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Abstract. Simple empirical expressions to estimate maximum seismic damage on the basis of
three well known damage indices for planar regular steel/concrete composite moment resist-
ing frames are presented. They are based on the results of extensive parametric studies con-
cerning the inelastic response of a large number of frames to a large number of ordinary far-
field type ground motions. Thousands of nonlinear dynamic analyses are performed by scal-
ing the seismic records to different intensities in order to drive the structures to different lev-
els of inelastic deformation. The statistical analysis of the created response databank
indicates that the number of stories, beam strength ratio, material strength and the ground
motion characteristics affect structural damage. Nonlinear regression analysis is employed in
order to derive simple formulae, which offer a direct estimation of the damage indices used in
this study. More specifically, given the characteristics of the structure and the ground motion,
one can calculate the maximum damage observed in column bases and beams. Finally, one
example serves to illustrate the use of the proposed expressions and demonstrates their effi-
ciency and accuracy.
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1 INTRODUCTION

Damage in a structure under loading can be defined as the degradation or deterioration of
its integrity resulting in reduction of its load capacity. In earthquake-resistant design of struc-
tures, some degree of damage in the structural members is generally accepted. This is done
because the cost of a structure designed to remain elastic during a severe earthquake would be
very large. Thus, existing seismic codes, e.g., EC8 [1], in an implicit way and more recent
performance-based seismic design methods [2,3,4] in an explicit and more systematic way
employ the concept of damage to establish structural performance levels corresponding to in-
creasing levels of earthquake actions. These performance levels mainly describe the damage
of a structure through damage indices, such as the interstory drift ratio, or the member plastic
rotations.

Several methods to determine damage indices as functions of certain response parameters
have been presented in the literature. In general, these methods can be noncumulative or cu-
mulative in nature. The most commonly used parameter of the first class is ductility, which
relates damage only to the maximum deformation and is still regarded as a critical design pa-
rameter by codes. To account for the effects of cyclic loading, simple rules of stiffness and
strength degradation have been included in various noncumulative indices [5,6,7], mainly re-
ferred to reinforced concrete members. Cumulative-type indices can be divided in defor-
mation based [8] or hysteresis based [9,10] formulations and methods that consider the
effective distribution of inelastic cycles and generalize the linear law of low-cycle fatigue of
metals through a hypothesis of linear damage accumulation [11]. Sucuoglu and Erberik [12]
developed low-cycle fatigue damage models for deteriorating systems on the basis of test data
and analysis and Kamaris et al. [13] proposed a new damage model exhibiting strength and
stiffness degradation which takes into account the phenomenon of low-cycle fatigue and the
interaction between axial force and bending moment at a section of a beam-column steel
member. Combinations of deformation and energy dissipation have been also proposed to es-
tablish damage indices [14]. In these methods damage is expressed as a linear combination of
the damage caused by excessive deformation and that due to repeated cyclic loading effects
[14]. An extensive review of damage indices used in the literature can be found in Powell and
Allahabadi [15]. Finally, the concept of continuum damage mechanics [16] in conjunction
with the finite element method of concentrated inelasticity has been employed in the analysis
of steel and reinforced concrete structures [17,18] for the determination of their damage.

The main objective of this paper is to study the seismic inelastic behavior of plane
steel/concrete composite moment resisting frames (MRFs) and quantify their damage through
simple expressions that relate the most commonly used damage indices of the literature with
the characteristics of the frames and the ground motions. Similar expressions have been pro-
posed by the authors for steel MRFs [19], but research on steel/concrete composite MRFs is
still missing. For that reason, a large number of steel/concrete composite MRFs consisting of |
steel beams and concrete filled steel tube (CFT) columns are subjected to an ensemble of 100
ordinary (i.e. without near-fault effects) ground motions scaled to different intensities. A re-
sponse databank is created and a regression analysis is performed in order to derive simple
formulae that can be used for the prediction of damage. Finally, one example is utilized to il-
lustrate the use of the proposed formulae and demonstrate their efficiency and accuracy.

2 DAMAGE INDICES USED IN THIS STUDY

The proposed damage expressions are associated with three damage indices existing in the
literature. These are the damage indices of Park and Ang [14], Roufaiel Meyer [6] and Banon
and Veneziano [5]. These indices have been selected here because i) are the most widely used

3611



George S. Kamaris, Konstantinos A. Skalomenos, George D. Hatzigeorgiou and Dimitri E. Beskos

in applications and ii) can be easily employed with the aid of the Ruaumoko 2D program [20].
In the following, a brief description of all these three damage indices will be given for reasons
of completeness.

The damage index Dpa Of Park and Ang [14] is expressed as a linear combination of the
damage caused by excessive deformation and that contributed by repeated cyclic loading ef-
fects, as shown in the following equation:

o, B
D,, = 5 +Qy5u [dE (1)

In the above, the first part of the index is expressed as the ratio of the maximum experi-
enced deformation Jn, to the ultimate deformation 6, under monotonic loading. The second

: . . . E :

part is defined as the ratio of the dissipated energy I d to the term (Qy Jy)/B, where Qy is the
yield strength and the coefficient § is a non-negative parameter determined from experimental
calibration. In this paper f is taken equal to 0.025, which is a typical value for steel structures
[21].

Roufaiel and Meyer [6] proposed that the ratio between the secant stiffness at the onset of
failure M/pm and the minimum secant stiffness reached so far M,/¢y, can be used as a good
indicator of damage. Based on that, they defined the modified flexural damage ratio (MFDR)
or Dry as

D.,, = MFDR = max[MFDR*, MFDR"] (2)
MFDR+ — ¢x _ ¢Y ¢m _ ¢y ’ MFDR™ = ¢x_ _ ¢Y_ ¢m_ _ ¢)’_ (3)
M, M)/ M, M M, M,/ M, M,

where ¢ is the beam curvature due to a bending moment M, the term M,/¢y is the initial elastic
stiffness and subscripts + and — denote the loading direction.

The Banon and Veneziano [5] analysis is set in a probabilistic context and their model has
been calibrated on the basis of 29 different tests on reinforced concrete elements and struc-
tures, selected from among the most representative ones in the technical literature. In particu-
lar, the damage parameters d, and d, are defined, respectively, as the ratio of stiffness at
yielding point to secant stiffness at failure, and the plastic dissipated energy E, normalized
with respect to the absorbed energy at the elastic limit. If the elastic-plastic model is used, d;
is obviously equal to the ratio of the maximum displacement Xnax to the displacement at the
elastic limit x,. Therefore, according to the notation introduced above, parameters d; and d;
can be expressed as

d, =X /%, dy= Eh/(]/2) F,X, (4)

where Fy is the yield strength. Furthermore, modified damage parameters dy and d are in-

troduced of the form
d =d,~1 ()
d, =ad? (6)

where a and b are two parameters which characterize the structural problem and are defined
experimentally. For flexure, x and F are replaced by 8 and M, respectively. Thus, the damage
index Dgy is defined as
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Dy =+(d))* +(d;)’ (7)

3 PLANE REGULAR CFT-MRFS USED IN THIS STUDY

3.1 Design and Characteristics

A family of 48 plane regular (orthogonal without setbacks) along their height CFT-MRFs
are designed for the parametric studies of this work aiming to cover a wide range of structural
characteristics of this type of composite structures. These frames have storey height and bay
width equal to 3 m and 5 m, respectively and CFT column sections, as shown in Fig. 1. More-
over, the frames have the following structural characteristics: number of stories, ns, with val-
ues 1, 3,6,9, 12, 15, 18 and 20, number of bays, n, = 3, steel yielding stress ratio e; = 235 / f;
with the yielding stress fs taking the values of 275 and 355 MPa, concrete strength ratio e =
20 / f; with the compressive strength f; taking the values 20 MPa. Additionally, the beam-to-
column stiffness ratio, p and column to beam strength ratio, «, taking various values within
practical limits are also considered. The beam-to-column stiffness ratio p of a frame is based
on the beam and column properties in the storey closest to the mid-height of the frame and
calculated by

(),

where | and | are the second moment of inertia and length of the steel member (column c or
beam b), respectively. The concrete core is considered as cracked and the effective second
moment of inertia for the composite section is defined according to EC4 [22]. The parameter
p definitely controls the behavior of the frame in the elastic range of the response [23]. As p
increases, the behavior of the frame moves from pure flexural (» = 0.0) to pure shear (p = )
behavior. In the inelastic range of the response and especially at higher values of ductility, the
influence of p is lost since the structure behaves in a mechanism type of mode. Furthermore,
Karavasilis et al. [24] have introduced during the investigation of the inelastic seismic re-
sponse of steel MRFs the beam strength ratio, «, which indicates how much stronger are the
beams in comparison with the base columns. According to that work [24], the parameter «
adopted here is defined as

@ =Mgcia/Meg o ©)

where Mgc1av IS the average of the plastic moments of resistance of the columns of the
first storey and Mgg oy IS the average of the plastic moments of resistance of the beams of all
the stories of the frame. This parameter quantifies the structural capacity to avoid the for-
mation of a global plastic mechanism which is developed when plastic hinges occur at the
base of columns of the first floor and at the ends of beams.

The CFT-MRFs are designed according to the structural Eurocodes 3 [25], 4 [22] and 8 [1]
with the aid of the computer programs SAP2000 [26] and MATLAB [27]. The seismic load
combination consists of the gravity load G + 0.3Q = 27.5 kN/m on beams plus the earthquake
load and the gravity load combination 1.35G + 1.5-Q = 42.6 kN/m with G =26 kN/m and Q =
5 kKN/m being the dead and live floor loads, respectively. Data for 24 of the 48 frames consid-
ered here, are given in [28]. The sectional dimensions of the frames with 355 MPa vyield steel
stress remain the same in order to clarify the effect of that material parameter.

Every frame is designed for vertical static loads according to Eurocodes 3 [25] and 4 [22]
and for seismic loads according to Eurocode 8 [1] using design ground acceleration ag =
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0.30g, soil type B (soil factor S = 1.2) and Spectrum Type 1 with behavior factor g = 4. In ad-
dition to the satisfaction of the seismic strength demands in members, other seismic design
checks include compliance with stability and drift criteria as well as capacity design consider-
ations (Eurocode 3 [25]; Eurocode 4 [22] and Eurocode 8 [1]. Finally, it should be noted that
the assumed building configurations, material properties, member section dimensions, loading
conditions, e.t.c., are compatible with the everyday engineer practice.

3m

(@) (b)

Figure 1: Typical geometry of frames considered (a) with columns of square concrete filled steel tube (CFT)
sections (b).

3.2 Modelling for nonlinear analysis

The 48 CFT-MRFs mentioned in the previous section, are subject to a set of 100
accelerograms and their response to those motions is determined through inelastic dynamic
time-history analyses using Newmark’s constant average acceleration method with the aid of
the computer analysis program RUAUMOKO 2D [20]. Diaphragm action is assumed at every
floor due to the presence of the slab. The effect of large deformations is taken into account
and therefore, the moment amplification in columns caused by the eccentricity of the axial
load is considered in the analyses. Rayleigh type damping corresponding to 3% of the critical
damping in the first and second mode is assumed. The deteriorating inelastic behavior of all
the frame members is modeled by means of zero-length plastic hinges. The effect of panel
zones is taken into account but the connections are assumed to be rigid. All the analytical
models of frame components utilized are presented in detail in Skalomenos et al. [28, 30].

4  GROUND MOTIONS CONSIDERED

An ensemble of 100 ordinary (far-field type) ground motions recorded at soils with aver-
age shear wave velocity vs 3o in the range between 360 and 800 m/s (classified according to
Eurocode 8 [1] as soil type B) are selected from the PEER [31] database and are employed for
the nonlinear time history analyses of this study. Another constraint on the selection of the
earthquakes is that their geometric average spectrum be as near as possible to the Eurocode 8
[1] elastic spectrum for ground acceleration 0.30 g and soil type B, without any scaling. A full
list of all these ground motions with their characteristics can be found in Skalomenos [28].

5 METHODOLOGY FOR COMPUTATION OF DAMAGE EXPRESSIONS

In the present work, an extensive parametric study was conducted for the 48 CFT-MRFs of
described in section 3, which were subjected to the 100 ground motions section 4 for the
evaluation of the damage expressions. The frames were analyzed with the program Ruaumoko
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2D [20] using the incremental dynamic analysis method [32]. Thus, approximately 72000
analyses (=48 frames x 100 ground motions x 15 analyses on the average for every frame)
were conducted in this work. These 15 on the average analyses for every frame correspond to
15 different PGA values for every ground motion.

The ground motion intensity level was measured here by an intensity measure (IM) equal
to the spectral acceleration S, of the motion corresponding to the fundamental period of each
frame. The structural response was measured by a damage measure (DM) equal to the maxi-
mum damage index among all storeys that was recorded during the time history of the analy-
sis. More specifically, each ground motion was continuously scaled by increasing its S, until
the frame to become dynamically unstable and collapse. The results of the analysis were post-
processed in order to create a databank with the response quantities of interest.

The created databank is actually a spreadsheet with rows equal to the number of nonlinear
analyses and columns equal to the response quantities of interest in columns and beams of a
CFT-MRF along its height. Those response quantities are the maximum values of the follow-
ing damage indices:1) Park and Ang damage index, Dpa, 2) Roufaiel and Meyer damage in-
dex, Drw, 3) Banon and Veneziano damage index, Dgy. Moreover, the columns of the
databank were increased by adding the characteristics of the frames (ns, p, «) and the spectral
acceleration S,.

6 DAMAGE FORMULAE FOR COMPOSITE STEEL/CONCRETE MOMENT
RESISTING FRAMES

In this section, simple formulae to estimate seismic damage, through three well known
damage indices, of CFT-MRFs are proposed. Thus, with the aid of these simple expressions
one can determine the maximum damage of column bases or beams, D, of this type of frames
in terms of characteristics of the structure and the ground motions that excite them.

By analyzing the response databank, the proposed relationship was identified and thus the

expression
b, by
D=b -n-a® (ij (%) (10)
g

S

with bs, by, bs, by and bs constants to be determined, was selected as a good candidate for
approximating the response databank. The aforementioned relation is relatively simple and
satisfies the physical constraint D=0 for S;=0. However, there are values of S, that give 0
values of damage either at columns or beams and for this reason this equation fails to estimate
the real value of damage which is 0. Thus, before using it, one can check the internal forces of
the columns or beams by performing a linear analysis and find if their values are in the elastic
range. If this is the case the value of damage is equal to zero by default, otherwise the pro-
posed relationship can be used. Use of the Levenberg—Marquardt algorithm [27] for nonlinear
regression analysis of the results of parametric studies, led to the following expressions for
each one of the three damage indices
a) for column bases:

S 0.39 235 0.05

DE, = 0.24-n0% . ¢ 0 (Ej [f_j (11)
0.36 0.45

DS, =0.45-n%% . o 0% (%} (%J (12)

3615



George S. Kamaris, Konstantinos A. Skalomenos, George D. Hatzigeorgiou and Dimitri E. Beskos

S 0.39 235 0.02
Dav =0.33-n§"12 a3 (j‘} (—f ] (13)
b) for beams:
0.43 —-0.08
DE, = 0.31-10% . ¢ 02 (5) (21?5] ”
0.37 0.004
DY, =0.38-n2%" .o **® (%j [_2?5} (15)
0.36 -0.10
Dpy =0.40-nf*" - o % [%j (—21?5] (16)

With D being any damage index of interest, the mean, median and standard deviation of
the ratio of the “exact” value of D obtained from inelastic dynamic analyses over the approx-
imate one calculated from Eqgs (11) to (16), respectively., i.e., Dexact/Dapp, are used in order to
express the central tendency and the dispersion of the error introduced by the proposed rela-
tions. Thus, for the Park and Ang [14] damage indeX, the ratio Dpa ¢ exact/Dpa,c.app, fOr column
bases, corresponds to a mean value equal to 1.0, a central value equal to 0.96 and a standard
deviation equal to 0.29. Furthermore, this ratio corresponds to a mean value equal to 1.0and
0.99, a central value equal to 0.93 and 0.97 and a standard deviation equal to 0.37 and 0.27 for
the Roufaiel and Meyer [6] and Banon and Veneziano [5] damage indices, respectively. The
above ratio for beams corresponds to a mean value equal to 0.99, 1.0 and 0.99, a central value
equal to 0.96, 0.96 and 0.98 and a standard deviation equal to 0.27, 0.28 and 0.23 for the Park
and Ang [14], the Roufaiel and Meyer [6] and Banon and Veneziano [5] damage indices, re-
spectively. Those values show that the proposed formulae are of high accuracy.

7 EXAMPLE OF APPLICATION

A three storey-three bay CFT-MRF is examined, with a geometrical configuration similar
to the one shown in Fig. 1. The seismic load combination consists of the gravity load G +
0.3Q = 27.5 kN/m on beams plus the earthquake load and the gravity load combination 1.35G
+ 1.5-Q = 42.6 kN/m. The frame has been designed in accordance with the provisions of
structural Eurocodes, using design ground acceleration agq = 0.30g, soil type B (soil factor S =
1.2) and Spectrum Type 1 with behavior factor g = 4. The yielding stress f; takes the value of
275 MPa. The design yielded CFT columns with square steel tubes of width b = 300 mm and
thickness t = 12.5 mm and IPE 240 beams for all the floors.

The characteristic value a of the frame was computed on the basis of Equation (6) and
found to be equal to 2.322. The expected ground motion was defined by the acceleration re-
sponse spectrum of EC8 [1] with a PGA equal to 0.35 g and a soil of class B. The fundamen-
tal period of vibration, T, of the frame is equal to 0.844 s, while its spectral acceleration S,
corresponding to this period, derived in the basis of EC8 [1] spectrum, equals 0.64 g.

Eight semi-artificial accelerograms compatible with the EC8 [1] spectrum were generated
via a deterministic approach [33] on the basis of eight real seismic records of the database
used herein. The response spectra of these motions, in comparison with the EC8 [1] spectrum,
are depicted in Fig. 2. Nonlinear time history analyses of the designed frame under these mo-
tions were performed. The three damage indices used here and observed in column bases and
beams of the frame were computed with the aid of the program Ruaumoko 2D [20]. Then, the
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mean value of the maximum damage values for the eight semi-artificial accelerograms was
evaluated for each damage index. Moreover, the approximate values of the damage indices
were computed with the aid of Eqs (11) to (16) and recorded together with the exact ones in
Tables 1 and 2 for column bases and beams, respectively. The proposed relations predict very
well the damage of the beams (error = 5.6-9.5%) for all kinds of indices. A similar trend is
observed for the columns (error = 4.7-16.0%) for all kinds of indices. Thus, the predictions of
the proposed formulae are quite close to the “exact” ones and they are as far as the columns,
in most of cases, in the safe (conservative) side.

Pseudo-acceleration (m/sec’)

T T T T T d
0.0 0.5 1.0 15 20 2.5 3.0
Period (sec)

Figure 2: Response spectra of ground motions used in example of sec 7.

Damage “Exact”  Approximate

Index Value  Value Error(%)
Dpa 0.157 0.187 16.0
Drm 0.273 0.287 4.7
Dgy 0.203 0.240 15.6

Table 1: Comparison between “exact” and approximate values of damage indices for columns of the CFT-MRF
of the example of sec 7.

Damage “Exact”  Approximate

Index Value  Value Error(%)
Dpa 0.355 0.335 5.6
Drm 0.408 0.384 5.9
Dgv 0.494 0.447 9.5

Table 2: Comparison between “exact” and approximate values of damage indices for beams of the CFT-MRF of
the example of sec 7.

8 CONCLUSIONS

A procedure in terms of simple formulae for estimating the maximum damage in regular
multi-storey CFT-MRFs subjected to ordinary (i.e. without near-fault effects) ground motions
has been presented. Particularly, simple and easy to use relationships were derived for the
computation of three damage indices of the literature, which take into account the influence of
basic characteristics of CFT-MRFs and ground motions, such as the number of stories, beam
strength ratio, steel yielding stress ratio and the spectral acceleration. It should be noticed
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herein that the proposed relations are valid for frames with characteristics similar to those of
the frames used in the parametric studies and for seismic sites where ordinary ground motions
are expected. These expressions give a good approximation of damage and provide a rapid
damage assessment of existing structures without the use of the more sophisticated and time
consuming non-linear dynamic analysis.
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