural distortion, (b) displacement of mass 

relative to free field, (c) total displacement of base 
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(a) 

 
(b) 

 
(c) 

Fig. 12 Stochastic response of soil-foundation-

structure system for various Cv of height of the 

superstructure distributed lognormally, for harmonic 

ground motion: (a) structural distortion, (b) 

displacement of mass relative to free field, (c) total 

displacement of base 
 

 

in Figs. 10 to 13. 

A comparison on the effects of uncertainties about soil 

parameters (layer’s thickness and shear wave velocity), 

structural parameters (height of the superstructure), and 

foundation parameter (radius) with coefficient of variation 

(Cv) equals to 0,0 %(deterministic), 10%, 20%, and 30% 

for each parameter on the dynamic responses of the coupled 

system is carried. The same data used in the previous 

section are used, except that Poisson’s ratio is changed to 

1/3 and layer’s thickness such that 4d  . The other 

dimensionless parameters are 2h  , 1m  , ξ=0.025 and 

the stiffness ratio 3s  . 

It is observed that the structural distortion and the 

displacement of the mass are more influenced by stochastic 

variations of soil parameters than the total displacement 

(Figs. 10 and 11). The peak responses of the structural 

distortion and the displacement of the mass decrease as 

coefficients of variation of layer’s thickness and shear wave 

velocity increase but the effect of uncertainties about shear 

wave velocity is larger (Fig. 11) than that of the layer’s 

thickness (Fig. 10) indicating that the simulated ground  

 
(a) 

 
(b) 

 
(c) 

Fig. 13 Stochastic response of soil-foundation-

structure system for various Cv of foundation’s radius 

distributed lognormally, for harmonic ground motion: 

(a) structural distortion, (b) displacement of mass 

relative to free field, (c) total displacement of base 

 

 

becomes softer. In other words, the damping in the system 

is larger when soil parameters are considered stochastic.  

Moreover, the response of the coupled system is more 

affected by the variations about foundation-structure system 

parameters. In fact, when an increase in variations about the 

height of the structure (Fig. 12) reduces the peaks of the 

structural distortion and the displacement of the mass as 

well as the total displacement. However, the most parameter 

that is sensitive to random fluctuations is the foundation 

radius. An increase in fluctuations about this parameter 

does not only significantly attenuate the peaks of the 

structural distortion, the displacement of the mass, and the 

total displacement but also shifts the frequency to right with 

a widening of the frequency content (Fig. 13). This agrees 

with the finding by Yan Xiaorong (2012), when 

investigating, detministically, the effects of the effective 

height of structure and the foundation size on the structure 

transfer function.  

These results indicate that as the stochasticity of the 

system becomes important, i.e., coefficients of variation 
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increase; the frequency content is dominated by higher 

frequencies. 

 

 

5. Conclusions 
 

In the present study, it was proposed to investigate the 

contribution of soil properties’ randomness in the 

applicability of the cone model for a soil layer underlying a 

half-space. A probabilistic method based on Monte Carlo 

simulations is carried in this investigation. The taking into 

account of uncertainties about soil properties, especially 

layer’s thickness and shear wave velocity, in the soil-

structure interaction (SSI) system analysis may result in 

large variations about the impedance functions. It has been 

observed that a coefficient of variation of 20% about the 

layer’s thickness and the shear wave velocity results in 

significant variation on the impedance functions with order 

of 40% and 36%, respectively. So, soil parameters’ 

uncertainties may significantly influence the accuracy in 

expecting SSI response by substructure method where a key 

step is the impedance functions evaluation.  

Moreover, the present study demonstrated that 

stochastic variations about soil, structure and foundation 

parameters greatly alter the response of the coupled system. 

Stochastic fluctuations on the thickness and the shear wave 

velocity of the soil layer attenuate the peak responses with 

an average order of 12% and 22% due to uncertainties in 

thickness and shear wave velocity, respectively. Also, the 

random variation of the height of the structure alters the 

response of the system in same manner but more 

significantly so that a 30% Cv reduces the response to order 

of 32%. However, the foundation radius when considered as 

random parameter significantly influences the response of 

the system in such a way that 30% Cv reduces the structural 

response about 60% and shifts the frequency to right with a 

widening of the frequency content.  

In conclusion, performance of structures during dynamic 

shaking such as earthquakes depends strongly on the 

properties of the soil beneath the structure of interest as well 

on structure height and foundation radius. If facts, 

uncertainties in parameters of the soil-foundation-structure 

system taken into account by describing those properties by 

probabilistic models using probability distribution functions 

together with Monte Carlo simulations, meaningfully alter 

the dynamic system response. Based on some codes' 

provisions (FEMA 440, ATC-3-06), it may be concluded 

that the finding of the present study in terms of reduction in 

the soil foundation structure dynamic response magnitude 

and damping increase has a beneficial effect in structures 

performance.  
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