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Abstract

In this paper, the seismic response of a 5 story reinforced concrete (RC) frame system building
is analysed through the fragility analysis. The construction is designed in accordance with
structural Eurocodes: EN1990; EN1991; EN1992; EN1998, as a ductility class high (DCH) system.
For the analysis of the response of structural system to the earthquake actions, the methods
of nonlinear static (NSA) and nonlinear dynamic analyses (NDA) were applied and, based on the
obtained results, fragility curves were constructed using statistical methods. Fragility curves are
functions of intensity measure (IM) and engineering demand parameter (EDP). Fragility functions
represent a possibility for different states of damage to occur in certain structural system, at
observed value of specified IM. Pushover analysis was performed as a part of NSA and time
history (TH) procedure was used as a part of incremental NDA. Ten accelerograms, used in NDA,
are selected and scaled according to EN1998 provisions, for the chosen elastic response spectrum
and referent PGA. Obtained results were used for the statistical analysis and construction of
fragility curves. Structural damage state threshold parameters are determined based on the
methodologies described by Park and Ang and in FEMA, HAZUS and EN codes. Comparative
analysis of the structural damage probability for the analysed RC building, calculated using
different methodologies to determine damage states, is applied. Based on the analysis results,
final remarks and conclusions were formulated.

Key words: RC building, seismic nonlinear analyses, fragility, FEMA, Eurocode, HAZUS, Damage
index
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1 Introduction

In the domain of seismic engineering, fragility function can be used to calculate the pos-
sibility for different states of damage to occur in certain construction, at observed value
of intensity measure. According to [1], one can define a fragility function as a math-
ematical function that expresses the probability that some undesirable event occurs as
a function of some measure of environmental excitation. Fragility function represents
the cumulative distribution function of the capacity of an asset to resist an undesirable
limit state.

In this paper, fragility curves for different types of damage (in term of severity) are func-
tions of intensity measure (/M) represented through values of peak ground accelera-
tion (PGA) and engineering demand parameter (EDP) which is represented through the
response of the analysed construction. The limit state (LS) values used in this paper as
EDP, for determination of structural damage, are functions of inter-story drifts (/DR)
[2, 3], damage index (D/) [4], and PGA [5, 6]. Seismic structural response is analysed
through nonlinear pushover and time history analysis (THA), using the incremental
non-linear static analysis (/NDA) method. Fragility curves were constructed using math-
ematical statistic and probability methods, based on the obtained results and /M-EDP
relationship.

In this paper, fragility curves are calculated for a 5 story reinforced concrete (RC) building
that exhibits the properties of the frame structural system [5]. The structural system
was designed according to set of structural Eurocodes [5, 7, 8, 9]. Based on the analysis,
obtained results are compared and final remarks and conclusions were formulated.

2 Methodology of the analysis and structural modelling
2.1 Geometric and material properties of the structure

The subject of the analysis is office-residential building (Fig. 1) with 5 levels (ground
floor+4 stories). The structural system exhibits the properties of a frame structural sys-
tem [5]. The plan view and the 3D model of the structure are shown in Figure 1. The
length of one span in both directions is 4.8 m which makes the total length of the build-
ing 19.2 m in both directions. The height of the first story is 3.6 m and the height of the
other stories is 3.2 m which makes the total height of the building 16.4 m. In order to
simplify the modelling and calculation process, all vertical elements are fixed at the bot-
tom level of the structure, i.e. soil-structure interaction is not included in the calculation
and design.
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Figure 1. a) Building plan; b) Numerical model

The design of the structure is done according to the recommendations given in the set
of structural Eurocodes [5, 7, 8, 9] using linear-elastic analysis methods. Material prop-
erties of concrete (35745 and reinforcing steel class C(f, = 500 MPa, £, = 200 GPa) [9]
have been adopted for model analysis.
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Figure 2. Geometric and reinforcement characteristics of the cross-section properties of the beams (left)
and columns (right)

The structural design is done according to the European building design standards, for
the structure that has ductility class high (DCH) behaviour [5]. The calculations are per-
formed using [10]. Geometric and reinforcement characteristics of the cross-section
properties of the beams and columns are shown in Fig. 2.
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2.2 Loads and actions

The loads acting on the structure are as follows: permanent loads (G) - self-weight of
structural elements and an additional permanent load; the variable-live load (O,.) and
the seismic load (S). The adopted value of the permanent constant load is g,=30 kN/
m? and the load intensity of the variable-live load amounts g = 2.0 kN/m? on all floors
except the roof, where it amounts g, = 1.0 kN/m?. The self-weight load of facade ele-
ments, which is imposed on all fagade elements except on the roof is equal to g=10.0
kN/m. The value of the reduction factor of the live loads is y, = 0.3 [8]. To calculate the
earthquake impact on the structure, an elastic response spectrum, type 1 was used, for
ground type C, with the PGA a,=02g Behaviour factor g of the design response spec-
trum for a frame structural system is equal to 5.85 [5].

2.3 Modal analysis

Modal analysis was performed to determine the fundamental periods of vibrations of
the system, modes (Fig. 3) and system rigidity or flexibility [5]. It is established that
the system is torsionally rigid and that translational modes are dominant. Rayleigh vis-
cous (mass — tangent stiffness) proportional damping was used in THA. An overview
of modern seismic analyses with different damping models is explained in [11]. The
appropriate values of periods of vibration in both directions for T, correspond to the
first translation period in X or Y direction (the structure is orthogonal in the plane and
its behaviour will be the same in the both main directions). The value of T, corresponds
to the period of vibration in which the structure reaches at least 90 % of the sum of the
effective modal masses [5]. Values of the used periods are T, = 0.735 s (80.41 % mass),
T,=0.2135(92.69 % mass in sum).

a)
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Figure 3. Fundamental periods of vibration of nonlinear model: a) translational T1,X ; b) translational T1,Y;
c) rotational T1,R
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2.4 Nonlinear dynamic analysis

THAis conducted by using ten particular accelerograms in only one direction at the time
and not by combining their N-S, W-E and vertical components for 3-directional analysis,
because of its simplicity and wide application of this method of analysis. The accelero-
grams were chosen from [12, 13] and scaled according to elastic response spectrum for
the intensity level of 10 % of possibility of exceedance in 50 years (Fig. 4).

EQO1-EQO6 are selected from [12] and EQO7-EQ10 are selected from [13]. The criteria
for time-history data selection was that magnitude M>5.5Ms (Type 1 RS [5]), the re-
cords correspond to soil Type C and V, 5= 180 — 360 m/s [5]. In addition, records from
[13] are obtained using REXELite tool that allows searching for a suite of waveforms
compatible with a target spectrum, generated according to [5]. According to [5] the con-
ditions Sji‘j’ed (T,)=a,'S and ij/‘j’ed 20.9- S on the interval of [0.2-T,-2-T,] are satis-
fied (Fig. &4). Selected earthquake data is shown in Table 1. THA data was scaled (Fig. 4)
with the common scale factor F, = 1.61, which was obtained using the least square
method (LSM). The whole procedure is very detailed described in [14, 15]. Scaled accel-
erograms are used for /NDA, with the increment of APGA = 0.1g, in total scaling factor
range of 0.1g - 1.0g.
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Figure 4. Response spectrums used in the analysis (scaled RS, mean RS and mean scaled RS)
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Table 1. Main properties of the earthquakes that were used in NDA

1126

. Original
D Earthq,.lake Earthqualfe 1D ) Station ID/ Date/Time M PHA
location (component/orientation) Code w 5
[cm/s?]
Spitak, 07/12/1988
EQO1 Armenia 213 (Y) 173 07:41:24 6.7 179.580
Manjil, 20/6/1990
EQO2 Western Iran 230(Y) 189 21:00:08 74 87.045
Umbria
EQO3 Marche, 286 (Y) 221 26/9/1997 6.0 218.340
09:40:30
Central Italy
Umbria
EQO4 Marche, 286 (Y) 224 26/9/1997 6.0 106.660
09:40:30
Central Italy
. 15/6/1995
EQO5 | Alkion, Greece 559 (X) 214 00:15:51 6.5 55.501
.. 12/11/1999
EQO6 | Diizce, Turkey 497 (Y) 3139 16:57:20 7.2 112.320
) EMSC-
Umbria, 30/10/2016
EQO7 Central ltaly 20161030_0000029 CNE 06:40:18 6.5 288.280
(N-S)
Emilia-
EQO8 | Romagna, IT-2012-0011 (N-S) Moo | 2222012 1 oo | 167.075
07:00:02
Italy
EQO0S | Adana, Turkey TK-1998-0063 (E-W) 0105 27/6/1998 6.2 271.955
13:55:53
Emilia-
EQ10 Romagna, [T-2012-0011 (N-S) MIRO8 29/5/2012 6.0 242.970
Italy 07:00:02

3 Structural model

3.1 Model for linear-elastic analysis

For calculation and design of the structure in [10], a spatial (3D) model was used. The
following parameters, assumptions and simplifications were adopted:

The calculation includes the effects of second order logic (P-4);

Occurrence of cracks in structural elements was included in the calculation with the
stiffness reduction of the elements according to [5].

The elastic bending stiffness and shear stiffness of columns and beams was reduced
to 50 %;

Torsion stiffness of columns and beams was reduced to 10 % of their elastic stiffness;
The elastic bending stiffness of the RC plate was reduced to 50 %.
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3.2 Model for nonlinear analysis

In models for post-elastic analysis of structural response to the removal of individual

vertical elements, the following assumptions and simplifications were used:

- The calculation includes the effects of second order logic (P-1);

- To describe the nonlinear behaviour of the material, the nonlinear properties of the
material were used to describe the behaviour of concrete (Fig. 5) and reinforcement
steel [9, 16, 17];

- Parameters describing the appearance of cracks as a result of elastic bending stiffne-
ss in structural elements from the linear-elastic model were not included in the
nonlinear model, because plastic hinges are modelled as fiber elements, whereas the
properties of fibers are described by stress-strain relations in concrete and reinfor-
cement steel (Fig. 5);

- Columns and beams were modelled as confined RC elements with a protective layer
of concrete [16];

- The beams are modelled as “L" and “T" cross sections, with the effective width of the
RC plate.

- RC plates are modelled as rigid diaphragms.
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Figure 5. Material properties of concrete (left) and rebar (right)
3.3 Properties of plastic hinges

Plastic hinges are modelled as fiber cross sections. They are modelled by automatic se-
lection of fiber division in the cross section of elements [10]. Among many expressions
for the calculation of plastic hinge length [18] and because of the inconsistency among
the values obtained by different expressions, the equations suggested by [19] and [20]
are the most practical for the modelling and the analysis. It is estimated that the lengths
of plastic hinges, calculated according to [19] and [20] correspond approximately to the
relative lengths of columns and beams of 0.1L, where L is the length of the element.
Therefore, the locations of the hinges are assigned as 0.05L and 0.95L to columns and
beams in [10]. Behaviour of the fiber plastic hinges used in the calculations is a function
of auto-discretised group of fibers and their stress-strain relationship for the materials
which are used in the formation of the structure’s cross-sections (Fig. 6).
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Figure 6. Schematic representation of column (left) and L beam (right) auto-discretised sections with
appropriate stress-strain properties depending on material used)

4 Non-linear analysis results and calculation of fragility curves

4.1 INDA analysis

The results of NSA for mass-proportional and modal load distributions and /NDA are
shown in Fig. 7. Modal pushover curve has a better fit to /NDA values, so it was chosen
as a referent curve for the calculation of fragility curves, using D/, as EDP, according to
[4]. To perform the calculation of D/, it was necessary to do an bilinear approximation
of NSA pushover curve, using Equivalent Energy Elastic-Plastic (EEEP) method and de-
termine yielding (d,F) = (8.03 cm, 8235.59 kN) and ultimate capacity (d,F,) = (31.86 cm,
8235.59 kN) points. Displacement (d), /DR and their mean values in arithmetic space for
lognormal distribution, obtained using /NDA are displayed in Fig. 8.
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Figure 7. NSA and INDA results (left) and pushover curve bilinear approximation (right)
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Figure 8. Roof displacement (left) and /DR results (right) obtained using /NDA
4.2 Damage state performance points

Damage of a structural system may be quantified through threshold performance
points, which represent the values of EDP, which are obtained by NS4 and /NDA in this
paper. There are several methods to define damage state performance points. The ones
described in [2-6] were used to calculate fragility curves. Parkand Ang damage index [4]
for structural damage (DI, is calculated according to following formula:

DIPA:d—’V’+,B- L faE (1)

dy Qy -4,
Where d,, represents maximum deformation under earthquake in THA, d, ultimate de-
formation capacity under monotonic loading; Q, vield strength under monotonic loading;
dEincremental absorbed hysteretic energy during the earthquake and f is non-negative
parameter representing the effect of cyclic loading on structural damage, usually equal
to 0.15 for RC structures [21].
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Figure9. D/ DI_ ., D

I .. (left) and their comparison to referent D/ (right)
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Figure 10. Relationship between D/, — dand DI,, - IDR

Modified Park and Angdamage index [4], proposed by [22] is calculated by the following
equation:

E(t:n)

Dly,=—M_Y 5. .10 : j dE >0(if F,< F, F,is replaced by F) (2)

Fy-Dy E(t=0)

Where D, represents the maximum roof displacement under earthquake in THA, D, ul-
timate roof displacement on bilinearized pushover curve (Fig. 7, right); F, yield roof dis-
placement on bilinearized pushover curve (Fig. 7, right); mf"]dg absorbed hysteretic energy
during the earthquake (from t= 0 to t = n, where n'is thé last integration point of the
accelerogram). An alternative value for D, may be taken as the first yield displacement
from THA, at the point of first non-zero value of E, Modified DI, with Dyvalue from the
bilinearized pushover curve (DI__. ) and with D, value from THA (DI__ ) are compared to
the original DI , (eq.) and it is concluded that the DI__ has much better fit. More accu-
rate and complex modified D/model was proposed and discussed in [21]. The calculated
values and their comparation to DI, (eq. 2) are shown in Fig. 9.
DI, from the (eq. 1) is chosen for the fragility analysis because it will give the values
on the safety side. Relation between performance points threshold and EDP values are
given in Table 2. After the values of DI, were calculated, it was possible to find a rela-
tionship between dand DI, and also /DR and DI, (Fig. 10) using regression analysis in
[23]. In that way, it was possible to compare damage state thresholds through different
EDP parameters (Table 2).
In terms of the severity of the structural damage, structural damage states are defined
as:
- FEMA: /O - immediate occupancy; LS - life safety; CP — collapse prevention [2],
- EN1998: DL — damage limitation; SD — significant damage; NC - near collapse [5, 6],
- DI , and HAZUS: SD - small damage; MD — moderate damage; ED - extensive dama-
ge; (D — complete damage [3, 4].
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Table 2. Structural damage state threshold values, according to [2, 3, 4, 5, 6]

FEMA 10 LS cp
IDR [ %] 1 2 4
EN DL SD NC
0.794 1 1.710
PGA > [g] Yo PGA; = 0.159 Yo PGA, =0.2 Y PGA, = 0.342
Damage Index SsD MD ED cD
DI [-] 0.1 0.25 0.4 1
IDR [ %] 0.262 0.654 1.038 2,573
HAZUS SD MD ED cbD
IDR [ %] 0.333 0.6 1.533 4

4.3 Statistical analysis of the results

It is generally assumed that fragility curve is a lognormal distribution function, which
means that "“If a variable is lognormally distributed, its natural logarithm is normally distrib-
uted. Which means it must take on a positive real value, and the probability of it being zero or
negative is zero." [1] Using Kolmogorov-Smirnov and Anderson-Darling tests in [24] on the
results obtained through /NDA method, it is established that for each /M and EDP distri-
bution, the values fit the lognormal distribution. That also means that the relationship
between In(/M) and In(EDP) has normal distribution for each In(IM) in log-log space (//s).
If each probability density function (PDF) in log-log space can be described as Y~N(y, ¢?)
and each PDF in arithmetic space (a.s) as X~InN (y, o?) , conversion of //s. values to a.s.
can be performed by following expressions:

(/l/./_s), 0_2 _ .e(Zﬂ/./_s +0'/2_/_s.) (3)

2
. _ Ops. _
1 Mgs = e " Yas. et =1

T
Hyy s.+§'al./.s.
ma.sl =€

Where m_, . _and o, _represent the mean, median and the standard deviation value of
the variable in arithmetic space and y/, , _ represent the mean and median valueand o, _
represent the standard deviation value of the variable in the log-log space.

4.4 Calculation of fragility curves

Since it is established that for each distribution of /M or EDP, values fit the lognormal
distribution, probability density function (PDF) will be expressed with the equation:

2
M
(s,

M 2
2.0 LN|DS;

m 1 1
LN, DS, - M

— € (4)
X Oyips, 2z
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where ¢y ps, = Hi1s;and o ps =011 ;represent the median and the standard devia-
tion valueof the variable In/M for eachdamage state (DS).

In case of the calculation of fragility curves, using /M as a referent value for the DS
threshold [5, 6], the fragility function is calculated as analytical cumulative distribution
function (CDF) for lognormal distribution:

m
INIM — 245,
p moom o\ ] (5)
os,m \ Hinps, O inios, | = "
Oips,

where @ is the cumulative distribution function of the standard normal distribution.
However, these fragility curves [5, 6] will be a functions of DS probability and /M= IDR or
IM = dand not IM = PGA, which is characteristic for other DS fragility functions.

1.0 1.0 -
FEMA) [ A PEN [
0.9 AP &) : 0.9 &)
05 |Mo=0.353 0.8
ps = 0.601 :
0.7
07 Kep = 0.975 o pL =0.152
06 |o,y50=10.643 : gp = 0.189
0.5 |opps=0.625 0.5 pxp = 0.337
0.4 |oy,cp=0.606 0.4 oL = 0-554
0.3 0.3 Oy sp=0.542
0.2 0.2 Oinye = 0.610
0.1 PGA[g] 0.1 PGA [g]
0.0 > 0.0 >
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
10 —1S ——cCP ——DL ——sD ——NC

Figure 11. Fragility curves calculated according to FEMA [2] (left) and Eurocode [5, 6] (right) DS tresholds
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Figure 12. Fragility curves calculated according to Parkand Ang[4] (left) and HAZUS [3] (right) DSthresholds

In case of the calculation of fragility curves, using EDPas a referent values, the probabil-
ity of the occurrence of a defined damage state at a particular intensity measure value

(Ppgyny) €aN be calculated using the expression:
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EDP,
p (#EDP &P )_1_(1) INEDP, = py , )
os,m, \ Hiwm, * tvm, EDP.
T,

where yLN i, and au\?ﬁy are mean and standard deviation in //s. of PDF of the variable
INEDP for a part|cular In/M value. InEDP is the lognormal value of a DS threshold. These
fraglllt\/ curves are calculated using multlple stripe analysis (MSA) method [25]. Proba-
bility values are calculated at each /M, for each DS, When all the probability values are
calculated, the set of obtained points is fitted for each DS, by using maximum likelihood
estimation (MLE) method [1, 25]. After applying MLE, we can obtain mean and standard
deviation (y%DSI_,U%DSi) as a function of /M, for both log-log and arithmetic space.
Because the relationship between PGA and /DR or dis calculated, the fragility curves for
DS according to [5, 6] can now be converted to functions which have PGA as /M, using
the described procedure. Calculated fragility curves are shown in Fig. 11 and Fig. 12.
Probability density functions for the occurrence of different states of damage are calcu-
lated using the equations [1, 25]:

PDSO =1- PDSI I:IMJ" /uLN\DSl ° O-LN‘DSI :I

PDS

i

P, [IM, s Hinips, » O Lvips, ]_PDS,H [IMJ s Hinps,., > O LNDs,., ] (7)

P =F, I:IMJHULN\DS >OLNDs, ]

n

Where P, is a probability of no damage to occurand /=1, .., nand IM = (0g-1.0g). iis
an index of a particular DS, and jis an index of a particular /M (PGA). nis a total number
of damage states.

P (DL=0.159g) [%]
100 |

o0 [ Pxp = 89.33% Prp = 47.02% | Prp = 29.74% Pyp = 41.96%
Pio =9.02% Pp, = 15.53% | Psp=47.00% Pgp=29.90%

o0 P = 1.52% Psp=26.55% Pyp = 13.60% Pyp = 24.28%

70 Pep=0.14% Pyc=10.91% | Prp = 9.06% Prp =3.72%

23 ~D sp Poo=0.61% Pcp=0.14%

40 '

30

20 e

10 LS cp

0 —

FEMA EN DI HAZUS

Figure 13. Probability for DS to occur at PGA(DL)
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P (SD=0.2g) [%]

100 ;
% [Sun Pyp=81.19% Pyp=31.13% | Pyp = 18.25% Pyp=28.87%
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Figure 15. Probability for DS to occur at PGA(NC)

Probability of the occurrence of damage according to [2, 3, 4, 5, 6] is presented for the
PGA at which the damage states DL (Fig. 13), SD (Fig. 14) and NC (Fig. 15) occur, accord-
ing to [5, 6].

5 Discussion of the results

The analysis shows the difference between the results of the fragility analysis accord-
ing to different DS thresholds. Fragility curves and DS occurrence probability calculated
according to FEMA [2] will result in the least conservative values, opposing to the pro-
cedure according to Eurocodes [5, 6], which gives the results that are the most on the
side of safety among all four procedures. Fragility curves and DS occurrence probability
calculated according to Park and Ang [4] and HAZUS [3] give the similar results, but the
values according to [4] are a bit more on the safety side.

6 Conclusions

In this paper, the comparative analysis of the seismic fragility of a RC frame structure,
with damage state thresholds, calculated according to different codes [2-6] is per-
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formed. The construction is designed as a DCH system, with behaviour factor g = 5.85.
The system’s fragility curves were derived from the results of NSA and /NDA, using sta-
tistical methods. Different EDP values were selected for the assessment of damage
states, while PGA was selected as the intensity measure /M. Probabilities of the occur-
rence of each DS for all mentioned codes are determined and compared.

Based on the comparative analysis, it can be concluded that based on the approach for
determination of EDP values, according to different code, results may wary significantly
in the range where it can be concluded that the structure is overstrengthened [2] or de-
signed close to its full bearing capacities [5, 6] for design PGA. More descriptive and a bit
more complex procedures described in [3] and [4], where the fragility results are related
to /DR [4] and displacement and hysteretic energy [3] values are more in between the
values obtained by [2] and [5, 6] and they give the most satisfying results in the fragility
analysis.
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