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Abstract

This paper deals with the evaluation of seismic behaviour of reinforced concrete
moment resistant frames (RC-MRFs) considering soil-structure interaction (SSI)
effects. In this study, a three-bay nine-storey RC-MREF is optimally designed based
on the design codes recommendations. To investigate the SSI effects on the seismic
behaviour of the frame, a direct method is used for the modelling of SSI system. Six
ground motion records are used; and the seismic behaviour of the SSI system is
compared with those of RC-MRF without the SSI effects. To achieve this purpose,
hysteretic energy demand and inelastic inter-story drift ratio over the height of
structure are considered as the comparison criterion.

Keywords: seismic evaluation, soil-structure interaction, hysteretic energy, inelastic
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1 Introduction

Over the past decades, seismic performance evaluation of structures has been widely
performed in line with the retrofitting, rehabilitation of structures and development
of seismic design codes. The parameters that are usually used for seismic
performance evaluation of structures are the inelastic inter-storey drift ratio and
plastic hinge rotation at the each end section of structural elements. In addition to
the mentioned parameters, the parameters based on energy concepts including input
and hysteretic energy demand of structures during an earthquake excitation can be
used for this purpose.

One of the most important problems in the seismic evaluation of structures is the
effects of soil dynamic behaviour. During an earthquake, soil-structure interaction
(SSI) effects play an important role in the seismic behaviour of structures
constructed on the relatively soft soil. Accordingly, the soft soil under structures
alters the actual nonlinear dynamic behaviour of the structures. Hence, SSI effects



between soil and structure should be considered in the seismic behaviour of
structures [1, 2].

Many researchers considered estimating the SSI effects on elastic response of
structures. However, a few considerable attentions have been regarded on the
inelastic response of structures. The effect of SSI on damage in a Bilinear-SDOF
model was investigated under seismic loading [3]. It is shown that the SSI
substantially increases the damage index of short-period buildings located on soft
soils. Inelastic displacement ratios and ductility demands were investigated for
SDOF systems with period range of 0.1-3.0(s) with nonlinear behaviour considering
SSI effect [4]. Lu et al. [5] considered the conditions of consideration of SSI for
ordinary RC frames with circular mat foundations supported at the surface,
embedded foundations of circular shape, and embedded foundations of arbitrary
shapes. Performance based assessment of building frames with SSI effects also was
considered by Fatahi et al. [6]. In this study, a fifteen storey moment resisting
building frame was selected in conjunction with three different soil deposits with
shear wave velocity less than 600(m/s). It was shown that performance levels of the
structures change from life safety to near collapse when dynamic SSI is
incorporated. Also, the effects of SSI were considered on the seismic response of
coupled wall-frame structures on pile foundations designed according to modern
seismic provisions [7]. Comparisons of the results obtained considering compliant
base and fixed base models also were presented by addressing the effects of SSI on
displacements, base shears, and ductility demand. The influence of inelastic dynamic
SSI was investigated on the seismic vulnerability assessment of buildings [8]. The
seismic vulnerability was evaluated in terms of analytical fragility curves
constructed on the basis of non-linear dynamic finite elements analysis.

This paper deals with the evaluation of seismic behaviour of RC Moment
Resistant Frames (MRFs) considering SSI effects. To achieve the purpose, hysteretic
energy demand and inelastic inter-story drift ratio over the height of structures are
considered to control the seismic demand of structure. To evaluation the seismic
behaviour of RC-MRFs considering SSI effects, three-bay nine-storey RC-MRF
optimally designed based on design codes recommendations is considered. The
construction cost is regarded as an objective function and the frame is designed
using optimisation technique. Discrete particle swarm optimisation (DPSO)
algorithm proposed by Salajegheh et al. [9] is utilized to perform the optimisation
process. Six strong ground motion records are selected for the evaluation of seismic
energy demand of the frame. Consequently, the inelastic inter-storey drift ratio and
hysteretic energy demand of the frame for each record are compared with and
without considering SSI effects. The numerical results show that SSI effects are of
great importance in the seismic evaluation of RC-MRF constructed on the relatively
soft soil.

2 Seismic energy evaluation

During some natural events such destructive earthquakes as the 1971 San Fernando,
1994 Northridge, 1995 Kobe earthquakes and so forth, many structures suffered
major damage. Researchers and engineers in structural and earthquake engineering



field developed innovative and practical design methodologies to assure suitable
seismic performance for the structures during earthquake. Among these design
methodologies, one can be referred to performance-based seismic design (PBSD)
and also energy-based seismic design approaches. The conceptual framework for
PBSD has been developed over the last 15 years by various guidelines such as
SEAOC Vision-2000, ATC-40 and FEMA-356 [10-12]. The main objective of
PBSD specified the desired seismic performance target for the structure against
natural hazards. A performance objective comprises two parts: a level of
performance typically can be uttered in terms of a damage state and a hazard level
describing the expected seismic loads at the site. The performance levels include
collapse prevention, life safety, and immediate occupancy of the building following
the design seismic event [13, 14].

There are more rational seismic design alternatives such as energy-based seismic
design which was proposed by Housner [15]. The method is based on a balance
between the energy demand during earthquake and energy supply of structure as the
structural system. Actually, the method implies that the energy supply should be
more than the energy demand. The energy-based seismic design approach has been
extensively attended and developed it since 25 years. Akiyama [16], Kuwamura and
Galambos [17] measured the amount of input energy of structures due to several
earthquake ground motions. Concluded from their studies, the hysteretic energy
demand is a good parameter for the clarification of structural demands and damages.
Uang and Bertero [18], Bertero and Uang [19] also stipulated the exploit of the
seismic energy as a reliable parameter in seismic design of structures. As well, they
emphasized that researchers develop the energy concepts to use in seismic design
codes. Chung and Uang [20] offered two types of formulation for computing input
energy. It was shown that there is significant distinction between the profiles of the
energy time histories calculated by the absolute energy and by those of the
conventional relative energy equation.

Khashaee [21] investigated the influences of the soil and ground motion
characteristics such as severity, duration and frequency content on earthquake input
and hysteretic energies as well as their distributions in steel structures. In this study,
it is recognized that the soil and ground motion characteristics have a major
influence on the amount of energy transmitted to a building, but a minor influence
on how the energy is distributed through the height. In addition, the structural
systems such as fixed base, supplemental damping and base-isolation influence the
amount and distribution of energy in structures. Moreover, it was emphasised that
the use of energy concepts should be considered in seismic design codes [22].
Recently, Gong et al. [23], Gharehbaghi and Salajegheh [24], Gharehbaghi [25] and
Gharehbaghi et al. [26] used the seismic energy concepts including input energy and
hysteretic energy dissipation in design optimisation of structures.

2.1 Energy-based seismic evaluation

At the first time, Housner proposed the idea of energy-based seismic design [15].
When ground motion transmits energy into a structure, some of the energy is
dissipated through damping and non-linear behaviour. The remainder energy of the



structure is stored in the form of kinetic energy and elastic strain energy.
Accordingly, it can be written:

E W+ E )+ E ()= E, (1) (1)

where E,(t), E (1) and E, (1) are explanatory the energy demand, kinetic energy
and damping energy, respectively; E,(z) encompasses the recoverable elastic strain
energy ( E,(z)) and the irrecoverable plastic hysteretic energy (£, (z)). Amount of
E, (t) 1s equal to zero in elastic systems and is appeared in inelastic systems.

Therefore, Equation (1) can be expressed as:
EWO+E, )+ Eg)+E,(t)=E, (1) 2)

where E () and E(z) are cumulative during ground motion and are vanished at the

end of motion for inelastic systems. These terms are very small in comparison with
E,(t) and E,, (¢). Thus, the most portion of energy demand is dissipated as damping

and hysteretic energies while Equation (2) can be approximately written as:
E,()+E ()= E\ (1) 3)

According to the equation, the main portion of input energy demand is converted to
the damping and hysteretic energy. Besides, if the structural system remains in
elastic range during earthquake, E,, (z)is trivial and the energy-based analysis is not

useful for design [27].

2.2 Hysteretic energy dissipation (HED)

Actually, the most important portion of energy equation is HED. Inelastic cyclic
deformations are occurred in structural elements when subjected to the strong
ground motions. This is caused the structural elements dissipate the portion of input
energy trough inelastic cyclic deformations. It is generally recognized that the level
of structural damage is due to cumulative damage that creates by inelastic cyclic
deformations. Therefore, HED is the structural response parameter supposed that
can correlated to cumulative damage closely. Amount of dissipated energy related to
each element should not be more than the fraction of its HED capacity. If the
equilibrium is not satisfied, structural elements sustain significant damage. In
addition, HED should not be concentrated in special elements or stories. Hence, the
identification and controlling of HED demand has much effect on structural seismic
behaviour.

In the energy-based seismic design approach based on energy concepts and the
equilibrium of absorbed and dissipated energies, effects of the parameters such as
ground motion duration, inelastic excursions, strength and stiffness deterioration etc,
can be considered. The consideration of the effects is caused the structural seismic



behaviour is close to reality. Housner [15] expressed that the energy supply should
be more than the energy demand during earthquake for controlling and avoidance of
the structural collapse. Thus, the investigation of seismic energy demand of
structures is of great importance during earthquake.

3  SSI system definition

3.1 Seismic responses of SSI system

Direct method and substructure method have been suggested for modelling of SSI
system [28]. In this study, the direct method is considered. In this method,
discretized dynamic equations of structure and soil are considered simultaneously.
Therefore, responses of soil and structure are determined simultaneously by
analyzing SSI system in each time step [28]. The infinite boundaries of soil are
modelled using the artificial boundaries (Figure 1).
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Figure 1: Modelling configuration of SSI system using direct method.

The nonlinear discretized dynamic equations of 2-D SSI system subjected to
seismic excitation can be formulated in FEM framework as:

MAu+CAu+K, Au=—m_u, (t+At)—F(t) (4)

x g,x

where M, C and K , are mass, damping and tangent stiffness matrices of SSI model,
respectively; Awu is the incremental vector of the relative displacements for SSI



system between times ¢ and ¢+ At ; and F(¢) is the vector of internal forces at time
t. The term u, (¢+ At) is the free-field component of acceleration in x direction.

The column matrix, m _, is the directional mass values of the structure only.

The step by step time integration algorithm of Newmark [29] is used in
conjunction with the following values for its constants: #=0.25and y =0.5. An

iterative procedure is implemented to solve Equation (4) over time step [¢,¢ + At | by
solving a sequence of linearized problems of the form:

K Au™ =r", i=1,2,.. (5)
where
K=K+ ' M+ 6
T p(Ar) B At ©)
r'=—m_ii, (t+At)~ F(t)-ai - bii; (7)
i=—m+tce: b=t mrm—nc (8)
A p 2p 28

By solving Equation (4), the vector of the relative displacements, u'" | in (i+1)th

t+4t >
step of the iterative procedure for SSI system can be determined. Other nonlinear
dynamic responses of SSI system used in definitions of limit states for each
performance level are calculated using the vector of the relative displacements.

3.2 Finite element model of SSI system

Finite element model of SSI system depicted in Figure 1 is established using
OpenSees, a structural analysis software framework specialized for nonlinear
analyses [30]. The soil is layered with constant material properties along its depth,
and the foundation is considered as rigid strip footing. Beams and columns of the
structure are modelled using force-based nonlinear beam-column element that
considers the spread plasticity along element’s length. The integration along each
element is based on Gauss-Lobatto quadrature rule.

Kent-Scott-Park model [31] is used as the confined and unconfined concrete
constitutive model. The constitutive parameters of this model are: f.=concrete peak
strength in compression, f,=residual strength,&,=strain at peak strength,

and &, =ultimate compressive strain (Figure 2(a)). The concrete of cover and core in

cross-section of the columns is considered as unconfined and confined, respectively.
Constitutive behaviour of the reinforcing steel is based on using the one-dimensional
J, plasticity model with linear hardening. The material parameters defining .J,



plasticity model are: E=Young’s modulus, f,=yield strength, and H=hardening
modulus (Figure 2(b)).
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Figure 2: Material constitutive models; (a) Concrete, (b) Steel.

Soil layers are also modelled using isoperimetric four-node quadrilateral finite
elements with bilinear displacement interpolation. The soil domain is assumed to be
under plane strain condition with a constant soil thickness, corresponding to the
inter-frame distance. The material of soil is modelled using a modified pressure-
independent multi-yield-surface J, plasticity model [32]. This nonlinear model of
soil material is described by a shear stress-strain backbone curve as shown in Figure
3. The parameters of the shear stress-strain backbone curve are expressed in [32].

1 T
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X
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Figure 3: Yield surfaces of multi-yield-surface J2 plasticity model; (a) Octahedral
shear stress-strain, (b) Von Mises multi-yield surfaces [32].

One of the major problems in SSI system for infinite media has been modelling
of the domain boundaries. Infinite boundaries have to absorb all outgoing waves and
reflect no waves back into the computational domain. In this study, the standard
viscous boundary proposed by Lysmer and Kuhlemeyer [34] is used for this
purpose. This boundary can be described by two series of dashpots oriented normal
and tangential to the boundary of a finite element mesh (Figure 1) as follows:
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C.=bpV, ; V = G (10)
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where C, and C, are the normal and shear damping, respectively; pand v are the

mass density and Poisson ratio of soil, respectively; @ and b are dimensionless
parameters to be determined, and ¥, and V| are dilatational and shear wave velocity

of propagation, respectively; G is low strain shear modulus. Furthermore, the soil
layer is characterized by B =bulk modulus, 7 =shear strength. Other parameters of
soil material depend on B,G and V,. The ZeroLength element is used for

modelling the standard viscous boundary with the normal and shear damping.

The material damping matrix, C, in Equation (4) of the SSI system is constructed
by assembling the corresponding damping matrices of structure and soil, using the
Rayleigh method [29]. The accelerated Newton algorithm based on Krylov
subspaces [34] is applied for solving nonlinear equations of structural equilibrium.

4 Design optimisation of RC-MRF

In this paper, an RC-MRF is considered as a case study. Unlike the traditional
design process of RC structures, a large number of design candidates can be found
due to a large number of design variables. In order to find the proper design of
structure, the RC frame is designed using optimisation technique, and the
construction cost is considered as an objective function.

4.1 Formulation of optimisation problem

In sizing optimisation of RC frame, the aim is typically to minimize the structural
weight or the construction cost of structure, under some constrains. The optimisation
problem can be formulated as following:

Minimize:  F(X)
Subject to:  g,(X)<0.0, i=12,..m (11)
X, eR', j=12..n

where F(X) represents objective function, g,(X) is the behavioural constraint, m and

n are the number of constraints and design variables, respectively; R’ is a given set
of discrete values from which the design variables X ; take values.

In this paper, the construction cost of structure has been considered as an
objective function articulated as:
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Construction Cost = Z(CCAC.L +C AL +CL AL ) (12)

i
i=1

where C . and 4, are the cost per unit volume and total area of the cross-section of
ith element related to concrete, respectively; C,and A4, are the cost per unit volume
and area of steel bars in the cross-section of ith element; ¢, and 4, are the cost per

unit area of form-work and its area in the cross-section of ith element; Lis the length
of ith element.

4.2 Optimisation method

In this study, the DPSO algorithm proposed by Salajegheh et al. [10] is employed as
an optimisation method. PSO has been inspired by the social behaviour of such
animals as fish schooling, insects swarming and birds flocking. PSO was proposed
by Kennedy and Eberhart [35] in the mid 1990s while attempting to simulate the
graceful motion of bird swarms as a part of a socio-cognitive study. It involves a
number of particles initialized randomly in the search space of an objective function.
These particles are referred to as swarm. Each particle of the swarm represents a
potential solution of the optimisation problem. The particles fly through the search
space and their positions are updated based on the best positions of individual
particles each iteration. The objective function is evaluated for each particle and the
fitness values of particles are obtained to determine which position in the search
space is the best [35]. In iteration k, the swarm is updated using the following
equations:

Vik+1 _ WkVik +e,r (Bk _Xi")+c2r2 (ng -Xl.k) (13)
Xl.k :Xik +I/ik+1 (14)

where X! and V' represent the current position and the velocity of the ith particle,
respectively; P, is the best previous position of the ith particle (called pbest) and P,
is the best global position among all the particles in the swarm (called gbesr); r and
r, are two uniform random sequences generated from interval [0, 1]; wh is the inertia

weight used to discount the previous velocity of particle preserved.
Shi and Eberhart [36] proposed that the cognitive and social scaling parameters c,

and ¢, be selected such that ¢, = ¢, =2.0 to allow the product ¢ or ¢, to have a

mean of 1. Each component of V, is constrained to a maximum value defined as

V™ and a minimum value defined as V;™" .

In the paper, the real valued model is used in DPSO. In the model, the decimal
values of the design variables are used in the optimisation process instead of their
binary codes. Therefore, the length of the particles is decreased and the convergence
of the algorithm can be obtained with higher speed.



4.3 RC design constraints

In sizing optimisation problems of structure, the constraints are used as the design
criteria. To design of structural elements, the constraints are considered based on
ACI318-08 design code [37]. These constraints based on ACI318-08 are expressed
as fallowing limitations:

M < QM7 (p,=0.9) (15)
M B ) < (oM 0. P ), (p.=0.65-0.9) (16)
1% < p,,, <4% 17)
1.4 0.25/f f. Ecg
Poin = Max(—,———)<p, < p.. =(0.75(0.858,)—~——=—<L—) (18)
/y /s fy Ege + 1,
DS=b—2cover—2db,—Nb, d, > DS, (19)
N, -1
top htop top Atop < bot hbot bot Abot
beam? beam’nbbeam’ Sbeam) _(bbeam’ beam’nbbeam’ Sbeam) (20)
(Bl Bt 1yt Aty ) SO0 B ey Asty) 1)

where M>™, M""and ¢, are the externally applied moment, nominal flexural
Mcol Pcol Pcol

and ¢ are the externally applied moment, nominal flexural strength, externally

strength and strength reduction factor for beams, respectively; M

u

applied axial force, nominal axial strength and strength reduction factor for columns,
respectively; p_ ., p,... and p . representing the reinforcement percent (steel ratio)
of cross-section of columns, the reinforcement percent of cross-section of beams and
the minimum reinforcement percent of cross-section of beams, respectively; 4 , d,, ,
d, and N, are width of cross-section, diameter of transverse bars, diameter and
number of longitudinal bars, respectively; DS and DS , are the distance among of
side by side of longitudinal bars and its allowable value. The value of DS, for

columns and beams is defined as following:

max

max(40mm,1.5d,,,1.33d_. ), for Columns

max

max (25mm,d,;,1.33d__ ) for Beams
DS, = (22)

where d__ is the diameter of greatest aggregate of concrete. Also, in Equations (19)
and (20) b, h, n, and A with the fop and bot indices are the width, depth, number
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of longitudinal bars and total area of longitudinal bars for beams and columns which
are in same direction between two series storey.

Finally, based on ACI318-08 design code, the weak beam-strong column concept
should be satisfied especially in seismicity zones by the following equation:

Moy + M)
2 5 g 2120 (23)

beam beam

where M'” and M"’ are the moment capacity of columns at the top and bottom of

col

structural joint; also, M, and M;" are the moment capacity of beams at the left

beam
and right of structural joint. Equation (23) must be satisfied for all of structural
joints. Accordingly, the limitation is considered as the other constraint.

One of the most important design constraints subjected to seismic loading is the
inter-storey drift ratio. The permissible ratio of the limitation is different depending
upon the kind of analysis. In the paper, according to the Iranian Code of Practice for
Seismic Resisting Design of Buildings (Building and Housing Research Centre)
[38], permissible values related to the constraint are considered as following:

(A, /H)<0.025  for T <0.7sec

24
(A, /H)<0.020  for T >0.7sec @4

where (A, / H) representing the inter-storey drift ratio while A, and H are actual

values of base lateral drift and height of structure respectively; also, T is the natural
period of vibration of structure.

4.4 RC design load combinations

Based on ACI318-08 code provisions, several load combination of gravity and
lateral loads should be considered in line with satisfactory design. Accordingly, to
simplify the design optimisation process, only five load combinations is considered
as following:

Comb (1)=1.2DL+1.6 LL
Comb (2),(3)=1.2DL+1.0LL +1.4E (25)
Comb (4),(5)=0.9 DL+ 1.0 LL +1.4E

where DL, LL are the uniform load on beams, dead load, live load and also E is the
lateral equivalent static earthquake loads acted on frame, respectively; According to
[38], E can be obtained due to following lateral loading formulation:

k
wh (V- F) 26)

ZWJ /

E:
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in which w,and 4 are the weight and height of ith story respectively; and also V" and
F, are the equivalent base-shear derived from 2800-standard and equivalent static
force acted on ith story.

5 Numerical example

5.1 Optimisation of three-bay nine-story RC-MRF

A nine-story with three-bay RC moment-resisting frames shown in Figure 4 are
optimized. The group number of structural elements is presented in the Figure.

B3 B3 B3
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B3 B3 B3
c3 c6 cé C3
B3 B3 B3
c3 c6 cé C3
B2 B2 B2
c2 C5 5 c2
B2 B2 B2 g
c2 C5 5 c2 EE
B2 B2 B2
&
c2 5 C5 2| &
Bl Bl Bl
ci c4 C4 ci
Bl Bl Bl
c1 c4 c4 c1
B1 B1l Bl
c1 c4 c4 c1
L3
= 3@4 -

Figure 4: Nine-story three-bay RC-MRF and group number of its elements.

Two RC pre-determined cross-section databases with the necessary properties are
generated for beams and columns in the optimisation procedure. The databases for
beams and columns consist of several rectangular sections followed from ACI318-
08 recommendations. The width of sections is chosen between 350 and 500 mm for
beams; and between 400 and 600 mm for columns. Also, the height of sections is
selected between 400 and 600 mm for beams; and between 400 and 650 mm for
columns, respectively. The diameter of longitudinal bars is laid between 12 and 24
mm in the databases by step of 2 mm; also, in the prepared databases, the difference
among the dimensions of sequentially sections 50 mm is considered. It is assumed
that the transverse bars with 10 mm diameter are used for the shear control of
sections. The medium ratio of section confinement is considered. In design
optimisation process, effective beam and column’s moment of inertia are regarded
equal to 0.70 and 0.35 time of their actual values respectively.

12



Optimum Design properties
Width (mm)  Height (mm) Steel Ratio (%)

Groups Name

Cl 500 500 1.25
C2 500 500 1.25
C3 450 450 1.39
C4 500 600 1.34
C5 500 500 1.25
C6 450 500 1.24
B1 450 500 0.93
B2 450 500 0.68
B3 400 400 0.82

Table 1: Optimum properties of nine-storey three-bay frame.

5.2 Ground motion records

Six ground motion records are selected from PEER ground motion database [39] and
all the records is scaled to PGA=0.6g. Some properties of the records have been
listed in Table 2.

NO. Year Earthquake M USGS Class Dist' (km) Station
. 5051 Parachute
1 1979 Imperial Valley 6.5 B 14.2 Test Site
. 58065 Saratoga -

2 1989 LomaPrieta 6.9 B 13.0 Aloha Ave
3 1992 Landers 7.3 B 11.6 22170 Joshua Tree

. 90058 Sunland -
4 199%4 Northridge 6.7 B 17.7 Mt Gleason Ave
5 1999 Kocaeli, 7.4 B 17.0 Arcelik
6 1999 Duzce, 7.1 B 15.6 1061ont 1061

1-Closest distance to fault rupture
Table 2: The properties of selected ground motion records.

It is noted that in the USGS classification based ground type for all records, Type
B is selected and closest distance to fault rupture are selected among 11-18 km.

5.3 Nonlinear modelling and analysis

The analysis of RC-MRF is implemented by the finite element analysis software
framework OpenSees. For modelling and analysis of structure in OpenSees, property

13



of materials and type of elements should be defined. In this study, uniaxialmaterial
Concrete()] shown in Figure 2(a) is used for concrete behaviour modelling. The
behaviour of reinforcement bars are modelled by uniaxialmaterial Steel0l shown in
Figure 2(b). The material of soil is modelled using a modified pressure-independent
multi-yield-surface J, plasticity model (Figure 3). The constitutive parameters of
concrete, reinforcement bars and soil are shown in Table 3.

Material Property Value
Concrete
f.(MPa) 28
J. (MPa) 5.97
& 0.0021
g, 0.01
Steel
f, (MPa) 400
E (MPa) 210000
H 0.01
Soil
Vs (m/s) 375
p (KN/ m’) 17
V 0.35

Table 3: The constitutive parameters of concrete, reinforcement bars and soil.

Beams and columns of the structure are modelled using force-based nonlinear
beam-column element that considers the spread plasticity along element’s length.
The integration along each element is based on Gauss-Lobatto quadrature rule. The
height of soil layer and the width of soil domain under structure are considered 30 m
and 100 m, respectively. The soil is assumed to be under plane strain condition with
a constant thickness of 3.0 m corresponding to the inter-frame distance. The factors
of proportionality for damping matrices of structure and soil are computed by
assuming 5% and 10% viscous damping for structure and soil, respectively.

5.4 Results and discussion

To evaluation of seismic behaviour of the optimized RC-MRF, as mentioned in
previous sections, six ground motion records are considered. The seismic evaluation
of frame is considered for each ground motion record. To achieve this purpose, non-
linear time history analysis is performed using OpenSees and related results are
presented. To demonstrate the effects of SSI in the non-linear response of frame,
non-linear time history analysis is performed for two cases:

1) RC-MRF with SSI effects.

2) RC-MRF without SSI effects.

14



As mentioned, two seismic demand parameter namely inelastic inter-story drift
ratio and HED distribution over the height of the frame are investigated in two
cases. The profile of inelastic inter-story drift ratio and HED distribution are shown
in Figures (5-10) for two cases (with SSI and without SSI).
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Figure 5: In-elastic inter-story drift ratio (a) and Story HED/Total HED (b) — Duzce
Earthquake
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Figure 6: In-elastic inter-story drift ratio (a) and Story HED/Total HED (b) —
Imperial Valley Earthquake
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Figure 7: In-elastic inter-story drift ratio (a) and Story HED/Total HED (b) —
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Figure 8: In-elastic inter-story drift ratio (a) and Story HED/Total HED (b) —
Landers Earthquake

For example, in Imperial Valley and Landers earthquakes, the difference between
case 1 and case 2 is significant. In upper stories, inelastic inter-story drift ratio has
been concentrated while in without considering SSI conditions, is more uniform. In
case of the investigation of HED, a ratio is defined as: the value of HED of each
story to total HED that is dissipated by structure so-called Story HED/Total HED.
The ratio determines the condition of HED distribution and the effects of SSI on it.
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Figure 9: In-elastic inter-story drift ratio (a) and Story HED/Total HED (b) —
LomaPrieta Earthquake
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Figure 10: In-elastic inter-story drift ratio (a) and Story HED/Total HED (b) —
Northridge Earthquake

As shown in Figures (5-10) for all records, there is a significant difference

between the response of structure related to with considering the SSI effects and
without it. A noteworthy point related to the SSI effects on HED demand, is the
concentration of HED in upper stories while in the condition of without SSI the
concentration has occurred in lower stories. Since HED has an approach relation
with cumulative damage, the effects can be influenced on seismic performance and
on the design of structure.
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6 Conclusion

In this paper, a seismic evaluation of RC Moment Resistant Frames (RC-MRFs)
considering soil-structure interaction (SSI) effects is presented. To achieve this
purpose, a nine-story three-bay RC-MRF optimally designed based on ACI318-08
was used. To demonstrate the effects of SSI in the non-linear response of frame,
non-linear time history analysis was performed for two cases, with and without SSI.
In-elastic inter-storey drift ratio and hysteretic energy dissipation (HED) are utilized
as non-linear responses of structure. The first response is based on displacement
concepts in structures while the second response is determined based on energy
concepts of structures. Currently, in addition to the force concepts, displacement
concepts are of great importance in seismic evaluation and especially in PBSD of
structures. In fact, HED distribution demand that leads to damage distribution in the
structure during strong ground motion has been neglected. Despite the research
regarding the SSI effects on structures, in this paper, both responses were considered
for determining the SSI effects on the seismic behaviour of structure. The results
show that, as a result of considering SSI effect, the non-linear response tolerated
numerous variations. The difference between in-elastic inter-storey drift ratio pattern
and HED pattern is significantly different in two cases (with and without SSI). It
should be noted that HED and in fact the energy concept can be useful and efficient
for seismic design of structures. Therefore, application of energy concepts should be
considered in PBSD of structures.
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