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Abstract  The basic objective of this study is the assessment of the European seismic design
codes and in particular of EC2 and EC8 with respect to the recommended behaviour factor
q. The assessment is performed on two reinforced concrete multi-storey buildings, having
symmetrical and non-symmetrical plan view respectively, which were optimally designed
under four different values of the behaviour factor. In the mathematical formulation of the
optimization problem the initial construction cost is considered as the objective function to
be minimized while the cross sections and steel reinforcement of the beams and the columns
constitute the design variables. The provisions of Eurocodes 2 and 8 are imposed as con-
straints to the optimization problem. Life-cycle cost analysis, in conjunction with structural
optimization, is believed to be a reliable procedure for assessing the performance of structures
during their life time. The two most important findings that can be deduced are summarized
as follows: (1) The proposed Eurocode behaviour factor does not lead to a more economical
design with respect to the total life-cycle cost compared to other values of ¢ (¢ = 1, 2).
(2) The differences of the total life-cycle cost values may be substantially greater than those
observed for the initial construction cost for four different g (¢ = 1, 2, 3, 4).
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1 Introduction

Most of the existing seismic design codes follow the prescriptive (or limit-state) concept,
where the structure is considered safe and no collapse will occur if a number of checks,
expressed mainly in terms of forces, are satisfied. A typical limit state based design can be
viewed as one (ultimate strength) or two (serviceability and ultimate strength) limit state
approach. According to a prescriptive design code, the strength of the structure is assessed
in one limit state while a serviceability limit state is usually checked in order to ensure that
the structure will not deflect or vibrate excessively during its functioning. The structures
are allowed to absorb energy through inelastic deformation by designing them with reduced
loading which is specified by the behaviour factor “g” also known as reduction factor “R”. It
is generally accepted that the capacity of a structure to resist seismic actions in the nonlinear
range through energy dissipation permits their design for smaller seismic loads than those
required for linear elastic response. The numerical verification of the behaviour factor was
the subject of extensive research during the past decade (Fajfar 1998; Mazzolani and Piluso
1996; ATC-19 1995) in order to check for the validity of the design methodology and to
make reliable predictions of the structural performance under extreme loading conditions.

A number of studies have been performed in the past dealing with structural optimization
of reinforced concrete (RC) structures. One of the earliest studies on this subject is the work
by Frangopol (1986) where the general formulation of the deterministic optimization problem
was reviewed and a reliability-based optimization approach for the design of both steel and
RC framed structures was presented. Moharrami and Grierson (1993) presented a computer-
based method for the optimal design of RC buildings, where the width, depth and longitudinal
reinforcement of member sections are considered as design variables. A review on the design
of concrete structures can be found in the work by Sarma and Adeli (1998), where it was
concluded that there is a need to perform further research on cost optimization of realistic
three-dimensional structures with hundreds of members, where optimization can result in
substantial savings. In the work by Li and Cheng (2001) the optimal decision model of the
target value of performance-based structural system reliability of RC frames is established
according to the cost-effectiveness criterion. Chan and Zou (2004) presented an optimization
technique for the elastic and inelastic drift performance-based design of reinforced concrete
buildings, while (Lagaros and Papadrakakis 2007) critically assessed the designs of a 3D
reinforced concrete building, obtained according to the European seismic design code and
a performance-based design procedure, in the framework of a multi-objective optimization
problem. The results revealed that the designs based on the European seismic design code
violated safety requirements for different hazard levels.

The main objective of this study is to examine the validity of the behaviour factor ¢ in
designing safe and economic RC structures using Eurocodes 2 and 8 (PrEN 2002; EN 2003).
Numerical tests are performed on two different types of RC structures, a mid-rise irregular
one and high-rise regular. The evaluation is performed on the basis of the initial and limit state
costs designed to meet the EC2 and EC8 provisions. The designs for different values of ¢ are
compared with respect to the total cost resulting from the sum of the initial and the limit state
cost. Limit state dependent cost, as considered in this study, represents monetary-equivalent
losses in present values due to seismic events that are expected to occur during the design
life of a new structure or the remaining life of an existing or a retrofitted structure. The limit
state dependent cost consists of the damage cost, loss of contents, rental loss and income
loss. The cost of the human fatality, that is associated with the limit-state dependent cost, is
also accounted for in the present study.
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2 Seismic design procedures

The current seismic design philosophy for RC structures relies on energy dissipation through
inelastic deformations. Proper design of an earthquake resistant RC building should provide
the structure with adequate deformation capacity to dissipate energy without a substantial
reduction of its overall resistance against horizontal and vertical loading. According to EC2
and ECS, the fundamental design requirements that should be satisfied with an adequate
degree of reliability are the requirements of no-collapse, damage limitation and minimum
level of serviceability. In order to ensure that the structure will meet these requirements a
number of checks must be satisfied: biaxial bending, shear forces, second-order effects (P-A
effects), capacity design, limitation of inter-storey drift, stress levels, crack and deflection
control. The study performed in this work is based on EC8 EN (2003) and EC2 PrEN (2002),
with the following features: (1) The seismic load is an elastic response spectrum with 10%
probability of being exceeded in 50 years (475 years return period), reduced by a behaviour
factor ¢. (2) The nominal material strength is reduced by a factor y; = 1.15 for steel rein-
forcement and by a factor y. = 1.50 for concrete. (3) The analysis procedure employed is
either the simplified modal or the multi-modal response spectrum analysis.

Al EC2 checks must be satisfied for the gravity loads using the following load combination

Sa=135) Gi"+"1.50 > Qi (1
j i

where “+” implies “to be combined with”, the summation symbol “X” implies “the com-
bined effect of”, Gy, denotes the characteristic value “k” of the permanent action j and Qy;
refers to the characteristic value “k” of the variable action i. If the above constraints are
satisfied, a multi-modal response spectrum analysis is performed and the earthquake loading
is considered using the following load combination

Sqa = Z ij”-F//Ed”-F” Z VY2i Oki (@)
j i

J

where E,; is the design value of the seismic action for the two components (longitudinal
and transverse, respectively) computed from the design response spectrum and rp; is the
combination coefficient for the quasi-permanent action i, here taken equal to 0.30.

3 Response modification factors (Q and R)

Although, life safety under high seismic risk is the main objective of contemporary seismic
design codes like EC8 EN (2003) and ATC-34 (1995), economic considerations permit the
assumption that the structure will behave inelastically and could tolerate damages up to a cer-
tain level given that life safety is ensured. Since damage levels that a structure should tolerate
cannot be predicted through linear analysis procedures, behavior or response modification
factors are used in order to account for nonlinear response of structures. The behavior factors
are used to scale down the linear elastic design response spectrum ordinates, corresponding
to the maximum earthquake expected at the site, to the inelastic design response spectrum
Palazzo and Petti (1996). Difficulties in evaluating behavior factors, that are generally appli-
cable to various structural systems, materials, configurations and input motions, are well
documented and the inherent drawbacks in code specified factors are widely accepted (Borzi
and Elnashai 2000; Whittaker et al. 1999). No matter how difficult or unreliable may be the
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prediction of its value, the behavior factor is used both in European design codes denoted
with ¢ and in US design codes, named as response modification factor, denoted with R. The
q factor is eventually an approximation of the ratio of the seismic forces that the structure
would experience if its response was completely elastic with 5% viscous damping, to the
seismic design forces and is given by the following expression

qg=qo-kp kg -kw =15 3)

where g is the basic value of the behavior factor influenced by the structural configuration,
the ductility class (kp), the irregularity along the structural height (kg), the main failure
mode (kw). According to the US codes the response modification factor consists of three
parameters and is given by the following equation (Borzi and Elnashai 2000)

R =Rs-R,-Rg “4)

where Ry is the overstrength factor, R, is the ductility reduction factor and R is known
as the redundancy factor, introduced to account for the number and distribution of active
plastic hinges. The values of R are larger than those of ¢ due to the differences on the applied
ground motions (Borzi and Elnashai 2000). The theoretical background of reduction factors
suffers from shortcomings due to the fact the physical mechanisms involved are not rigor-
ously defined Kappos (1999). For these reasons many researchers have tried to introduce new
definitions for ¢ and R factors, trying to take into consideration the uncertainties involved
(Lu et al. 2001; Miranda and Bertero 1994; Lam et al. 1998).

Using the reduction factor, a structural system is designed to have lower strength, in order
to absorb energy through its inelastic deformations. Furthermore, since the demand in terms
of inelastic deformations is expressed with reference to the ductility, there is a strict cor-
relation between the reduction factor and the available ductility of the structure. Collapse
mechanisms due to low energy dissipation should be avoided and adequate supply of local
ductility should be provided in the plastic hinges. For this reason, three ductility levels (Low-
Medium-High) are defined corresponding each to different structural requirements in order
to ensure the desired ductility level. From the definition of the reduction factor, it is obvious
that the higher the ductility level is the lower the seismic design loads are, corresponding to
higher value of the reduction factor. Structures designed according to the low ductility class
are imposed to higher seismic design actions leading to increased structural cost. However,
due to their small ductility and their low inelastic response, less damage is expected. Accord-
ing to the Eurocodes (EC2 and ECS8) a medium ductility level is recommended since it is
considered as a compromise between resistance and economical design (Cuesta et al. 2003).

A number of methods have been proposed in the literature for evaluating the reduction
factors based on two structural ingredients: (1) overstrength and (2) ductility. Miranda and
Bertero (1994) have found that strength reduction factors are primarily influenced by the
maximum tolerable displacement ductility demand, the period of the structural system and
the soil conditions of the site. Lam et al. (1998) developed a relationship between the ductil-
ity reduction factor (R,,) and the ductility for linear elasto-perfectly plastic SDOF systems
(where R = R,,) in order to rationalize seismic design provisions for codes of practices.
Borzi and Elnashai (2000) employed an earthquake set to derive values for force reduction
factors needed for the structure to reach, and not exceed, a pre-determined level of ductil-
ity. It was observed that the force modification factors are only slightly influenced by the
shape of the hysteretic model used in their derivation and that they are even less sensitive to
strong motion characteristics. Cuesta et al. (2003) unified the results taken from two different
approaches for determining the R — v — T relationships, where the ground motion frequency
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content is considered. Recently, Lee and Foutch (2006) used different R factors to design
steel moment resisting frame structures. In their study it was found that the recommended
R factors provide conservative designs for some of the structures considered. Karavasilis
et al. (2007) proposed simplified expressions to estimate the behaviour factor of plane steel
moment resisting frames, based on statistical analysis of the results of nonlinear dynamic
analyses. Karakostas et al. (2007) derived the ductility component of the behavior factor
from statistical analysis of constant ductility spectra, and proposed empirical relationships
suitable for design purposes. All these studies however, do not reach any concrete conclusion
regarding the reliability of the design philosophy based on the behavior factors.

4 Problem definition

A number of studies have been published on the optimum design of RC structures (Frangopol
1986; Moharrami and Grierson 1993; Sarma and Adeli 1998; Li and Cheng 2001; Chan and
Zou 2004; Lagaros and Papadrakakis 2007) taking into account different types of constraints
during the design optimization procedure. However, none of them has taken into consider-
ation the behaviour factor g. The main scope of this study is to examine the influence of
the behaviour factor ¢ in designing safe and economic structures. For this reason optimally
designed structures for different values of ¢ are compared with reference to the total life cycle
cost and their performance is critically assessed.

4.1 Formulation of the optimization problem

The mathematical formulation of the optimization problem considered in the present work
is defined as follows:

MmingeF Cin(s)
where Cin(s) = Cp(s) + Csi(s) + Cer(s) + Cns(s) 5
subjectto  gSERV(s) <0 j=1,....m ®)

gjLT(s)§0 j=1,...k

where s represents the design vector corresponding to the dimensions of columns and beams
cross-sections, F is the feasible region where all the serviceability and ultimate constraint
functions (gSERY and gULT) are satisfied. In this work the boundaries of the feasible region
are defined according to the recommendations of the EC8. The objective function consid-
ered is the total initial construction cost of the structure C;y, while Cy(s), Cy(s), Cci(S)
and C,5(s) correspond to the total initial construction cost of beams, slabs, columns and non
structural elements, respectively. The term “initial cost” of a new structure corresponds to the
cost just after construction. The initial cost is related to material, which includes concrete,
steel reinforcement, and labour costs for the construction of the building. The solution of the
resulting optimization problem is performed by means of Evolutionary Algorithms (EA). The
optimization procedure was implemented for four characteristic values of behaviour factor ¢
in two different buildings resulting into eight optimum designs. In all eight cases the design
procedure was based on linear elastic static analysis according to EC8. The designs obtained
through the optimization procedure are assessed by performing life-cycle cost analysis.
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4.2 Solving the optimization problem

Evolutionary Algorithms (EA) are population based, probabilistic, direct search optimization
algorithms gleaned from principles of Darwinian evolution. Starting with an initial popula-
tion of p candidate designs, an offspring population of A designs is created from the parents
using variation operators. Depending on the manner in which the variation and selection
operators are designed and the spaces in which they act, different classes of EA have been
proposed. In the EA algorithm employed in this study Lagaros et al. (2008), each member
of the population is equipped with a set of parameters:

a= [(de y)v (507 67 a)] € (IdIC)
Ia = D} x R} (©6)

I = R} x R x [—m, 7]™

where sq and s. are the vectors of discrete and continuous design variables defined in the
discrete and continuous design sets D and R", respectively. Vectors ¥, o and « are the
distribution parameter vectors taking values in R, R'}r" and [—m, 7]}, respectively. Vector
Y corresponds to the variances of the Poisson distribution. Vector 6 € R’ corresponds to
the standard deviations (I < n, < nc) of the normal distribution. Vector a € [—m, ]} is
related to the inclination angles (ngy = (n¢ — ny/2)(ng — 1)) defining linearly correlated
mutations of the continuous design variables s., where n = ng + n. is the total number of
design variables.

Let P(f) = {ai,...,a,} denotes a population of individuals at the rth generation. The
genetic operators used in the EA method are denoted by the following mappings:

rec: (I, I)* — (14, L)*(recombination)

mut:  (Ig, I)* = (4, I.)*(mutation) (7)
selﬁ: (14, I)* = (14, Io)" (selection, k € {x, u + 1))

A single iteration of the EA, which is a step from the population P!(,t) to the next parent

P]gtJrl)

population , is modelled by the mapping

optga: (oL — (o, o))y ®)

5 Life-cycle cost analysis

The total cost Cror of a structure, may refer either to the design-life period of a new struc-
ture or to the remaining life period of an existing or retrofitted structure. This cost can be
expressed as a function of time and the design vector as follows (Wen and Kang 2001)

Cror(t,s) = Cin(s) + Cprs(t,5) 9

where Cjy is the initial cost of a new or retrofitted structure, Cp g is the present value of
the limit state cost; s is the design vector corresponding to the design loads, resistance and
material properties, while 7 is the time period. The term “initial cost” of a new structure refers
to the cost just after construction. The initial cost is related to the material and the labour cost
for the construction of the building which includes concrete, steel reinforcement, labour cost
for placement as well as the non-structural component cost. The term “limit state cost” refers
to the potential damage cost from earthquakes that may occur during the life of the structure.
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Table 1 Limit state drift ratio limits for bare moment resisting frames and contents DI

Limit state Interstorey drift (%) Contents DI (g)
Ghobarah (2004) Elenas and Meskouris (2001)

(I) - None 6 <0.1 tifloor < 0.05

(ID) - Slight 0.1 <6 <02 0.05 < iifpor < 0.10

(III) - Light 02<6<04 0.10 < iifger < 0.20

(IV) - Moderate 04<6<1.0 0.20 < iigor < 0.80

(V) - Heavy 1.0<60 <18 0.80 < lifoor < 0.98

(VI) - Major 1.8<60<3.0 0.98 < ligpor < 1.25

(VII) - Collapsed 6>30 tifloor > 1.25

It accounts for the cost of the repairs after an earthquake, the cost of loss of contents, the
cost of injury recovery or human fatality and other direct or indirect economic losses related
to loss of contents, rental and income. The quantification of the losses in economical terms
depends on several socio-economic parameters. It should be mentioned that in the calculation
formula of Cp g a regularization factor is used that transforms the costs in present values.
The most difficult cost to quantify is the cost corresponding to the loss of a human life. In
this work the fatality cost is based on the legal damages that the courts adjudge in the case
of loss of life.

Damage may be quantified by using several damage indices (DIs) whose values can be
related to particular structural damage states. The idea of describing the state of damage
of the structure by a specific number, on a defined scale in the form of a damage index, is
attractive because of its simplicity. So far a significant number of researchers has studied
various damage indices for reinforced concrete or steel structures, a detailed survey can be
found in the work by Ghobarah et al. (1999). Damage, in the context of life cycle cost analysis
(LCCA), means not only structural damage but also non-structural damage. The latter includ-
ing the case of architectural damage, mechanical, electrical and plumbing damage and also
the damage of furniture, equipment and other contents. The maximum interstory drift (6) has
been considered as the response parameter which best characterises the structural damage,
which has been associated with all types of losses. It is generally accepted that interstorey
drift can be used as one limit state criterion to determine the expected damage. The relation
between the drift ratio limits with the limit state, employed in this study (Table 1), is based
on the work of Ghobarah (2004) for ductile RC moment resisting frames. On the other hand,
the intensity measure associated with the loss of contents like furniture and equipment is the
maximum response floor acceleration. The relation of the limit state with the values of the
floor acceleration used in this work (Table 1) are based on the work of Elenas and Meskouris
(2001).

The limit state cost (Crs), for the i-th limit state, can thus be expressed as follows

C1§ = Cllam + Clgn + Chon + Chye + Chyj + Cag (102)

inj

Cpec = Cluce (10b)

con

where Cfi wm 18 the damage repair cost, Ci’fn is the loss of contents cost due to structural

damage that is quantified by the maximum interstorey drift, C!,, is the loss of rental cost,

C fn . is the income loss cost, C fn j is the cost of injuries and C lf 4 18 the cost of human fatality.

These cost components are related to the damage of the structural system. CLA is the loss
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Table 2 Limit state costs-calculation formula (Ellingwood and Wen 2005; ATC-13 1985; FEMA 227 1992;
Kang and Wen 2000)

Cost category Calculation formula Basic cost

Damage/repair (Cgam) Replacement cost x floor area x 1,500 G/m2
mean damage index

Loss of contents (C¢on) Unit contents cost x floor area x 500 G/m2
mean damage index

Rental (Cren) Rental rate x gross leasable area x 10 €/month/ m?
loss of function

Income (Cipc) Rental rate x gross leasable area x 2,000 G/year/m2
down time

Minor Injury (Cinj,m) Minor injury cost per person x floor 2,000 E/person

area x occupancy rate® x expected
minor injury rate

Serious Injury (Cipj,s) Serious injury cost per person x 2 x 104 €/person
floor area x occupancy rate® x
expected serious injury rate

Human fatality (Cgat) Human fatality cost per person X 2.8 x 10° €/person
floor area x occupancy rate® x
expected death rate

* Occupancy rate 2 persons/100 m?

Table 3 Limit state parameters for cost evaluation

Limit state FEMA 227 (1992) ATC-13 (1985)
Mean Expected Expected Expected Loss of Down time
damage minor serious death rate function (%)
index (%) injury rate  injury rate (%)
(I) - None 0 0 0 0 0 0
(II) - Slight 0.5 3.0E-05 4.0E-06 1.0E-06 0.9 0.9
(IIT) - Light 5 3.0E-04 4.0E-05 1.0E-05 3.33 3.33
(IV) - Moderate 20 3.0E-03 4.0E-04 1.0E-04 12.4 12.4
(V) - Heavy 45 3.0E-02 4.0E-03 1.0E-03 34.8 34.8
(VI) - Major 80 3.0E-01 4.0E-02 1.0E-02 65.4 65.4
(VII) - Collapsed 100 4.0E-01 4.0E-01 2.0E-01 100 100

of contents cost due to floor acceleration (Elenas and Meskouris 2001). Details about the
calculation formula for each limit state cost along with the values of the basic cost for each
category can be found in Table 2 (Wen and Kang 2001; Lagaros 2007). The values of the
mean damage index, loss of function, down time, expected minor injury rate, expected seri-
ous injury rate and expected death rate used in this study are based on (Ellingwood and Wen
2005; ATC-13 1985; FEMA 227 1992; Kang and Wen 2000). Table 3 provides the (ATC-13
1985; FEMA 227 1992) limit state dependent damage consequence severities.

Based on a Poisson process model of earthquake occurrences and an assumption that dam-
aged buildings are immediately retrofitted to their original intact conditions after each major
damage-inducing seismic attack, Wen and Kang (2001) proposed the following formula for
the limit state cost function considering N limit states
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Crs = Clg+ C¢ (11a)
N
Clst) =3 (1—e7™) Z it p (11b)
v N
aCC(t S) X —)»t Z laLL PiaCC (llc)
where
PPl = p(DI > DI,) — P(DI > DI; 1) (12)
and
P(DI > DI;) = (—1/t) - In[1 — P{(DI — DI;)] (13)

P; is the probability of the ith limit state being violated given the earthquake occurrence and
C ’L s 18 the corresponding limit state cost; P(DI — D1;) is the exceedance probability given
occurrence; DI;, DI;1 are the damage indices (maximum interstorey drift or maximum
floor acceleration) defining the lower and upper bounds of the ith limit state; P;(DI — DI,)
is the annual exceedance probability of the maximum damage index DI;; v is the annual
occurrence rate of significant earthquakes modelled by a Poisson process and ¢ is the service
life of a new structure or the remaining life of a retrofitted structure. Thus, for the calculation
of the limit state cost of Eq. 11b the maximum interstorey drift DI is considered, while for
the case of Eq. 11b the maximum floor acceleration is used. The first component of Eqs. 11b
or 11c, with the exponential term, is used in order to express Cr s in present value, where
A is the annual monetary discount rate. In this work the annual monetary discount rate A is
taken to be constant, since considering a continuous discount rate is accurate enough for all
practical purposes according to (Rackwitz 2006; Rackwitz et al. 2005). Various approaches
yield values of the discount rate A in the range of 3—-6% (Ellingwood and Wen 2005), in this
study it was taken equal to 5%.

Each limit state is defined by drift ratio limits or floor acceleration, as listed in Table 1.
When one of the DIs is exceeded the corresponding limit state is assumed to be reached. The
annual exceedance probability P;(DI > DI;) is obtained from a relationship of the form

P,(DI > DI;) = y(DI;)~* (14)

The above expression is obtained by best fit of known P; — DI; pairs for each of the two
DIs. These pairs correspond to the 2, 10 and 50% in 50 years earthquakes that have known
probabilities of exceedance P;. In this work the maximum value of DJ; (interstorey drift or
floor acceleration) corresponding to the three hazard levels considered, are obtained through
a number of non-linear dynamic analyses. The selection of the proper external loading for
design and/or assessment purposes is not an easy task due to the uncertainties involved in
the seismic loading. For this reason a rigorous treatment of the seismic loading is to assume
that the structure is subjected to a set of records that are more likely to occur in the region
where the structure is located. In our case as a series of twenty artificial accelerograms per
hazard level is implemented.

According to Poisson’s law the annual probability of exceedance of an earthquake with a
probability of exceedance p in ¢ years is given by the formula

P=(—1/t)-In(1 — p) (15)
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This means that the 2/50 earthquake has a probability of exceedance equal to Py =
—In(1 —0.02)/50 = 4.04 x 1074(4.04 x 1072%).

6 Non-linear dynamic analysis procedure

In order to define the P; — D1; pairs for the two DIs, three performance levels are consid-
ered and twenty ground motion records are selected for each hazard level. Sixty non-linear
dynamic analyses have to be performed for each candidate design in order to assess its perfor-
mance in the framework of LCCA. Although, strong motion recording programs have been
carried outin US over the last 60 years, and more recently in many parts of the world; for many
applications, it is necessary to estimate future seismic records in multiple hazard levels at a
particular site, which is often outside the existing recorded data. For the present investigation
a number of records for each 50/50, 10/50 and 2/50 hazard level were required for the region
of Eastern Mediterranean. These records were not possible to be found in any database, thus
artificial ground motions, compatible with the corresponding design spectrum, were gener-
ated for each hazard level. Apart from enriching the catalogues of earthquake records of a
region, a second reason for using artificial records is that they usually present a larger number
of cycles than natural records, and therefore they result in more severe earthquake loading
for a greater range of structural periods. Although one may argue that artificial records are
unrealistic and thus they do not simulate an earthquake, they can still be considered as an
envelope ground motion and hence as a more conservative loading scenario. Seven uncorre-
lated artificial accelerograms for each hazard level, produced from the smooth EC8 elastic
spectra (Fig. 1a), are used in the present study. The peak ground acceleration for the three
hazard levels considered are obtained from the log-linear equation of (Papazachos et al. 1993)

PGA = eI (/1000)[m/s?] (16)

where seismic hazard parameters a and b are equal to 4.01 and 0.61 respectively, while 7, is
equal to 72, 475 and 2,475 years for the 50/50, 10/50 and 2/50 hazard levels respectively. All
twenty artificial accelerograms are consistent with the corresponding elastic response spec-
trum of Eurocode 8 EN (2003) and have been simulated using the SIMQKE computer program
of Gasparini and Vanmarcke (1976). The design spectrum used for the generation of the arti-
ficial records correspond to soil type B (characteristic periods Tg = 0.15s, Tc = 0.50s
and Tp = 2.00s). Moreover, the importance factor y; was taken equal to 1.0, while the
damping correction factor 7 is equal to 1.0, since a damping ratio of 5% has been considered.
For the generation of all artificial accelerograms the trapezoidal time envelope was used. The
PGA values along with the duration and the time steps At of the artificial accelerograms for
the 50/50, 10/50 and 2/50 hazard levels are given in Table 4. Three typical artificial acceler-
ograms corresponding to the three hazard levels are shown in Fig. 1b. In order to account for
the randomness of the incident angle, the artificial accelerograms are applied with a random
angle with respect to the structural axes. The incident angles for the seven artificial acceler-
ograms are generated using the Latin Hypercube Sampling method Olsson et al. (2003) in
the range of 0-180°.

7 Test examples

In this work, two 3D RC moment resisting framed (MRF) buildings have been considered in
order to study the influence of the behaviour factor ¢ on the design of RC buildings. The first
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Fig.1 aECS elastic 5%-damped spectra of the three hazard levels and b three typical artificial accelerograms

Table 4 Artificial ground

motion characteristics Hazard level PGA (g) Duration (s) No of steps At (s)

50/50 0.11 20.5 1024 2.00E-02
10/50 0.31 30.5 2048 1.49E-02
2/50 0.78 355 4096 8.67E-03

test example is a five storey RC building with non-symmetrical plan view while the second
one is an eight storey RC building having symmetrical plan view. Both buildings have been
designed to meet the Eurocode requirements, i.e. the EC8 (EN 2003) and EC2 (PrEN 2002)
design codes. Concrete of class C20/25 (nominal cylindrical strength of 20 MPa) and class
S500 steel (nominal yield stress of 500 MPa) are assumed. The base shear is obtained from
the response spectrum for soil type B (characteristic periods Tg =0.15s, Tc =0.50s and
Tp =2.00s) while the PGA considered is equal to 0.31 g. Moreover, the importance factor y;
was taken equal to 1.0, while the damping correction factor is equal to 1.0, since a damping
ratio of 5% has been considered.

The slab thickness is equal to 15cm, for both test examples, while it is considered to
contribute to the moment of inertia of the beams with an effective flange width. In addition
to the self weight of beams and slabs, a distributed permanent load of 2 kN/m? due to floor
finishing-partitions and an imposed load with nominal value of 1.5kN/m?, are considered.
The nominal permanent and imposed loads are multiplied by load factors of 1.35 and 1.5,
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Fig. 2 Five storey test example—a plan view, b front view

respectively. Following ECS, in the seismic design combination, dead loads are considered
with their nominal values, while live loads with the 30% of their nominal value.

In both test examples the parametric study is performed in two stages: (1) design based
on structural optimization and (2) life-cycle cost analysis. In the first stage the optimum
design is computed employing the EA(u + A) optimization scheme (Lagaros et al. 2008)
with ten parent and offspring (u = A = 10) design vectors for both test examples. Four
optimization problems are defined, following the design recommendations of EC8 and EC2,
according to the value of the behaviour factor considered. The optimum designs obtained
are labelled as D, —, defining the value of the behaviour factor used. In all formulations the
initial construction cost is the objective function to be minimized. The columns and beams
are of rectangular cross-sectional shape, and are separated into groups. The two dimensions
of the columns/beams along with the longitudinal, transverse reinforcement and its spacing
are the five design variables that are assigned to each group of the columns/beams. In the
second stage, life-cycle cost analysis is performed on the optimum designs by means of non-
linear dynamic analysis where the beam-column members are modelled with the inelastic
force-based fibre element (Papaioannou et al. 2005).

7.1 Five storey non-symmetrical test example

The plan and front views of the five storey non-symmetrical test example are shown in Fig. 2.
The structural elements (beams and columns) are separated into 10 groups, 8 for the columns
and 2 for the beams, resulting into 50 design variables. The optimum designs achieved for
different values of the ¢ factor are presented in Table 5. It can be seen that the initial construc-
tion cost of design D, — is increased by the marginal quantity of 7% compared to D, —»,
while it is 10 and 12% more expensive compared to D, —3 and D, — 4, respectively. It can
therefore be said that the initial cost of RC structures, designed on the basis of their elastic
response for the design earthquake, is not excessive taking into consideration the additional
costs of a building structure which are practically the same for all designs ¢ =1 to 4. When
the four designs are compared with respect to the cost of the RC skeletal members, design
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Table 5 Five storey test example-optimum designs obtained for different values of behaviour factor ¢

Optimum designs

q=1 q=2 q=3 q=4
Columns hlxbl 0.80x0.80, LR: 0.60x0.60, 0.55x0.55, 0.55x0.55,
34332, TR: LR:8@24+ LR:8020+ LR:8(24+ 428,
(4)@10/10cm 12928, TR: 12024, TR: TR: (2)@10/20cm
(4)210/20cm (2)?10/20cm
h2xb2 0.85%x0.85, LR: 0.60x0.60, 0.55x%0.55, 0.55%0.55,
34032, TR: LR:824+ LR:8@22+ LR:8@24+ 428,
(4)?10/10cm 12028, TR: 12026, TR: TR: (2)@10/20cm
(4)?10/20cm (2)@10/20cm
h3xb3 0.80x0.80, LR: 0.60x0.60, 0.50x0.50, 0.50x0.50,
2832, TR: LR:3(@24+ LR:4@22+ LR:4026+ 4032,
(4)310/10cm 1228, TR: 12026, TR: TR: (2)@10/20cm
(4)D10/20cm (2)?10/20cm
h4 xb4 0.70x0.70, 0.55x0.55, 0.55%0.55, 0.55%0.55,
LR:8022+ LR:8(24+ LR:8@18+ 422, LR:8@D18+ 4122,
1226, TR: 12928, TR: TR: (2)@10/20cm TR: (2)@10/20cm
(4)@10/10cm (4)®10/20cm
h5xb5 0.70x0.70,LR: 0.55%0.55, 0.55x%0.55, 0.55%0.55,
26032, TR: LR:4(28+ 8024, LR:8@24+ 428, LR:8020+ 424,
(4)?10/10cm TR: (4)@10/20cm  TR: (2)@10/20cm TR: (2)@10/20cm
h6xb6 0.70x0.70, LR: 0.50x0.55, 0.45x0.45, 0.45x0.45,
24032, TR: LR:12028+ LR:4@24+ 4028, LR:4(26+ 432,
(4)?10/10cm 80324, TR: TR: (2)@10/20cm  TR: (2)@10/20cm
(4)?10/20cm
h7xb7 0.65x0.65, 0.35x0.60, 0.35%0.55, 0.50x0.30,
LR:15018+ LR:8@18+ 8120, LR:7@16+ 5320, LR:5018+ 6016,
16020, TR: TR: 2)@10/20cm  TR: (2)@10/20cm  TR: (2)@10/20cm
(4)?10/10cm
h8xb8 0.60x0.65, 0.40x0.60, LR: 0.35%0.55, 0.55x0.30,
LR:24(20+ 18018, TR: LR:8@18+ 5320, LR:8@18, TR:
20018, (2)210/20cm TR: (2)@10/20cm  (2)@10/20cm
TR:(4)?10/10cm
Beams h9xb9 0.45%x0.55,LR: 0.30%x0.50, LR: 0.30x0.55, 0.25x%0.45,
15@20, TR: 9018, TR: LR:3020+ 4014, LR:4016+ 4014,
(2)@10/10cm (2)@10/20cm TR: (2)@10/20cm TR: (2)@10/20cm
h10xb10 0.50%0.55, LR: 0.30x0.55, LR: 0.30x0.55, 0.25x0.45,
24018, TR: 10018, TR: LR:6020, TR: LR:4@16, TR:
(2)@8/15¢cm (2)@8/15¢cm (2)@8/15¢cm (2)@8/15¢cm
CIN.RC Frame (1.0006)  1.85E+02 1.32E+02 1.11E+02 9.62E+01
Cin (1,000€) 8.10E+02 7.57E+02 7.36E+02 7.21E+02

Dy =1 is increased by 40% compared to D, —> and by 67 and 92% compared to Dy —3 and

D, — 4, respectively.

Table 3 provides the (ATC-13 1985; FEMA 227 1992) limit state dependent parameters
required for the calculation of the following costs: damage repair, loss of contents, loss of
rental, income loss, cost of injuries and that of human fatality. The computed components
of the limit states, for the five storey RC building, are listed in Table 6. From Table 6 it can
be seen that damage and income loss costs are the dominating cost components for the limit
states I through VI representing, by average, the 83% of Ci » While the cost of human fatality
is the dominant cost (73%) at the highest limit state VII. Below it is explained the calculation
procedure of the limit state cost taking as an example the design corresponding to D, —3. In
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Table 6 Five storey test example—limit state cost components (1,000 €)

Limit Czliam Célm C;w C;nc Cll'nj leat ClLS ) ClLS(II)
state

Minor  Serious

I 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1I 9.38 3.13 1.35 22.50 0.00 0.00 0.07 36.35 36.42
1 93.75 31.25 5.00 83.25 0.02 0.02 0.70 213.25 213.98
v 375.00 125.00 18.60 310.00 0.15 0.20 7.00 828.60 835.95
\% 843.75  281.25 52.20 870.00 1.50 2.00 70.00  2047.20 2120.70
VI 1500.00  500.00 98.10  1635.00 15.00 20.00 700.00  3733.10 4468.10

Vil 1875.00  625.00 150.00 2500.00 20.00 200.00  14000.00 5150.00 19370.00

the first step three (P; — 6;) and three (P; — ii floor,i) pairs are defined corresponding to the
three hazard levels

Psog, = 1.39% 6509 = 0.14% i f100r.509% = 0.36 g
Puose =210 X 107'% G105 = 0.42% i jioor,10% = 0.96 2
Py = 4.04 X 1072% 629 = 1.24% Ui floor29% = 2.18 g (17)

The abscissa values for both (P; — 6;) and (ﬁi — 1l floor,i) Pairs, corresponding to the median
values of the maximum interstorey drifts and maximum floor accelerations for the three haz-
ard levels in question, are obtained through 20 non-linear time history analyses performed
for each hazard level 50/50, 10/50 and 2/50. The median values of the four designs are shown
in Fig. 3a, b. The ordinate values, corresponding to the annual probabilities of exceedance,
are calculated using Eq. 15. Subsequently, exponential functions for the two DIs, as the one
described in Eq. 14, is fitted to the pairs of Eq. 17. Once the two functions of the best fitted
curve are defined the annual probabilities of exceedance P; for each of the seven limit states
of Table 1 are calculated. Substituting P; into Eq. 13 the exceedance probabilities of the
limit state given occurrence are computed and the probabilities P; are then evaluated from
Eq. 12. This procedure is performed for each one of the DIs, i.e. interstorey drifts and floor
accelerations. The limit state cost of Eq. 11a is calculated adding the two components of
Egs. 11b and (11c¢), while these two components are defined combining the numerical values
of the cost components of Table 6 and the corresponding probabilities P;.

Figure 4 depicts the optimum designs obtained with reference to the behaviour factor,
along with the initial construction, limit state and total life-cycle costs. It can be observed
from this figure that although design D, —  is worst, compared to the other three designs with
reference to Cyy, with respect to Cror the design Dy — 4 is the most expensive. Comparing
design D, — 3, obtained for the behaviour factor suggested by the Eurocodes for RC buildings,
with reference to Cror, it can be seen that it is 50% and 20% more expensive compared to
Dy -1 and Dy —», respectively; while it is 10% less expensive compared to Dy — 4.

The contribution of the initial and limit state cost components to the total life-cycle cost
are shownin Fig. 5. Cyy represents the 75% of the total life-cycle cost for design D, — | while
for designs Dy =2, Dy =3 and D, —4 represents the 59, 50 and 45%, respectively. Although
the initial cost is the dominant contributor for all optimum design; for design D, —; the sec-
ond dominant contributor is the cost of contents due to floor acceleration while for designs
D,—>, D;—3 and D, —4 damage and income costs are almost equivalent representing the
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Table 7 Eight storey test example-optimum designs obtained for different values of behaviour factor g

Optimum designs

q=1 q=2 q=3 q=4
Columns hlxbl 1.35x1.35, LR: 0.80x0.75, LR: 0.80x0.60, LR: 0.80x0.60,
88(30, TR: 2632, TR: 24(328, TR: LR:10024+
(5)210/10cm (4)?10/15¢cm (4)@10/20cm 12028, TR:
(2)210/20cm
h2xb2 0.90x0.85, LR: 0.80%0.80, LR: 0.65x0.60, LR: 0.75x0.35,
34430, TR: 30032, TR: 26028, TR: LR:8#22+
(4)?10/10cm (4)D10/10cm (4)@10/20cm 12026, TR:
(2)@10/20cm
h3xb3 1.05x1.10, LR: 0.80%0.80, LR: 0.75x%0.65, LR: 0.75x%0.70,
50030, TR: 30032, TR: 2828, TR: LR:10022+
(4)B10/10cm (#)B10/10cm (4)210/20cm 12926, TR:
(2)?10/20cm
h4 xb4 1.10x1.05, LR: 0.80%0.85, LR: 0.75%0.65, LR: 0.70x0.65,
60030, TR: 32032, TR: 300928, TR: LR:8226+
(4)?10/10cm (4)?10/10cm (HP10/15¢cm 12032, TR:
(2)210/20cm
h5xb5 0.85x%0.85, LR: 0.65x0.65, LR: 0.65x0.55,LR: 0.60x0.55,
36030, TR: 8022+ 12026, 8(24+4(26, TR:  LR:8@20+ 4324,
(4)@10/10cm TR: (4)@10/10cm  (2)@10/20cm TR: (2)@10/20cm
h6xb6 0.80x0.80, LR: 0.65x%0.65, LR: 0.55%0.55, 0.55%0.40,
36030, TR: 2232, TR: LR:8024+ LR:6022+
@B10/10cm (2)@10/10cm 120928, TR: 12026, TR:
(2)@10/20cm (2)@10/20cm
h7xb7 0.85x%0.85, LR: 0.65%x0.65, LR: 0.75%x0.50, LR: 0.75x%0.55,
36030, TR: 24032, TR: 24028, TR: LR:10022+
(4P10/10cm (2)310/10cm (2)310/20cm 12326, TR:
(2)?10/20cm
h8xb8 0.85x%0.85, LR: 0.70x0.70, LR: 0.55%0.60, LR: 0.55%0.55,
40030, TR: 24332, TR: 22(328, TR: LR:8@24+
(4)?10/10cm (4)?210/10cm (2)@10/20cm 12028, TR:
(2)210/20cm
h9xb9 0.60x0.60, LR: 0.65x0.65, 0.55%0.55, 0.60x0.55,
8026+ 12030, LR:8@22+ 426, LR:8@D18+ 4122, LR:8020+ 4024,
TR: @@10/10cm  TR: (HG10/10cm  TR: (2)@10/20cm  TR: (2)@10/20cm
h10xb10 0.75x0.75, LR: 0.65x0.65, 0.55x%0.50, 0.50x0.35,
28030, TR: LR:3@22+ LR:6020+ LR:4(326+ 4032,
(4)D10/10cm 12026, TR: 1228, TR: TR: (2)310/20cm
(4)?10/10cm (2)@10/20cm
hllxbll 0.75x0.75,LR: 0.65x0.65, 0.50%0.50, 0.45x0.45,
2830, TR: LR:8@26+ LR:4@22+ LR:4(322+
(4)310/10cm 12332, TR: 1226, TR: 12326, TR:
(4)D10/10cm (2)?10/20cm (2)210/20cm
h12xb12 0.80%x0.80, LR: 0.65x0.65, 0.55%0.55, 0.55%0.55,
34@30, TR: LR:8@26+ LR:8022+ LR:8@24+ 4(28,
(4)?10/10cm 1232, TR: 12026, TR: TR: (2)310/20cm
@B10/10cm (2)310/20cm
Beams h13xb13 0.60x0.60, LR: 0.65x0.65, 0.55%0.55, 0.60x0.55,
26020+ 35018, LR:31020, TR: LR:11018+ LR:6018+ 5020,
TR: 2)@8/15cm  (2)@8/15cm 100320, TR: TR: (2)38/15cm
(2)@8/15¢cm
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Table 7 continued

Optimum designs

q=1 q=2 q=3 q=4
hl14xbl4 0.75x0.75, LR: 0.65x0.65, 0.55x%0.50, 0.50%0.35,
2620+ 35018, LR:33(20, TR: LR:9018+ LR:6018+ 3016,
TR: 2)@8/15cm  (2)@8/15¢cm 10020, TR: TR: (2)@8/15¢cm
(2)@8/15cm
CIN.RC Frame(1,000 €)  3.92E+02 3.51E+02 2.40E+02 1.99E+02
Cin(1,000 €) 1.59E+03 1.55E+03 1.44E+03 1.40E+03
@4 _ (b)
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Fig. 3 Five storey test example—initial (CIN), expected (CLC) and total expected (TOT) life-cycle costs for
different values of the behaviour factor ¢ (r = 50years, A =5%)

second dominant contributors. It is worth mentioning, that the contribution of the cost of
contents due to floor acceleration on the limit-state cost is only 20% for design D, — 4 while
itis almost 85% for design D, — 1. This is due to the fact that the latter design is much stiffer
and thus increased floor accelerations inflict significant damages on the contents. It has also
to be noticed that although the four designs differ significantly, injury and fatality costs rep-
resent only a small quantity of the total cost: 0.015% for design D, — 1, while for designs
Dy =2, Dy=3 and D, —4 represents the 0.25, 1.0 and 2.3% of the total cost, respectively.

7.2 Eight storey symmetrical test example

The plan and front views of the eight storey symmetrical test example are shown in Fig. 6.
The structural elements (beams and columns) are separated into 14 groups, 12 groups for
the columns and 2 for the beams, resulting into 70 design variables. The optimum designs
achieved for different values of the ¢ factor are presented in Table 7. It can be seen that, with
respect to total initial cost design D, — 1 is increased by the marginal quantity of 3% com-
pared to D, —» and by 10 and 15% compared to D, —3 and D, — 4, respectively. In the case
when the four designs are compared with reference to the cost of the RC skeletal members
alone, design D, — | is increased by 12% compared to D, — » and by 65 and 95% compared to
D, -3 and D, — 4, respectively. Confirming the results of the first test example, it can be also
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Fig. 4 Five storey test example—initial (CIN), expected (CLC) and total expected (TOT) life-cycle costs for
different values of the behaviour factor ¢ (t = 50years, A =5%)
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0.00E+00 5.00E+02 1.00E+03 1.50E+03 2.00Ié+03 2.50E+03 3.00E+03

Cost (1000 €)
B C_initial M C_rental 1 C_injury,serious
W C_damage m C_income m C_fatality

W C_contents m C_injury,minor C_floor_accel

Fig. 5 Five storey test example—contribution of the initial cost and limit state cost components to the total
expected life-cycle cost for different values of the behaviour factor ¢

seen that the initial construction cost of RC structures designed based on elastic response for
the design earthquake is by no means prohibitive

The median values of the four cases employed for defining the abscissa values of both
(P, — 6;) and (P; — ii floor,i) Pairs, are shown in Fig. 7a, b, while they have been obtained
through 20 non-linear time history analyses performed for each of the three hazard levels
(50/50, 10/50 and 2/50). Figure 8 depicts the optimum designs obtained with reference to the
four behaviour factors, along with the initial construction, limit state and total life-cycle costs,
calculated for the Ghobarah drift limits (Ghobarah 2004). In accordance to the previous test
example, a general observation can be obtained from this figure that design Dy — 4 is worst
compared to the other three designs with respect to Cyor. Comparing design D, — 3, obtained
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Fig. 6 Eight storey test example—a plan view, b front view
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Fig. 7 Eight storey test example—50% median values of the maximum a interstorey drift values and b floor
accelerations for the four designs

for the behaviour factor suggested by the Eurocodes for RC buildings, it can be seen that it
is 30 and 17% more expensive compared to Dy —1 and D, —2, respectively; while it is 6%,
less expensive with reference to Cror, compared to D — 4.

The contribution of the initial and limit state cost components to the total life-cycle cost
are showninFig. 9. Cyy represents the 72% of the total life-cycle cost for design D, — | while
for designs Dy —2, Dy=3 and D, —4 represents the 65, 54 and 50%, respectively. Although
the initial cost is the dominant contributor for all optimum design; for designs D, — and
D, - the second dominant contributor is the cost of contents due to floor acceleration while
for designs D, —3 and D, —4 damage and income costs are almost equivalent representing
the second dominant contributors. It is worth mentioning, as in the previous example, that
the contribution of the cost of contents due to floor acceleration on the limit-state cost is
only 29%, as in the previous example, for design D, —4 while it is almost 76% for design
D, — 1. Furthermore, although the four designs differ significantly injury and fatality costs
represent only a small quantity of the total cost: 0.041% for design D, — 1, while for designs
D,—>, D;—3 and D, —4 represents the 0.14, 0.46 and 0.68% of the total cost, respectively.
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Fig. 8 Eight storey test example—initial (CIN), expected (CLC) and total expected (TOT) life-cycle costs
for different values of the behaviour factor ¢ (+ = Oyears, A =5%)
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Fig. 9 Eight storey test example—Contribution of the initial cost and limit state cost components to the total
expected life-cycle cost for different values of the behaviour factor q

8 Concluding remarks

An investigation was performed on the effect of the behaviour factor ¢ in the final design of
reinforced concrete buildings under earthquake loading in terms of safety and economy. The
numerical tests were performed on two multi-storey reinforced concrete buildings having
symmetrical and non symmetrical plan views which were optimally designed according the
European codes EC2 and ECS8. The values of the behaviour factor varied from g = 1, repre-
senting the elastic response, to ¢ = 4. Although the two test examples are different this study
resulted in quite similar findings for the two cases considered.
The main findings of this study can be summarized in the following:
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Table 8 Eight storey test example-limit state cost components (1,000 €)

Limitstate  Cly,,  Clon  Clen  Cipe Gy Char Cho(l)  ChoU)

Minor  Serious

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
I 18.00 6.00 2.59 43.20  0.00 0.00 0.13 69.79 69.93
1 180.00 60.00 9.59 159.84 0.03 0.04 1.34  409.43 410.84
v 720.00  240.00 35.71 595.20 0.29 0.38 13.44  1590.91 1605.02
\ 1620.00  540.00 100.22 1670.40  2.88 3.84 134.40 3930.62  4071.74
VI 2880.00  960.00 188.35 3139.20 28.80 38.40 1344.00 7167.55  8578.75
VII 3600.00 1200.00 288.00 4800.00 38.40 384.00 26880.00 9888.00 37190.40

1. The initial cost of reinforced concrete structures designed based on elastic response
D, —1 is not excessive since it varies, for the two representative test cases considered,
from 3 to 15% compared to the initial cost of the designs D, —> to D, — 4, respectively.
In fact, the designs D, — are only by 10% more expensive compared to the cost of
the designs obtained for the value of the behaviour factor suggested by the Eurocode
(q=3). In the case, though, that the four designs are compared with reference to the cost
of the RC skeletal members alone, design D, — is 95% more expensive compared to
D, (@=234).

2. Comparing, the contributing parts (Figs. 5 and 9) of the total life-cycle cost, it can be
said that the initial cost, in both test examples, is the first dominant contributor for all
designs obtained. The cost of contents due to floor acceleration is the second dominant
contributor for stiffer design (Dy—1 and D, —>), while for designs Dy —3 and Dy —4
damage and income costs are almost equivalent representing the second dominant con-
tributors. It is also worth mentioning that, although the four designs differ significantly,
injury and fatality costs represent only a small percentage of the total cost.

3. The contribution of the cost of contents due to floor acceleration on the limit-state cost
was in the range 20-29% for design Dy, — 4 while it was found in the range 76-85% for
design D, — 1. This is due to the fact that the latter design is much stiffer compared to
the other ones and thus increased floor accelerations inflict significant damages on the
contents.

4. The main conclusion that can be drawn from this study is that the behavior factor sug-
gested by the Eurocode does not lead to the most safe and economic design.
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