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Abstract

In seismic performance based design context, engineers are faced to a difficult task to estimate the response of soil-structure interaction 

(SSI) systems. To accomplish this task successfully, all sources of random and epistemic uncertainties should be taken into account. 

However, the uncertain parameters have not the same influence on the model response; a sensitivity analysis is therefore required. 

This article treats the two following aspects: the first one is to perform a sensitivity analysis on all the parameters in order to study 

their influence on the structural response. The uncertainties effect is done by studying the sensitivity of the maximum structure 

displacement towards the used materials parameters variation  (fc’, εc0, εcu, Es, fsy, α, εsu, A, ξ) and soil properties (ξg, ν) on the SSI seismic 

response. This study consists of determining, quantifying and analyzing how the outputs of the N2-SSI model are affected by input 

variables fluctuations. The second aspect is analysing the SSI system response by considering the correlation between the parameters 

(shear wave velocity and soil damping) and the influence of the lack knowledge of the uncertainties due to this correlation. The results 

of the sensitivity analysis indicate that the response of the structure is very sensitive to the concrete and steel parameters for larger 

values of the shear wave velocity. While, the soil damping and Poisson's ratio in the case of soil with shear wave velocity of 90 m/s, are 

the main inputs with the greatest influence on the maximum displacement output.
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1 Introduction
The complexity of the soil–structure interaction (SSI) 
problem [1–6] accompanied with the inherent uncertainty 
propagation from model parameters describing the struc-
ture, the soil, and the earthquake motion characteristics 
has resulted in a somewhat controversial interpretation of 
SSI effects on the structural seismic response [7]. 

A variety of procedures to study the effects of uncertainty 
on the seismic response of a structure has been proposed 
in the literature. The most recent research works can be 
mentioned like Vamvatsikos and Fragiadakis [8] who used 
Monte Carlo simulations with Latin-Hypercube sampling 
to assess the effects of uncertainties in model parameters 
on collapse response of structures. Na et al. [9], Celik and 
Ellingwood [10], Celarec and Dolšek [11], Kim et al. [12] 

studies reveal that uncertainties of the mass of the struc-
ture, the concrete strength, the columns yield rotation and 
the effective slab width have lesser importance.

Traditionally, the effects of inertial soil-structure inter-
action on buildings seismic response can be quantified by 
a period lengthening and increased damping of the sys-
tem [13], and on this basis, it has been concluded and 
implemented in design codes [14, 15] that including SSI 
in the analysis has a beneficial or detrimental effects in the 
seismic response of structures. However, it has been also 
argued that the perceived beneficial role of SSI is an over-
simplification of the reality and indeed is incorrect for cer-
tain soil–structure systems and earthquake motions [16, 17]. 
Thus, it has been recently shown that proper methods are 
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required for the study of uncertainty propagation from 
model parameters describing the structure, the soil, and 
the applied loads to structural responses by defining some 
performance limit states [18–20].

The above studies have treated different problems of 
structural uncertainties without introducing the effect of 
soil or soil-structure uncertainties in the system. To the 
authors' knowledge, only few studies have addressed 
the issue of the effect of uncertainties in SSI system. 
Moghaddasi et al. [21] evaluate the influence of foundation 
flexibility on the structural seismic response by consider-
ing the variability in the system and uncertainties in the 
ground motion characteristics. The obtained results illus-
trate the risk of underestimating the structural response 
associated with simplified approaches in which SSI and 
nonlinear effects are ignored. Moghaddasi et al. [22] 
define the correlation between soil, structure, and interac-
tion effects on the structural response. Their study shows 
that the variation of soil shear wave velocity, shear wave 
velocity degradation ratio, structure-to-soil stiffness ratio, 
structural aspect ratio and system stiffness affect signifi-
cantly variation in structural response.

In particular for systems considering soil–structure 
interaction, the effect of uncertainty on structural response 
is even more pronounced [23–24].

In this context, the current study presents a parametric 
sensitivity analysis on all the parameters in order to study 
their influence on the structural response. We first exam-
ined the influence of the parameters related to the struc-
ture materials used (concrete and steel) on the lateral dis-
placement of the structures, and then the soil parameters 
(shear wave velocity and soil damping ratio). 

The lateral displacement of the system is determined 
by the N2-SSI approach developed by Mekki et al. [7]. 
This approach is based on the N2 method introduced in 
Eurocode 8 [25]. N2-ISS method completes N2 method by 
introducing the effect of the soil on the seismic response. 
The authors have demonstrated the effectiveness of this 
method through a comparative study with other recog-
nized methods (the temporal dynamic method, the BSSC 
code [15], Avilés and Pérez-Rocha [26].

Knowing that the variability of soil properties consti-
tutes an important source of uncertainty in geotechnical 
analyses, we analyze the effect of this variability on the 
seismic response of a structure within the framework of 
the SSI. Our second contribution in this article is the anal-
ysis of the response of the SSI system by considering the 
correlation between these parameters and the influence of 

the lack of knowledge of the uncertainties due to this cor-
relation. The soil properties we are interested in here will 
be shear wave velocity and soil damping.

2 Sensitivity analysis of SSI model
The response of a structure to an earthquake is influenced 
by several parameters. However, these parameters do not all 
have the same level of influence on this response. In order 
to identify the parameters that have the most impact and 
to which the response of the structure is the most sensi-
tive, a deterministic sensitivity analysis of the different 
factors has been performed. Indeed, the knowledge of the 
variables that have the most influence on the output (maxi-
mum displacement of the structure), will allow to target the 
efforts to improve the knowledge on the most influential 
input variables, and thus decrease the errors on this output.

There are different techniques for estimating sensi-
tivity indices in the literature [27–29]. The approach we 
followed is based on the calculation of a deterministic 
sensitivity index representing the variations of a model 
output following a variation of an input parameter. Each 
input parameter is assigned a nominal reference value. 
The analysis is performed by varying the reference value 
of an input parameter, while fixing all other input param-
eters at their nominal values. By calculating the partial 
derivatives of the output functions with respect to the 
input variables, the sensitivity index noted S is obtained 
by the following relation:

S Y Y
X X

�
�
�

/
/

. (1)

This indice quantifies the sensitivity of the output Y with 
respect to the input parameter X.

In this article, a sensitivity study of uncertain structural 
parameters (concrete and steel) and soil is carried out on the 
lateral displacement of the SSI system which is determined 
by the N2-SSI method. The main steps of this method are 
summarized in Fig. 1 and described in detail below.

3 N2-SSI method for seismic analysis of structures in 
interaction with the soil
The complex behavior of SSI together with uncertainties 
in soil and structure parameters, and in earthquake ground 
motion result in a significant controversy over the effect 
of SSI on structural response in both elastic and inelastic 
states. Simple procedures proposed in seismic regulations 
are not sufficient to properly evaluate the influence of SSI 
on the structural response. A simplified N2-SSI model has 
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been proposed by Mekki et al. [7, 30] to resolve a com-
plicated problem such as SSI. The N2-SSI method is an 
extension of the N2 method [31]. Both methods use stan-
dard pushover analysis to calculate the nonlinear response 
of a regular structure. The approach will consist in first 
determining the nonlinear response by the N2 method 
for the system without taking into account the SSI and 
then, introducing in a second step the effect of the SSI. 
The choice of the N2 method is due to its simplicity and 
its ability to determine the displacement of the structure 
with a "manageable" computational effort and reasonable 
accuracy. However, like any approximate method, the N2 
method is subject to several limitations. It assumes that: 
(a) displacement shape is constant, i.e., it does not change 
during the structural response to ground motion and (b) 
the first mode is predominant. These are the basic and the 
most critical assumptions. The N2-SSI approach is illus-
trated in Fig. 1 and is organized in the following steps:

Step 1: Determination of the Pushover curve (base-shear 
force V vs. roof displacement u relationship) of a multi 
degree of freedom (MDOF) structure considered initially 
as fixed in its base.

Step 2: Evaluation of seismic demand for a fixed-based 
system (Fig. 1(b)). In this section, seismic demand is deter-
mined by using response spectra in acceleration-displace-
ment format. The pushover curve (base shear V-roof dis-
placement u) is converted to a capacity curve (spectral 
acceleration Sa-displacement Sd, Fig. 1(b)).

Step 3: Introduction of SSI through impedance func-
tions. These functions describe the stiffness and damping 
characteristics of the foundation-soil system (Fig. 1(c)).

Step 4: The capacity curve of flexible base system (with 
SSI) is obtained by modifying the initial capacity curve 
built for a fixed-based structure. The intersection between 
the capacity curve (with SSI) and the inelastic spectra 
(with SSI) gives the performance point (Fig. 1(d)).
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Fig. 1 Methodology of N2-SSI model



742|Mekki et al.
Period. Polytech. Civ. Eng., 66(3), pp. 739–751, 2022

Fundamental period T̃  (Eq. (2)) of the flexible-base sys-
tem is longer than fixed-base T system as well as effective 
damping ξ ̃ (Eq. (3)), which is higher for the soil-structure 
system than for the structure alone [31].
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where ξ = πc/kT and T m k� 2� /  are the damping ratio 
and the period of the fixed-base structure, respectively; m, 
c and k are the effective mass, damping and stiffness of 
the structure, respectively; heff is the effective height of the 
equivalent SDOF; T m ku u� 2� /  and T mh keff� ��� 2 2

/  
are the natural periods associated with rigid body trans-
lation and rocking of the structure, whereas ξu = πcu/(kuT̃ ) 
and ξθ = πcθ/(kθT̃ ) are the soil damping ratios for the hori-
zontal and rocking modes of the foundation; and ξg is the 
soil damping.

The soil-foundation parameters are: horizontal stiffness 
and damping (Eq. (4)) and rocking stiffness and damping 
(Eq. (5)):
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where the soil is characterized by its Poisson's ratio ν, shear 
modulus G and mass density ρ. The shear wave velocity 
for the medium is then given by V Gs � / � , ru and rθ 
are the foundation radii computed separately for transla-
tional and rotational deformation modes to match the area 
Af and moment of inertia If of the actual foundation (i.e., 
r A r Au f f� �/ , / )� ��

4 .
Lateral displacement ũt Eq. (6) of the multiple-de-

gree-of-freedom MDOF structure determined from per-
formance point coordinates (S̃a, S̃ d ) is larger in flexible 
base system (N2-SSI).



u St d� � , (6)

where S̃ d (T̃, ξ ̃) is displacement of equivalent SDOF SSI 
system. Γ: Modal participation factor.
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The effective ductility μ̃ will be equal to the structural 
ductility μ for infinitely rigid soil (for which (T̃  = T) and to 
unity for infinitely flexible soil (for which T̃= ∞)).

S̃a (T̃, ξ ̃) is acceleration of equivalent SDOF SSI system, 
obtained by reducing the elastic acceleration S̃ae (T̃, ξ ̃) by 
the strength reduction factor R̃μ(T̃ ).
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The strength reduction factor expression proposed by 
Vidic et al. [32] for fixed-base system, has been adjusted 
to flexible base system Eq. (8), this is a more rational way 
to assess nonlinear strength of SSI [33].
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μ̃ is SSI equivalent ductility factor system proposed by 
Avilés and Pérez-Rocha [26] to fully characterize the non-
linear replacement oscillator.
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where Tc is soil characteristic period

4 Selected structure and modeling parameters
4.1 Description of selected structure
We will apply the approach to a case study, that of a rein-
forced concrete structure whose geometric and material 
characteristics are shown in Fig. 2. To model the constitu-
tive laws of concrete and steel, respectively, the Kent and 
Park model [34] and the elasto-plastic model with harden-
ing [35] were used. 

The distribution of lateral forces depends on the shape 
of the first mode. We consider that the structure oscillates 
predominantly in the first mode and that its components are 
normalized in such a way that the displacement at the vertex 
is equal to 1. {Φ} = [0.2 0.4 0.6 0.8 1.00]. The response spec-
trum used is that of the Algerian seismic regulations [36].

Regarding the soil characteristics, four types of soil are 
considered with different shear wave velocities (90, 300, 
600 and 1350 m/s), the same Poisson's ratio ν = 0.3, density 
ρ = 1.9 t/m3 and damping of soil ξg = 10% are considered. 
Square footings of 1.6 m sides are considered. 

The introduction of the SSI effect in the N2-SSI approach 
is done by using the impedance functions (Eqs. (3) 
and (4)) to determine the effective period T̃  and the effec-
tive damping ξ ̃ by Eqs. (1) and (2), respectively. These 
functions relate the geometric parameters of the founda-
tion and the soil parameters such as shear wave velocity Vs, 
Poisson's ratio ν and soil density ρ. The results of the appli-
cation of the proposed approach on the studied structure 
are summarized in Table 1.
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Table 1 shows the continuous decrease of the effective 
period T̃  when Vs values increase, due to the flexibility of 
the structure supports in comparison with the fixed base 
structure (the T̃  = T ratio amounts 1.60 for Vs = 125 m/s 
and amounts 1 for Vs = 1350 m/s. This is accompanied by 
the dissipation of a considerable amount of the vibrational 
energy due to the frequency-independent material damp-
ing due to the internal friction. This means that the period 
does not only depend on the height of the structure but 
also on the soil-structure interaction. 

In the Table 1, one can see that for a soil shear wave velo-
city of 125 m/s, the effective damping is 1.50 times larger 
than the structure damping. One can also observe that when 
Vs takes value of 1350 m/s, the flexible base damping ξ̃ is 
equal to the viscous damping of the structure ξ, which clearly 
indicates there are no damping SSI effects in rock soil case.

4.2 Sensitivity analysis of the parameters related to the 
materials of the structure – method
The sensitivity analysis performed on the maximum dis-
placement of the structure is performed by varying the 
twelve parameters related to the characteristics of the 
materials used listed in Table 2 and observe their effect 
on the displacement for two levels of the same earthquake 
(two different values of PGA):

PGA = 0.1 g corresponding to a weak earthquake in 
order to analyze the elastic behavior of the structure.

PGA = 0.6 g for a strong earthquake causing an elasto-
plastic behavior of the structure.

We have chosen the model developed by Kent and 
Park [34] (Fig. 3(a)). It allows to simulate efficiently the 
behavior of confined and unconfined concrete. This model 
shown in Fig. 3, is composed of an ascending parabolic 
portion until the strain reaches the strain corresponding 
to the maximum strength in compression of concrete εc0 
and then a descending linear portion for higher strains. 
A sensitivity analysis was performed on the parameters 
of this model for confined as well as unconfined concrete, 
namely: the concrete compressive stress fc', the peak strain 
εc0 corresponding to the concrete compressive stress, and 
the ultimate strain εcu.

The steel is modeled by an elastoplastic law with kine-
matic strain hardening [34] (Fig. 3(b)). The behavior of the 
steel is symmetric in tension/compression and character-
ized by an elastic phase until plasticization. A sensitivity 
study considered 4 model variables: the elastic modulus of 
the steel Es, the yield stress of the steel fsv [37], the strain 
hardening factor α, and the ultimate strain εsu.

Table 2 summarizes the variables considered, the ref-
erence values and the variation intervals. The following 
paragraphs detail the results of the sensitivity analysis, 
which will be summarized next.

Figs. (4) and (5) are plotted by varying according to the 
values mentioned in Table 3.6, then the sensitivity study 
(Figs. (6) and (7)) is performed on the SSI system using the 
pushover curves related to the variation of each parameter.

 

 

      
 

       
 

 

        Comumn         Beam section 1-1      Beam section 2-2 

Foundation 

Fig. 2 Geometric characteristics of 5-story RC building

Table 1 Variation of T̃/T and ξ /̃ξ for 4 soil types

Vs [m/s] 125 300 600 1350

T [s] 0.82

ξ [%] 5

T̃/T 1.60 1.20 1.08 1.00

ξ /̃ξ 1.50 1.25 1.02 1.00

(a)                                        (b)
Fig. 3 Material constitutive laws; (a) Concrete; (b) Steel
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Table 2 The different parameters of the models: confined concrete, unconfined concrete, and steel as well as their maximum and minimum variations

Materials N° Parameters (X)– (X)Ref (X)+ (∂X/X)– in % (∂X/X)+ in %

confined concrete

1 fc' (MPa) 25 30 40 -16.67 +33.33

2 εc0 0.001 0.002 0.003 -50.00 +50.00

3 εcu 0.008 0.014 0.020 -42.86 +42.86

unconfined concrete

4 fc' (MPa) 20 25 30 -20.00 +20.00

5 εc0 0.001 0.002 0.003 -50.00 +50.00

6 εcu 0.004 0.006 0.008 -33.33 +33.33

Steel

7 Es (GPa) 205 210 215 -9.52 +9.52

8 fsv (MPa) 300 400 500 -25.00 +25.00

9 α (%) 1 3 5 -66.67 +66.67

10 εsu 0.0079 0.0143 0.0220 -33.33 +33.33

Quantity of reinforcement 11 A (mm2)
1447.6 1608.5 1769.3 -10.00 +10.00

1246.9 1385.4 1523.9 -10.00 +10.00

Damping of the structure 12 ξ (%) 2 5 10 -60.00 +100.00

(X)– : Minimum value that the parameter can take, (X)Ref : Reference value and (X)+ : Maximum value that the parameter can take

Fig. 4 Influence of the concrete parameters of the structure on the Pushover curve; (a) concrete compressive stress, (b) peak strain corresponding to 
concrete compressive strength εc0 and (c) ultimate deformation of concrete

(a)

(b)

(c)
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4.3 Influence of the concrete parameters of the 
structure on the Pushover curve – results
Confinement generally increases two characteristics of 
concrete: the compressive strength fcc > fc0 and the strain 
corresponding to the ultimate compressive stress εcc > εc0; 

it also significantly increases the energy absorbing capacity 
of concrete. Thus, confinement has a favorable influence on 
the performance of concrete provided by transverse rein-
forcement. This is observed in Fig. 4, which shows that the 
sensitivity to unconfined concrete parameters is greater 

(a) (b)

(c) (d)

(e)
Fig. 5 Influence of the steel parameters of the structure on the Pushover curve; (a) modulus of elasticity of steel, (b) yield strengths for longitudinal 

reinforcement, (c) hardening of steel, (d) ultimate deformation of the steel and (e) amount of reinforcement

Fig. 6 Sensitivity of the main parameters of the three models: confined 
concrete, unconfined concrete, and steel for a value of PGA = 0.1 g

Fig. 7 Sensitivity of the main parameters of the three models: confined 
concrete, unconfined concrete, and steel for a value of PGA = 0.6 g
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than that to confined concrete parameters. Outside the area 
bounded by the transverse steel, the concrete has differ-
ent stress-strain characteristics than the concrete inside the 
core. The embedding concrete generally begins to detach 
when the strength of the unconfined concrete is reached. 

The study of the effect of concrete compressive strength 
on the strength and deformation capacity of the structures 
was carried out considering three values of concrete com-
pressive stress: (20, 25 and 30 MPa for confined concrete 
and 25, 30 and 40 MPa for unconfined concrete). The anal-
ysis in Fig. 4(a) shows that the stiffness and shear strength 
of the structure increases significantly with fcb. 

The results obtained for different values of the peak 
strain εc0 corresponding to the compressive strength of 
concrete show that the shear force at the base of the struc-
ture increases with the increase of εc0 for displacements 
less than 20 cm, and then remains equal beyond this dis-
placement, see Fig. 4(b). Therefore, the initial stiffness of 
the structure is significantly affected by the variation of εc0.

In Fig. 4(c) (to the left) we observe a very weak influ-
ence of the ultimate deformation of the confined concrete, 
while in Fig. 4(c) (to the right) no distinction is visible 
between the three curves until the value of 0.17 m where 
the curves separate showing the effect of the ultimate 
deformation of the unconfined concrete.

4.4 Influence of the steel parameters of the structure on 
the Pushover curve – results
In Fig. 5(a), we see that the variation in the modulus of 
elasticity of steel has no influence on the overall elastic 
stiffness of the structure, or its ultimate shear strength. 
Figs. 6 and 7 show a sensitivity in neighborhood of 9% 
for rock, hard and soft soil and 3% for very soft soil, these 
properties being observed for both values of PGA.

The ultimate deformation capacity and strength of 
a structure is strongly influenced by the value of the yield 
strengths for longitudinal reinforcement. Increasing this 
parameter improves the resistance of the structure to shear 
as well as its displacement, as clearly shown in Fig. 5(b). 

Hardening is a mechanical treatment that generates plas-
tic deformations due to exceeding the elastic limit of steel. 
As shown in Fig. 5(c), choosing a higher value for strain 
hardening increases the resistance capacity of the structure 
for displacements greater than 15 cm. On the other hand, 
the maximum displacement calculated for different values 
of shear rate and PGA (0.1 g and 0.6 g) is not very sensitive 
to the increase in hardening (about 2%), see Figs. 6 and 7.

Figs. 5(d), 6 and 7, show that for a strong variation of the 
parameter εsu, the sensitivity of the maximum displacement 
and the ultimate resistance of the structure to shearing 
remains very low. But it should be noted that this parameter 
can have a strong influence on the ultimate displacement 
of the structure. This displacement depends on the length 
of the plastic ball joint and the ultimate curvature. Indeed, 
horizontal solicitations cause plastic hinges to appear at the 
ends of structural elements due to the crushing of the con-
crete, in particular the loss of confinement and the rupture 
of longitudinal steels, when they reach their limit deforma-
tion εsu. This parameter can have a considerable influence 
on the overall stability of the structure.

Three values were considered to demonstrate the effect 
of the amount of longitudinal reinforcement of columns 
and beams on the lateral deformations of the structure. 
The rate of change in the amount of reinforcement is 10%. 
The force-displacement curves obtained from the fixed 
base structure clearly show the increase in resistance with 
the increase in the amount of longitudinal steel in the col-
umns (Fig. 5(e)). 

A high longitudinal steel rate contributes to increasing 
the ultimate displacement of the structure. However, the 
maximum displacement of the structure decreases for the 
two types of soil: rock soil of Vs = 1350 m/s and very soft 
soil of Vs = 90 m/s. This is explained by the improvement 
in displacement ductility with the increase in the amount 
of longitudinal steel regardless of the nature of the soil.

4.5 Sensitivity analysis of the parameters relating to the 
materials of the structure - synthesis
The graphs presented in Figs. 6 and 7 summarize the 
information obtained for the sensitivity values, for each of 
the parameters studied and for the four types of soil. It is 
recalled that the sensitivity study relates to the maximum 
displacement of the structure for two earthquakes: weak 
of 0.1 g and strong of 0.6 g. Because the maximum dis-
placement of the structure is a key element in the design 
especially by introducing the effect of the ground to know 
how the interaction between the ground and the structure 
with nonlinear behavior can modify the seismic demand 
and the capacity in the superstructure.

The parameters concerned by this study are indepen-
dent, therefore the approach does not take into account 
either their potential correlation (two increase at the same 
time or one increases when the other decreases) nor of the 
fact that they can have coupled influences.



Mekki et al.
Period. Polytech. Civ. Eng., 66(3), pp. 739–751, 2022|747

The most immediate result is that the structural response 
is very sensitive to the concrete and steel parameters as the 
shear wave velocity increases.

Modifying the data set inputs produces changes rang-
ing from 0 to 52% in the output represented by the maxi-
mum displacement of the structure. A, ξ, εcu, and fc' are the 
parameters which most influence this output (Figs. 6 and 7). 
They induce respective variations of 52, 24, 20, 16 and 
14%. This analysis shows that rather large uncertainties on 
these parameters can greatly distort the results obtained for 
the output (maximum displacement of the structure). The 
figures also show a sensitivity in neighborhood of 22% for 
rock, hard and soft soil and 8.5% for very soft soil and that 
for the two values of PGA.

In the end, if we use a threshold of 20%, three param-
eters seem very influential: the rate of reinforcement, the 
damping of the structure and the ultimate deformation of 
the confined concrete.

4.6 Sensitivity analysis of soil parameters
The results obtained in the previous section clearly show 
that the sensitivity of the parameters of concrete and steel 
on the response of the structure increases jointly with the 
increase in the value of the speed of the shear waves (case 
of a rock soil). In order to evaluate the contribution of soil 
parameters such as: soil damping ξg and Poisson's ratio ν 
(Table 3) on the maximum displacement of the structure 
in interaction with the soil, a sensitivity analysis on these 
parameters was made for four types of soil (Fig. 8).

The damping of the soil and the Poisson's ratio in the 
case of a soil with Vs = 90 m/s, constitute the main inputs 
having the greatest influence on the output which rep-
resents the maximum displacement. For the two inputs, 
the displacement has sensitivity indices ranging from 
16 to 39.9. On the other hand, these two parameters are 
not very sensitive to the variability of the seismic response 
in interaction for the rock soil. This analysis shows that 
quite large variations on these two parameters in the case 
of a structure based on very soft soil can greatly distort 
the results obtained for the seismic response of a struc-
ture. The influence of the parameters (ξg and ν) remains 

marginal in the case of a structure based on rock soil, so 
we can ignore the uncertainties associated with them and 
consider them as deterministic in this case.

The sensitivity study conducted in this section has 
highlighted the importance of the use of random models 
in the study of interacting systems. However, to arrive at 
reliable estimates of the response of the structure in inter-
action with the ground it is necessary to resort to reliable 
methods for the determination of the values of the shear 
wave velocity Vs. 

The results obtained following this study show that the 
proposed model is greatly influenced by the variation of 
the three parameters: the soil, the structure, and the earth-
quake. Among these parameters, it was found that the soil 
parameters and more precisely the shear wave velocity Vs 
introduces a great deal of uncertainty on the estimation of 
the overall damping of the soil structure system and there-
fore on the displacement of the structure.

5 Effects of uncertainties of correlated parameters Vs 
and ξg on the maximum displacement of the SSI
In many geotechnical uncertainty analyses, it is not easy 
to obtain accurate and complete correlation relationships 
of different random variables because of the lack of knowl-
edge and data. For those reasons, the correlation between 
input data is often neglected. If this correlation has an 
influence on the system response, the lack of knowledge 
of the epistemic uncertainties due to this correlation can 
be a risk factor. To our knowledge, no studies take into 
account the variability of correlated parameters (posi-
tive, negative or zero) between shear wave velocity Vs and 
soil damping ξg on the seismic response of soil-structure 
interaction systems. In this context, we study the influ-
ence of the correlation between these random variables 
of the model. This possible relationship has an impact 
on the probability of simulated failure as well as on the 
sensitivity analysis. For this reason, the influence of the 

Table 3 Soil parameters and their maximum and minimum variations

Materials (X)– (X)Ref (X)+ (∂X/X)– en % (∂X/X)+ en %

Soil damping, 
ξa [%] 5 10 15 -50.00 +50.00

Poisson 
coefficient, ν 0.2 0.3 0.4 -33.33 +33.33

Fig. 8 Sensitivity of soil parameters for two values of  
PGA (0.1 and 0.6 g)
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correlation between these two variables was considered 
for three values -0.5, 0 and +0.5, and the other parameters 
were assumed as independent of each other. The correla-
tion was assumed to be linear.

To analyze the variability of the two correlated param-
eters Vs and ξg, a numerical simulation was carried out 
for four different average values of shear wave velocity 
(very soft soil (with a shear wave velocity of 90 m/s), soft 
soil (Vs = 300 m/s), hard soil (Vs = 600 m/s), and rock soil 
(Vs = 1350 m/s)) and an average value of ξg = 10%. Two 
coefficients of variation CoV were used according to the 
two configurations represented in Table 4. All other data 
relating to the concrete and steel properties used in this 
application are reference data mentioned in the Table 1. 

An example of the influence of the correlation coefficient 
between two variables Vs and ξg is shown in Fig. 9, where 
100,000 samples of a random variable of Vs and similarly 
for ξg were chosen for three correlation coefficients (-0.5, 
0 and 0.5). We note that the link between the two variables 
increases with the absolute value of the correlation coeffi-
cient (correlation coefficient = -0.5 and 0.5). When the lat-
ter is equal to 0, the two variables become independent.

The Figs. 10 and 11 shows the ratios distribution func-
tions of the SSI top displacements system considered fixed 
at its base (ũt/ut) for the cases 1 and 2, respectively. These 
figures are obtained for three correlation coefficients  
(ρVs–ξg

 = –0.5, 0 and + 0.5) and for four soil types (rock, 
hard, soft, and very soft). The figures clearly show that the 
variability of the maximum displacement differs from one 
soil to another; the cumulative probability curves become 
more and more spread out going from rock soil to very soft 
soil for the two cases.

As expected, the ratio ũt/ut approaches unity for larger 
values of Vs. For Vs = 90 m/s and for the two cases, the 
Figs. 10 and 11 shows an increase in ũt/ut. For example, for 

case 1, the top displacement average is 1.4 times greater than 
in the fixed base case. This is mainly due to the increased 
damping of the system with the increasing of SSI effects.

In the case where the coefficient of variation of Vs 
and ξg = 10% for the four soil types (Fig. 10), a very low 
variability of the maximum displacements ratios ũt/ut is 
observed (for example, between 1.1 and 1.8 for very soft 
soil (Fig. 10). This variability begins to expand for the four 
soil types when the CoV of Vs and ξg = 50% (Fig. 11) (For 
example the top displacement of the fixed base soil-struc-
ture system is variable between 0.6 and 4.0).

The main design codes (e.g., [38, 39]) consider the intro-
duction of the SSI into the dynamics analysis is beneficial. 
However, for other authors, the SSI effects can be detri-
mental [16] and can amplify the structural response com-
pared to a fixed-base model. Our case study confirms this 
last conclusion. For example, for a CoV of Vs of 10% and 
a CoV of ξg of 10% and for four soil types (rock, hard, soft 
and very soft), the top displacements average of the fixed 
base soil-structure system are, respectively: 1.00, 1.01, 1.04 

Table 4 Variability of soil parameters (Vs and ξα)

Cases Uncertainty parameters Distribution Mean CoV

ξα [%] Log-normal 10 0.10

Case 1 Vs, 
[m/s]

Rock Log-normal 1350 0.10

Hard Log-normal 600 0.10

Soft Log-normal 300 0.10

Very soft Log-normal 90 0.10

ξα [%] Log-normal 10 0.50

Case 2 Vs, 
[m/s]

Rock Log-normal 1350 0.50

Hard Log-normal 600 0.50

Soft Log-normal 300 0.50

Very soft Log-normal 90 0.50

(a)

(b)

(c)
Fig. 9 Representation of the correlation between Vs and ξα for hard soil 

(case 2)
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and 1.40. Thus, we clearly see the detrimental SSI effect.
It can be noted that for larger values of the variation 

coefficient, either for Vs or for ξg, a change in the correlation 
coefficient ρVs–ξg

 can significantly affect the SSI response 
distribution. Fig. 11 (Case 2) confirm this observation.

It can also be noted that the ratio ũt/ut is not very sensitive 
to the variability of the correlation coefficient ρVs–ξg

 when 
the variation coefficients of the two parameters (Vs and ξg) 
are small. This means that the determination of the struc-
tural response can be obtained without considering the 
dependence or independence of the variables on each other 
if one seeks only to estimate the median response.

6 Conclusions
In this article, a sensitivity study was conducted to inves-
tigate the influence of deterministic variables on the struc-
tural response. The objective of this analysis is to study 
the impact of the parameter variations on the model. This 
analysis provides a better understanding of the uncertain-
ties associated to these parameters in a satisfactory man-
ner. However, a better knowledge of the model uncer-
tainty helps to improve the accuracy of the models and, 
also a better understanding of the relationships between 
the model assumptions, the parameters, the data, and the 
predictions of the model.

The seismic behavior of a reinforced concrete structure 
has been studied taking into account the SSI and the non-
linear behavior of the structure. An approach has been pro-
posed (N2-SSI) and developed. It can be applied to prac-
tically to any type of regular RC structure and for a given 
geotechnical environment. The approach is based on an 
extension of the N2 method by determining the capacity 
curve of the fixed base system oscillating mainly in the 
first mode, then modified to obtain the capacity curve of 
the flexible base system using the concept of l equivalent 
nonlinear oscillator.

The sensitivity analysis carried out on the maximum 
displacement of the structure by varying the characteris-
tics of the materials showed that this displacement is very 
sensitive to the concrete and steel parameters when the 
shear wave velocity increases.

The results from this sensitivity analysis have shown 
that the displacement of the structure is visibly sensitive to 
the parameters A, ξ, εcu, εc0 and fc'. They induce variations 
of 52, 24, 20, 16 and 14%, respectively. These results lead 
us to conclude that rather large uncertainties on the afore-
mentioned parameters can lead to distort the estimate of 
the maximum displacement of the structure. The analysis 
also showed a sensitivity in neighborhood of 22% for rock, 
hard and soft soil and 8.5% for very soft soil and that for 
the two values of PGA (0.1 and 0.6 g).

Concerning the sensitivity of the maximum displace-
ment with respect to the parameters of the soil, the damp-
ing of the soil and the Poisson's ratio in the case of a very 
soft soil (Vs = 90 m/s) seem to be the main inputs having 
the greater influence on the output for these two inputs, 
the displacement has sensitivity indices ranging from 16 to 
39.9. On the other hand, for a rock soil, these two parame-
ters are not very sensitive to the variability of the seismic 
response in interaction. So quite large variations on these 
two parameters in the case of a structure based on very soft 
soil can greatly distort the results obtained for the seismic 
response of a structure. The influence of the parameters 
(Vs and ξg) remains marginal in the case of a structure based 
on rock soil, so we can ignore the uncertainties associated 
with them and consider them as deterministic in this case.

The results obtained show that for larger values of the 
coefficient of variation, either for Vs or for ξg, a change in 
the correlation coefficient ρVs–ξg

 can significantly affect the 
SSI response distribution. However, this response is not 
very sensitive to the correlation coefficient ρVs–ξg

 variability 
when the variation coefficients of the two parameters are 
low. This means that the determination of the structural 

Fig. 10 Effect of correlation coefficient between Vs and ξα on the 
distribution functions of the ratio (ũt/ut) for 4 types of soil (case 1) 

( ̶ · ̶ · ρ =  –0.5,  ̶ ̶ ̶ ̶  ρ =  0, ....... ρ =  +0.5)

Fig. 11 Effect of correlation coefficient between Vs and ξα on the 
distribution functions of the ratio (ũt/ut) for 4 types of soil (case 2) 

( ̶ · ̶ · ρ =  –0.5,  ̶ ̶ ̶ ̶  ρ =  0, ....... ρ =  +0.5)
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response can be determined without considering the depen-
dence or the independence of the variables between them if 
one seeks only to estimate the median response.

The results obtained in this article concern only material 
prosperities and soils parameters variations for one type of 

structure and four different types of soils. However, we 
plan to extend this study to other types of structures with 
different heights and geometries as well as other types of 
foundation soil for a better understanding of the behavior 
of SSI systems.

References
[1] Seo, C.-G., Yun, C.-B., Kim, J.-M. "Three-dimensional frequen-

cy-dependent infinite elements for soil–structure interaction", 
Engineering Structures, 29(11), pp. 3106–3120, 2007. 

 https://doi.org/10.1016/j.engstruct.2007.02.006  
[2] Zoutat, M., Elachachi, S. M., Mekki, M., Hamane, M. "Global 

sensitivity analysis of soil structure interaction system using 
N2-SSI method", European Journal of Environmental and Civil 
Engineering, 22(2), pp. 192–211, 2018. 

 https://doi.org/10.1080/19648189.2016.1185970
[3] Oz, I., Senel, S. M., Palanci, M., Kalkan, A. "Effect of Soil-Structure 

Interaction on the Seismic Response of Existing Low and Mid-Rise 
RC Buildings", Applied Sciences Journal, 10(23), 8357, 2020. 

 https://doi.org/10.3390/app10238357
[4] Cavalieri, F., Correia, A. A., Crowley, H., Pinho, R. "Dynamic 

soil-structure interaction models for fragility characterisa-
tion of buildings with shallow foundations", Soil Dynamics and 
Earthquake Engineering, 132, 106004, 2020. 

 https://doi.org/10.1016/j.soildyn.2019.106004 
[5] Tavakoli, R., Kamgar, R., Rahgozar, R. "Optimal Location of Energy 

Dissipation Outrigger in High-rise Building Considering Nonlinear 
Soil-structure Interaction Effects", Periodica Polytechnica Civil 
Engineering, 64(3), pp. 887–903, 2020. 

 https://doi.org/10.3311/PPci.14673
[6] Kaveh, A., Ardebili, S. R. "Comparative Study of the Optimum 

Tuned Mass Damper for High-rise Structures Considering Soil-
structure Interaction", Periodica Polytechnica Civil Engineering, 
65(4), pp. 1036–1049, 2021. 

 https://doi.org/10.3311/PPci.18386 
[7] Mekki, M., Elachachi, S. M., Breysse, D., Zoutat, M. "Seismic behav-

ior of R.C. structures including soil-structure interaction and soil 
variability effects", Engineering Structures, 126, pp. 15–26, 2016. 

 https://doi.org/10.1016/j.engstruct.2016.07.034
[8] Vamvatsikos, D., Fragiadakis, M. "Incremental dynamic analysis 

for estimating seismic performance sensitivity and uncertainty", 
Earthquake Engineering & Structural Dynamics, 39(2), pp. 141–
163, 2009. 

 https://doi.org/10.1002/eqe.935
[9] Na, U. J., Chaudhuri, S. R., Shinozuka, M. "Probabilistic assess-

ment for seismic performance of port structures", Soil Dynamics 
and Earthquake Engineering, 28, pp. 147–158, 2008. 

 https://doi.org/10.1016/j.soildyn.2007.05.003
[10] Celik, O. C., Ellingwood, B. R. "Seismic fragilities for non-duc-

tile reinforced concrete frames – Role of aleatoric and epistemic 
uncertainties", Structural Safety, 32, pp. 1–12, 2010. 

 https://doi.org/10.1016/j.strusafe.2009.04.003
[11] Celarec, D., Dolšek, M. "The impact of modelling uncertainties on 

the seismic performance assessment of reinforced concrete frame 
buildings", Engineering Structures, 52, pp. 340–354., 2013.

 https://doi.org/10.1016/j.engstruct.2013.02.036

[12] Kim, S., Moon, T. Kim, S. J. "Effect of Uncertainties in Material 
and Structural Detailing on the Seismic Vulnerability of RC Frames 
Considering Construction Quality Defects", Applied Sciences, 
10(24), 8832, 2020. 

 https://doi.org/10.3390/app10248832 
[13] Renzi, S., Madiai, C., Vannucchi, G. "A simplified empirical 

method for assessing seismic soil-structure interaction effects on 
ordinary shear-type buildings", Soil Dynamics and Earthquake 
Engineering, 55, pp. 100–107, 2013. 

 https://doi.org/10.1016/j.soildyn.2013.09.012 
[14] NEHRP "NEHRP recommended provisions for seismic regu-

lations for new buildings and other structures (FEMA 450)", 
Building Seismic Safety Council of the National Institute of 
Building Sciences, Washington, DC, USA, 2003.

[15] Applied Technology Council "Recommended improvements of 
nonlinear static seismic analysis procedures", Department of 
Homeland Security Federal Emergency Management Agency, 
Washington, DC, USA, Rep. FEMA 440, 2005. 

[16] Mylonakis, G., Gazetas, G. "Seismic soil-structure interaction: 
beneficial or detrimental", Journal of Earthquake Engineering, 
4(3), pp. 227–301, 2000.

 https://doi.org/10.1080/13632460009350372
[17] Eser, M., Aydemir, C. "The effect of soil-structure interaction on 

inelastic displacement ratio of structures", Structural Engineering 
and Mechanics, 39(5), pp. 683–701, 2011.

 https://doi.org/10.12989/sem.2011.39.5.683
[18] Mehanny, S. S. F., Ayou, A. S. "Variability in inelastic displace-

ment demands: Uncertainty in system parameters versus random-
ness in ground records", Engineering Structures, 30(4), pp. 1002–
1013, 2008. 

 https://doi.org/10.1016/j.engstruct.2007.06.009
[19] Tang, Y., Zhang, J. "Probabilistic seismic demand analysis of 

a slender RC shear wall considering soil–structure interaction 
effects", Engineering Structures, 33(1), pp. 218–229, 2011. 

 https://doi.org/10.1016/j.engstruct.2010.10.011
[20] Kaveh, A., Mottaghi, L., Izadifard, R. A. "An integrated method 

for sustainable performance-based optimal seismic design of RC 
frames with non-prismatic beams", Scientia Iranica, 28(5), pp. 
2596–2612, 2021. 

 https://doi.org/10.24200/SCI.2021.58452.5728
[21] Moghaddasi, M., Cubrinovski, M., Chase, J. G., Pampanin, S., 

Carr, A. "Probabilistic evaluation of soil–foundation–structure 
interaction effects on seismic structure response", Earthquake 
Engineering & Structural Dynamics, 40(2), 135–154, 2010. 

 https://doi.org/10.1002/eqe.1011
[22] Moghaddasi, M., Cubrinovski, M., Chase, J. G., Pampanin, S., 

Carr, A. "Stochastic quantification of soil-shallow foundation- 
structure interaction", Journal of Earthquake Engineering, 16(6), 
pp. 820–850, 2012. 

 https://doi.org/10.1080/13632469.2012.661122

https://doi.org/10.1016/j.engstruct.2007.02.006
https://doi.org/10.1080/19648189.2016.1185970
https://doi.org/10.3390/app10238357
https://doi.org/10.1016/j.soildyn.2019.106004
https://doi.org/10.3311/PPci.14673 
https://doi.org/10.3311/PPci.18386
https://doi.org/10.1016/j.engstruct.2016.07.034
https://doi.org/10.1002/eqe.935 
https://doi.org/10.1016/j.soildyn.2007.05.003
https://doi.org/10.1016/j.strusafe.2009.04.003 
https://doi.org/10.1016/j.engstruct.2013.02.036 
https://doi.org/10.3390/app10248832  
https://doi.org/10.1016/j.soildyn.2013.09.012 
https://doi.org/10.1080/13632460009350372 
https://doi.org/10.12989/sem.2011.39.5.683 
https://doi.org/10.1016/j.engstruct.2007.06.009 
https://doi.org/10.1016/j.engstruct.2010.10.011 
https://doi.org/10.24200/SCI.2021.58452.5728 
https://doi.org/10.1002/eqe.1011
https://doi.org/10.1080/13632469.2012.661122 


Mekki et al.
Period. Polytech. Civ. Eng., 66(3), pp. 739–751, 2022|751

[23] Bárcena, A., Esteva, L. "Influence of dynamic soil–structure 
interaction on the nonlinear response and seismic reliability of 
multistorey systems", Earthquake Engineering and Structural 
Dynamics, 36(3), pp. 327–346, 2007.

 https://doi.org/10.1002/eqe.633
[24] Raychowdhury, P. "Effect of soil parameter uncertainty on seis-

mic demand of low-rise steel buildings on dense silty sand", Soil 
Dynamics and Earthquake Engineering, 29, pp. 1367–1378, 2009. 

 https://doi.org/10.1016/j.soildyn.2009.03.004
[25] CEN "EN 1998-1 Eurocode 8: Design of structures for earthquake 

resistance - Part 1 : General rules, seismic actions and rules for 
buildings", European Committee for Standardization, Brussels, 
Belgium, 2003.

[26] Avilés, J., Pérez-Rocha, L. E. "Soil-structure interaction in yield-
ing systems", Earthquake Engineering & Structural Dynamics, 
32(11), pp. 1749–1771, 2003.

 https://doi.org/10.1002/eqe.300
[27] Sobol, I. M. "Global sensitivity indices for nonlinear mathemat-

ical models and their Monte Carlo estimates", Mathematics and 
Computers in Simulation, 55(1–3), pp. 271–280, 2001. 

 https://doi.org/10.1016/S0378-4754(00)00270-6
[28] Mara, T. A., Tarantola, S. "Application of global sensitivity anal-

ysis of model output to building thermal simulation", Building 
Simulation, 1, pp. 290–302, 2008. 

 https://doi.org/10.1007/s12273-008-8129-5
[29] Kaveh, A., Behnam A. F. "Design optimization of reinforced 

concrete 3D structures considering frequency constraints via a 
charged system search", Scientia Iranica, 20(3), pp. 387–396, 2013. 

 https://doi.org/10.1016/j.scient.2012.11.017 
[30] Mekki, M., Elachachi, S. M., Breysse, D., Nedjar, D., Zoutat, M. 

"Soil-structure interaction effects on RC structures within a per-
formance-based earthquake engineering framework", European 
Journal of Environmental and Civil Engineering, 18(8), pp. 945–
962, 2014. 

 https://doi.org/10.1080/19648189.2014.917056

[31] Wolf, J. "Dynamic Soil-Structure Interaction", Prentice Hall, 
Englewood Cliffs, NJ, USA, 1985.

[32] Vidic, T., Fajfar, P., Fishinger, M. "Consistent inelastic design 
spectra: Strength and displacement", Earthquake Engineering and 
Structural Dynamics, 23(5), pp. 502–521, 1994.  

 https://doi.org/10.1002/eqe.4290230504
[33] Elachachi, S. M., Mekki, M., Breysse, D. "Effects of soil-struc-

ture interaction and soil variability on RC structures within a 
performance-based earthquake engineering framework", In: 11th 
International Conference on Structural Safety and Reliability 
(ICOSSAR 2013), New York, NY, USA, 2013, pp. 1755-1761.

[34] Kent, D. C., Park, R. "Flexural members with confined concrete", 
Journal of the Structural Division, 97, pp. 1969–1990, 1971.

[35] Menegotto, M., Pinto, P. E. "Method of analysis for cyclically 
loaded reinforced concrete plane frames including changes in 
geometry and non-elastic behavior of elements under combined 
normal force and bending". In: Proceedings IABSE Symposium on 
Resistance and Ultimate Deformability of Structures Acted on by 
Well-Defined Repeated Loads, Lisbon, Portugal, 1973, pp. 15–22.

 http://doi.org/10.5169/seals-13741
[36] RPA "Algerian earthquake regulations – RPA99/Version 2003", 

National Center for Applied Research in Earthquake Engineering, 
CGS, Algiers, Algeria, 2003.

[37] Kaveh, A., Zakian, P. "Seismic Design Optimisation of RC 
Moment Frames and Dual Shear Wall-Frame Structures via CSS 
Algorithm", Asian Journal of Civil Engineering, 15(3), pp. 435–
465, 2014.

[38] ATC-40 "Seismic evaluation and retrofit of concrete buildings", 
Applied Technology Council, Redwood City, CA, USA, Rep. SSC 
96-01, 1996. 

[39] FEMA 750. "NEHRP recommended seismic provisions for new 
buildings and other structures", Building Seismic Safety Council, 
Washington, DC., USA, 2009.

https://doi.org/10.1002/eqe.633 
https://doi.org/10.1016/j.soildyn.2009.03.004 
https://doi.org/10.1002/eqe.300 
https://doi.org/10.1016/S0378-4754(00)00270-6 
https://doi.org/10.1007/s12273-008-8129-5 
https://doi.org/10.1016/j.scient.2012.11.017  
https://doi.org/10.1080/19648189.2014.917056 
https://doi.org/10.1002/eqe.4290230504 
http://doi.org/10.5169/seals-13741 

	1 Introduction
	2 Sensitivity analysis of SSI model 
	3 N2-SSI method for seismic analysis of structures in interaction with the soil
	4 Selected structure and modeling parameters 
	4.1 Description of selected structure
	4.2 Sensitivity analysis of the parameters related to the materials of the structure - method 
	4.3 Influence of the concrete parameters of the structure on the Pushover curve - results 
	4.4 Influence of the steel parameters of the structure on the Pushover curve - results 
	4.5 Sensitivity analysis of the parameters relating to the materials of the structure - synthesis 
	4.6 Sensitivity analysis of soil parameters 

	5 Effects of uncertainties of correlated parameters Vs and ξg on the maximum displacement of the SSI
	6 Conclusions 

