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Abstract: Evaluation of seismic performance of buildings is considered in this work. Surface response
concept is used to derive explicitly the failure function in order to assess reliability of seismic design
durability of reinforced concrete buildings. The failure function is considered to be the building
maximum inter story displacement. Finite element computations were performed by using Etabs
software package. Two random variables defining respectively material resistance variations of
concrete and reinforcement steel were introduced. A third hidden variable of the reinforced concrete
building termed ductility is also considered as a problem factor. A complete factorial design table was
used to build a finite set of data points where the failure function is evaluated in order to identify the
building surface response model via a polynomial regression. Then a parametric study regarding
seismic performance reliability is conducted as function of building ductility. 
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INTRODUCTION

Modern constructions must satisfy seismic design criteria which yield often the most adverse combination
of actions with regards to lateral loads. In order to satisfy safety requirements by avoiding expensive over
sizing, the need to develop optimized and economic solutions represents a main concern in the field of seismic
design (Soares, R., A. Mohamed, 2002; Quanwang Li, 2006). The objective is to control risk by integrating
in a rational way the effect of uncertainties which affect the applied loadings, the materials characteristics and
geometrical tolerances. Reliability of structures represents the relevant tool which makes it possible to quantify
the effects of these uncertainties and to calculate the probability of failure starting from the densities of
probabilities of the random variables which are present in the problem, (Ditlevsen, O. and H.O. Madsen, 1996;
Hasofer, A.M. and N.C. Lind, 1974; Rackwitz, R. and B. Fiessler, 1979).

This discipline, not only makes it possible to calculate the probability of failure, but also to determine
sensitivities associated to this probability resulting from each random variable considered separately, this opens
the possibility towards acting in a preferential way on the most prevailing factors in order to reach the desired
reliability, (Haukaas T. and M.H. Scott, 2006; Haukaas, T. and A. Der Kiureghian, 2004).

The aim of this work is to apply the well known methodology of reliability analysis in order to evaluate
the seismic performance of reinforced concrete buildings. Neglecting, by assumption, the effects of variations
resulting from loadings and geometrical dimensions, focus will be done on simulating the durability effects that
can reduce mechanical properties of reinforced concrete materials, that is to say the average concrete resistance
characteristic at 28 days and the guaranteed yield stress of steel reinforcements. 

Analysis of reliability is performed in a parameterized way according to which ductility of the building
structure is varied. Since, ductility is very difficult to quantify in a pre code existing building, as nothing
makes it possible to determine with a sufficient precision the constructive provisions carried out at the time
of building realization, the real ductility level remains unknown. 
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Reliability analysis has made it here possible to show that the probability of failure reduces in a
considerable way when the level of real ductility increases in the building structure. This may constitute
objective evidence in order to give justification for the observed discrepancy of buildings collapse which
happens after an earthquake.

Approximation of the Performance Function by a Response Surface:

There exist various methods which enable approximating the performance function, called also limit state,
when this last has an implicit character. These methods yield simplified explicit mathematical representations
of the exact limit state. Their evaluation in terms of the random variables that are present at input of the
process is straightforward. This permits to avoid systematic calls for finite element computations that are
usually needed within the context of a classical approach to evaluate the performance function G associated
to a given fresh set of parameters, (Quanwang Li, 2006; Ditlevsen, O. and H.O. Madsen, 1996). Call for the
finite element code is thus managed more efficiently in order to get maximum information without increasing
excessively the computational cost. One should recall in fact that in its normal version, reliability analysis
methods make frequently calls to the finite element code in order to evaluate the actual performance function
G with the aim, in particular, to calculate gradients by the common finite differences schemes. This information
is merely needed once a time for a given point during the entire process of iterations. Furthermore, the process
is not all the time robust and might fail to converge. In this case, the performed calls to finite element code
result to be tedious tasks. Another way more robust consists in constructing a representative model by
performing pertinent trial of points over the investigated domain of the intervening variables according to a
design of experiment method. Using this information, a metamodel can be constructed such that the state
function is obtained over the entire regression domain as an explicit analytical expression which is termed a
response surface. This takes usually the form of a polynomial function (Hasofer, A.M. and N.C. Lind, 1974;
Gayton, N., J. Bourinet, 2003; Rackwitz, R. and B. Fiessler, 1979). The obtained approximation for the failure
function by means of regression techniques is however valid only on the investigated domain and its
extrapolation outside this domain is not a priori obvious. 

The first step towards deriving a surface response model consists in selecting a finite number of trial
points where the failure function is to be evaluated. The most common approach uses trial points which
respond to full factorial tables that are related to a particular selection of the set of intervening factors and to
their discrete levels, (Roux, W.J., N. Stander, 1998). 

In the particular case of a linear regression, the possibility to have errors that might be high and affect
significantly the outputs of the response surface model requires to work with a large number of trial points.
Performing after that error minimisation according to the least square method could be enough to reduce the
interpolation errors. In this work, quadratic regression is used to enhance accuracy of the metamodel surface
response to be derived. 

Pushover Simulation by Means of Etabs Software:

Etabs is a structural software which enables performing analysis and seismic design of buildings.  Etabs
offers various analysis tools which vary from the simple static 2D modelling in order to design reinforcements
to more complex non linear dynamical 3D modelling. Etabs responds to a large number of needs that are felt
in the field of structural analysis and in particular for design purposes of buildings. Pushover analysis is one
of Etabs options that are largely used in the context of seismic design and diagnostics, (Hasan, R.L. and L.
Xu, 2002; Federal Emergency Management Agency, 1997). 

When default options of hinges are chosen, modelling the concrete behaviour for Etabs Pushover

c28simulations requires only entering the characteristic resistance at age 28 days, f . The steel character needed

efor justifications at various limit states is the guaranteed yield stress threshold, f . Steel modulus of elasticity

sis taken to be E  = 200000 MPa.
In this work, Pushover simulations have been conducted on a real case. The selected structure is a

reinforced four-story concrete building located at Tangier, North of Morocco. The total surface is 288 m  per2

story, the inter story height is 3 m. The soil admissible stress was taken to be q=2.2 MPa and the cement used
is of class CPJ45.

The reinforced concrete code which was employed for building design is the French BAEL91 in
conjunction with the Moroccan seismic code RPS 2000, (Royaume du Maroc, 2001). Calculus has been
performed by using the structural software Robot office 21. The seismic zone that has been used is according
to RPS2000 zone III. The ductility coefficient for this building was fixed at K=3.76 while the priority
coefficient is 1=1 and the soil coefficient is S=1.2.
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The dead loads are given by G=5050 N.m  and the variable loads by Q=1500N.m .-3 -3

Table 1 gives dimensions of beams and columns and their reinforcements as obtained from building design
by means of Robot office software. 

Table 1: Dimensions of concrete sections of beams and columns, and column reinforcements

Story Beams (cmxcm) Columns (cmxcm) Column reinforcement

Ground floor 25x40 30x60 12HA14
Story 1 to 4 25x40 25x55 10HA14

Pushover analysis was conducted under Etabs Nonlinear v9 software by taking the most adverse seismic
direction. Figure 1 shows Collapse Prevention state of the building. Default hinges were placed at all building
members. V2 shear hinges were placed at columns while M3 flexure hinges were placed at beams.  Figure
2 gives the fragility curve obtained by Etabs modelling. 

Fig. 1: Plastic hinges developed at the Collapse Prevention state of the building

Fig. 2: Fragility curve giving the base shear force as function of the maximum inter story displacement

The simulation results enable to construct an artificial performance function (response surface) which
describes approximately the Collapse Prevention state of the building, (Gayton, N., J. Bourinet, 2003; Roux,
W.J., N. Stander, 1998). This is performed by means of a polynomial regression over a set of results that are
established according to a full factorial table. In our case, a quadratic regression is used to interpolate the
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obtained maximum inter story displacements where 3 levels were considered for each factor: concrete resistance

c28 ef  or steel yield stress f . Table 2 gives the obtained roof displacements as function of the 9 combinations

c28 eof parameter values f  and f .
The identified response surface from table 2 writes:

The R  value is 0.987 which indicates that regression is adequate.2

Table 2: M aximum inter story displacement as function of actual values of concrete and steel resistances

c28 eTest f  (M PA) f  (M PA) M aximum inter story displacement (m)

1 30.05 686 0.004975
2 30.05 560 0.011520
3 30.05 434 0.018997
4 24.50 686 0.004159
5 24.50 560 0.009887
6 24.50 434 0.017445
7 18.95 686 0.002156
8 18.95 560 0.005259
9 18.95 434 0.015700

Reliability Analysis:

Performance functions for structural components are commonly denoted g(x), where x is the vector of
basic random variables. The dependence on x can be implicit and through structural response quantities.
However, g(x) must be a continuous and differentiable function of x, at least in the realizable domain of x.
The numerical value of the performance function distinguishes the failure state from the safe state:

g > 0 : safe
g = 0: limit-state
g � 0 : failure

In the space of uncorrelated standard normal variates y the performance function is denoted G(y). We have
then:

G(y(x)) = g(x) � g (x(y)) = G(y)

Finite element reliability methods are characterized by response quantities from a finite element solution
entering the performance function. For instance, a simple threshold performance function is:

g = threshold - response quantity

When the uncertain response quantity exceeds the specified threshold, the performance function takes on
a negative value and failure is implied.

RESULTS AND DISCUSSIONS

The building considered in the actual study has been designed against seismic hazard according to the
Moroccan code RPS2000, (Royaume du Maroc, 2001). The objective is to investigate in the following what
happens if material properties vary and if all the complementary recommendations that are necessary to
guarantee the chosen level of ductility were not applied. This situation is discussed from the point of view of
reliability analysis. 
Considering as the limit state the maximum inter story displacement, the failure function writes: 

cin which ä =0.03h/K defines the critical collapse displacement, where H is the inter story height and K the

c28 ecoefficient of ductility and ä(f f ) the demand function as obtained by the quadratic regression in terms of

c28 ef  and f .
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Phimécasoft software is used to carry out the calculation of Hasofer-Lind index of reliability, â, and the

fprobability of failure P , (Hasofer, A.M. and N.C. Lind, 1974). The reliability index varies as the probability
of failure and in the opposite trend to the reliability probability. The Monte Carlo and FORM/SORM
algorithms were used to compute the reliability indexes. As it is shown in figures 3 and 4, the obtained results
indicate that the index of reliability decreases with increasing level of ductility. 

Fig. 3: Reliability index â(K) as function of ductility level according to Monte Carlo method and
FORM/SORM method

Fig. 4: Reliability probability as function of ductility level according to Monte Carlo method and
FORM/SORM method

When one integrates variability of material performances which could result form durability problems

c28(corrosion, chemical attack of concrete) and which are expressed here by means of modified values of f  and

e c28 ef , the structure which is designed initially with the nominal characteristics f =25 MPa and f =500 MPa and
for a level of ductility that was fixed at K=3.76, suffers a probability of collapse. This probability is quantified
here by assuming that the building is subjected to RPS2000 seismic loading. It reaches a level of around 12%
if the specified ductility was really carried out according the design recommendations. This probability reaches
now 84% when the level of ductility is minimal, that is to say when it is given by K=2. 

Table 3 gives the reliability index and probability as function of the ductility level assumed to be involved
in the actual building.
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Table 3: Reliability indexes as function of the ductility factor

Ductility M onte Carlo FORM /SORM
----------------------------------------------------------- ------------------------------------------------------------------

K  â (Hasofer-Lind) Pf (% )  â (Hasofer-Lind) Pf (% )

2 1.6449 5 1.5456 6.11
2.5 0.8779 19 0.7726 21.99
3 0.12566 45 0.1939 42.31
3.5 -0.07527 53 -0.1856 57.36
4 -0.61281 73 -0.6305 73.58
4.5 -0.7063 76 -0.9364 82.55

5 -1.0364 85 -1.1971 88.44

Conclusions:

Reliability analysis concept has been applied in order to assess in a rational way the effect on collapse
resistance of reinforced concrete buildings, under seismic loading, which results from variations that could
affect the fundamental characteristics of reinforced concrete materials: concrete resistance and steel yield stress.
Another parameter not really controlled when the building is of pre code type, ductility, intervenes in the
problem. Its influence on the probability of failure was quantified. Probability of failure was found to increase
considerably when real ductility decreases.
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