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Abstract

In this paper, the seismic response of a three 5 story reinforced concrete (RC) frame system buildings is analysed
through the fragility and vulnerability analyses. The constructions are designed in accordance with the structural
Eurocodes. All three buildings have the same area, but different shape in the base. For the analysis of the response
of structural system to the earthquake actions, the method of nonlinear static (NSA) analysis was applied and
based on the obtained results, fragility probability density functions and vulnerability curves were constructed
using statistical methods. Structural damage state threshold parameters are determined based on the methodologies
described in RISK-UE project. Comparative analysis of the structural damage probability for the three analysed
RC buildings is applied in both main directions and as the whole as well. Based on the analysis results, final
remarks and conclusions were formulated.
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1. Introduction

The behavior of any building depends on the arrangement of structural elements present in it. The
important aspects on which the structural configuration depends are geometry, shape and size of the
building. Under seismic actions, inertial forces concentrated at the center of mass of the structure, and
the vertical bearing element (columns and shear walls) resist the horizontal inertia forces which
concentrated at a point called center of stiffness [1].

During an earthquake, failure of structure starts at points of weakness. This weakness arises due to
discontinuity in mass, stiffness and geometry of structure. The structures having these discontinuities
are termed as irregular structures. Many results of seismic behaviour reinforced concrete (RC) buildings
indicate that regularity of their structures considerably affects the structural response with respect to the
regular configuration. Regular buildings perform better in earthquakes than do irregular buildings.
Irregularities bring down the structural response under seismic loads. However incorporation of some
irregularity in structures, during structural design, is inevitable.

Location and size of structural elements have significant effect on torsional coupling which results in
damage of structures. Regular structures have no significant discontinuities in plan or in vertical
configurations. Structures shall be designed with a clearly defined load path, or paths, to transfer the
inertial forces generated in an earthquake to the supporting ground. The building shall be designed to
meet the requirements of this subsection and of the design standards referenced in Section 4.2. [2].

Basic principles shall be taken into account in the early stages of the conceptual design of a building
and provide structural simplicity, uniformity, symmetry, torsional resistance and stiffness et other.
Structural simplicity, characterised by the existence of clear and direct paths for the transmission of the
seismic forces. [2]

Uniformity in plan is characterised by an even distribution of the structural elements which allows short
and direct transmission of the inertia forces created in the distributed masses of the building. A close
relationship between the distribution of masses and the distribution of resistance and stiffness eliminates
large eccentricities between mass and stiffness. [2]
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A comparative analysis of the behavior of regular and irregular building structures is presented in [3].
Seismic analysis of plan irregular RC building frames is subject of paper [4]. In analysis multimode
pushover procedure for the approximate estimation of the seismic response of asymmetric in plan
buildings under biaxial seismic excitation described in [5].

This is why analysis of fragility and vulnerability analysis of an RC building is important wich is subject
paper [6]. In doing so, extensive literature was cited and an overview of the situation was presented.
The analysis of numerical analyzes in this paper refers to regular structures of buildings so this paper
analyses the constructions of buildings with irregular structures of buildings.

In this paper, the seismic response of a three 5 story RC frame system buildings is analysed through the
fragility and vulnerability analyses. The constructions are designed in accordance with the structural
Eurocodes: EN1990 [7]; EN1991 [8]; EN1992 [9]; EN1998 [2,10,11], as a ductility class high (DCH)
system. All three buildings have the same area, but different shape in the base. For the analysis of the
response of structural system to the earthquake actions, the method of nonlinear static (NSA) analysis
was applied and based on the obtained results; fragility and vulnerability curves were constructed using
statistical methods. Structural damage state threshold parameters are determined based on the
methodologies described in RISK-UE project [12]. Comparative analysis of the structural damage
probability for the three analysed RC buildings is applied in both main directions and as the whole as
well. Based on the analysis results, 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 are three office-residential building (Fig. 1, 2 and 3) with 5 levels (ground
floor+4 stories). The structural systems exhibits the properties of a frame structural system [2]. The plan
view and the 3D model of the structures are shown in Fig. 1, 2 and 3.

Figure 1. M1: a) Building plan; b) Numerical model [13]
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Figure 3. M3: a) Building plan; b) Numerical model [13]

The length of one span in both directions is 6.0 m. 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 bottom level of the structure,
i.e. soil-structure interaction is not included in the calculation and design. Characteristics of the
structural elements are given in the Table 1.
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Table 1 — Geometric characteristics of structural elements

Column Beam Plate
Model be / dc by / db doi
[cm] [cm] [cm]
M1 50/50 30/40 16
M2 50/50 30/40 16
M3 50 /50 30/40 16
Long. Column Beam Plate
reinf. @y [bar nr. - mm] Dp. [bar nr. - mm] @y [mm / cm]
3@22
M1 16 @14 3 320 @12/15
3 @25
M2 16 @14 3@22 @12/15
3 @25
M3 16 @14 3 @22 @12/15
Stirrups Column Beam Plate
Dsw [bar nr. —mm / cm] Dsw /
M1 3 @10/10 2 @10/10 /
M2 3 @10/10 2 @10/10 /
M3 3@10/10 2 &10/10 /

3. Methodology of the analysis and structural modelling

3.1 Geometric and material properties of the structure

Tables For calculation and design of the structure in [13], a spatial (3D) model was used. The following
parameters, assumptions and simplifications were adopted:

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

e Occurrence of cracks in structural elements was included in the calculation with the stiffness
reduction of the elements according to [2].

e The elastic bending stiffness and shear stiffness of columns and beams was reduced to 50%;
e Torsion stiffness of columns and beams was reduced to 10% of their elastic stiffness;

e The elastic stiffness of the RC plate was reduced to 50%.

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:

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

e To describe the nonlinear behaviour of the material, the nonlinear properties of the material
were used to describe the behaviour of concrete (Fig. 4, left) and reinforcement steel (Fig. 4,
right) [2], [10], [14];

e Columns and beams were modelled as confined RC elements with a protective layer of concrete
(Fig. 4, left) [10]. [14];

o RC plates are modelled as rigid diaphragms in seismic analysis.
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Figure 4. 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 selection of fiber
division in the cross section of elements [13] for seismic analysis. The lengths of plastic hinges, are
equal to the relative lengths of columns and beams of 0.2L, where L is the length of the element.
Therefore, the locations of the hinges are assigned as 0.1L and 0.9L to columns and beams.

4. Non-linear analysis results and calculation of fragility curves
4.1 Nonlinear static pushover analysis

The results of NSA for modal (MOD) load distribution are shown in Fig. 5. Modal pushover curve was
chosen as a referent curve for the calculation of fragility curves, according to [12].
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Figure 5. Pushover curves for X (left) and Y direction (right)

The results of pushover analysis for MDOF systems show different responses in both main directions.

In the X direction, the structural response of M3 will be somewhat stronger than M2 and in the end M1,
while in the Y direction, the response of M2 is better than M3 and then M1.

To calculate damage state (DS) threshold values, it was necessary to do a bilinear approximation of
NSA pushover curve, using Equivalent Energy Elastic-Plastic (EEEP) method and determine yielding

(Sdv,Say) and ultimate capacity (Sdu,Sau) points on capacity (spectral displacement — spectral
acceleration) curve of SDOF system for M1, M2 and M3 (Fig. 6).
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Figure 6. Capacity curves and their bilinear approximation for X (left) and Y direction (right)

The capacity curve comparison results for SDOF systems show different responses in both main
directions. In the X direction, the structural response of M2 will be somewhat stronger than M1 and in
the end M3, but M3 will give the most ductile response, while in the Y direction, the response of M1 is

better and more ductile than M2 and then M3, which are

very similar.

The results of NSA are shown in Figure 7. for target displacement (d;) and target spectral displacement
(Sdy), for the design PGA = 0.2g. The displacement and spectral displacement values for the three
models for the design PGA can be described through the relations: df > diy > di’¢ in X and dfy >

ai? > diy in'Y direction for MDOF and Sd{’} > Sdi'y

Y direction for MDOF.

> Sdp'¢ in X and Sdpp > Sdpf¢ > Sdpy in

dt [cm] dt (PGA = 0.29) dt [cm] dt (PGA = 0.29)
5
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Figure 7. Target displacement and spectral target displacement points

4.2 Damage state performance points

Damage of a structural system may be quantified through threshold performance points (small damage
— SD; moderate damage — MD; extensive damage — ED; complete damage — CD), which are determined

according to [12] for seismic fragility analysis (Table 1).
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Table 1 — Seismic structural DS threshold values, according to [12]

DS SD [M1/ M2/ M3] MD [M1/ M2/ M3] RD [M1/ M2/ M3] CD [M1/ M2/ M3]
. Sdy +0.25
MUDS 0.7 de de . (SdU _de) SdU
GLN,DS 0.25+0.07 - In(uy) 0.2 +0.18 - In(uy) 0.1+0.4-In(uy) 0.15+ 0.5 In(uy)
X direction

ups> [cm] 8.92 9.00 8.10 1275 1285 1158 16.06 1580 19.48 25.99 24.64 43.20
ups™®*[g] | 0.122 0.128 0.107 0.172 0.179 0.150 0.213 0.216 0.249 0.331 0.329 0.590
ounps [0] 0.300 0.296 0.342 0.328 0.317 0.437 038 0.360 0.627 0.506 0.475 0.808

Y direction

ups> [cm] 8.92 6.69 6.84 1275 9.56 9.77 16.06 1220 1243 2599 20.10 20.40
ups™®*[g] | 0.122 0.085 0.085 0.172 0.118 0.119 0213 0.148 0.148 0.331 0.239 0.239
ounps [0] 0.300 0.302 0.302 0.328 0.334 0.333 0.385 0.395 0.394 0.506 0.521 0.518

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 log-normally distributed, its natural logarithm is normally distributed. Which means it must
take on a positive real value, and the probability of it being zero or negative is zero.” [15] For seismic
fragility analysis, lognormal distribution is adopted [12].

4.4 Calculation of fragility curves

In case of the calculation of fragility curves, using spectral displacement (Sd) as a referent IM value for
the DS threshold [12], the fragility functions are calculated as analytical cumulative distribution
functions (CDF) for lognormal (LN) distribution:

M ™ _ 1 1 M _ In IM~uiN ps, 1
Posiiim (IMj, i ps, Otps,) = @ o In | oy )| = @ ( ——— 1)
LN|DS; BLN|Ds; LN|DS;

where ® is the cumulative distribution function of the standard normal distribution, u}} ips; @nd O'Z%l DS;

are the mean and standard deviation of LN distribution values shown in Table 2. However, because it
is possible to determine the relation between Sd and PGA, it is possible to present the fragility curves
with the PGA as the IM.

Probability density function values for the exceedance of different states of damage for the design PGA
=0.2g (Fig. 10, 13 and 16) are calculated using the equations [15], [16]:

PDSO =1-—- PD51 [IMj;/J-LN|D51' O-LN|D51]
PDSi = PDSi [IMJ'J HLN|DS» O-LNlDSi] - PD5i+1 [IMJ"#LN|D5i+1’ GLN|D5i+1] (2)
Pps, = Pps, [IMj,#LmDSn' ULNIDSn]

where Ppg, is a probability of no damage to occur and i = 1, ...,n and IM; = (0.1g — 1.0g]. i is an
index of a particular DS, and j is an index of a particular IM (PGA). n is a total number of damage
states. Probability density functions for damage state exceedance in both main X and Y directions are
shown in Figures 8 - 12. As a result, the values of probability for the exceedance of each damage state
for all three models in both main directions are given in Figures 13 and 14, for the design PGA = 0.2g.

476


https://doi.org/10.5592/CO/2CroCEE.2023.5

(7

1.0

2CroCEE

22 - 24 March 2023

Proceedings of the 2™ Croatian Conference on Earthquake Engineering - 2CroCEE
Zagreb, Croatia - March 22 to 24, 2023
Copyright © 2023 CroCEE
DOI: https://doi.org/10.5592/CO/2CroCEE.2023.5

1.0

0.0 N PoExp[- 0.0 N PoExp

0.8 0.8

0.7 0.7

0.6 0.6

0.5 0.5

0.4 0.4

0.3 0.3

0.2 0.2

0.1 PGA[g] 0.1 PGA [g]
0.0 > 0.0 >

0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
—MI —M2 —M3 —MI —M2 —M3

Figure 8. Probability density functions for damage state exceedance probability for ND in X (left) and Y
direction (right)
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Figure 9. Probability density functions for damage state exceedance probability for SD in X (left) and Y
direction (right)
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Figure 10. Probability density functions for damage state exceedance probability for MD in X (left) and Y
direction (right)
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Figure 11. Probability density functions for damage state exceedance probability for ED in X (left) and Y
direction (right)
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Figure 12. Probability density functions for damage state exceedance probability for CD in X (left) and Y
direction (right)

Damage state exceedance probability values in X direction for the design PGA = 0.2g are shown in
Figure 13. From the aspect of damage states, it can be noticed that M1 and M2 show the similar response
for the seismic action in X direction for the design PGA intensity. However, M1 is a bit more prone
than M2 to ED (3.4%) and to CD (8.1%). M3 shows much better response than M1 and M2 for the
seismic action in X direction for the design PGA intensity. While it is much more prone to exceed the
level of MD than M1 (56.1%) and M2 (68.6%), it has much lower probability to exceed CD than M1 (-
43.8%) and M2 (-39.2%).
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Figure 13. Damage state exceedance probability in X direction for the design PGA

Damage state exceedance probability values in Y direction for the design PGA = 0.2g are shown in
Figure 14. From the aspect of damage states, it can be noticed that M2 and M3 show very similar or
almost the same response for the seismic action in Y direction for the design PGA intensity. The
difference between the response of M2 and M3 varies from 0.1% - 0.3% in probability. M1 shows much
better response than M2 and M3 for the seismic action in Y direction for the design PGA intensity.
While it is much more prone to exceed the level of SD and MD than M2 (-79.3% and -32.0%) and M3
(-79.6% and -32.8%), it has much lower probability to exceed ED and CD than M2 (-32.9% and -56.3%)
and M3 (-33.4% and -56.0%).

DSy [%] DSy (PGA=0.29) DSy [%]
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Figure 14. Damage state exceedance probability in Y direction for the design PGA

Damage state exceedance probability values in Y direction for the design PGA = 0.2g are shown in
Figure 14. From the aspect of damage states, it can be noticed that M2 and M3 show very similar or
almost the same response for the seismic action in Y direction for the design PGA intensity. The
difference between the response of M2 and M3 varies from 0.1% - 0.3% in probability. M1 shows much
better response than M2 and M3 for the seismic action in Y direction for the design PGA intensity.
While it is much more prone to exceed the level of SD and MD than M2 (-79.3% and -32.0%) and M3
(-79.6% and -32.8%), it has much lower probability to exceed ED and CD than M2 (-32.9% and -56.3%)
and M3 (-33.4% and -56.0%).

In order to calculate the seismic response of each model for both directions, the values of probability of
damage state exceedance and vulnerability mean damage values (MDF) are calculated using geometric
mean equation:
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Figure 15. Probability density functions for damage state exceedance probability for ND (left) and SD (right),
geometric mean for both directions
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Figure 16. Probability density functions for damage state exceedance probability for MD (left) and ED (right),
geometric mean for both directions
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Figure 17. Probability density functions for damage state exceedance probability for CD, geometric mean for
both directions

Damage state exceedance probability geometric mean values for both directions for the design PGA =
0.2g are shown in Figure 18. From the aspect of damage states, it can be noticed that in general, M1 has
better response than M3, which has a similar, but slight better response than M2. The percentual
comparation of values of M2 and M3 to M1 as a referent model is given in Table 3.
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Figure 18. Damage state exceedance probability for the design PGA, geometric mean for both directions
Table 3 — Comparation of PoE values of M2 and M3 to M1

DS[%] | NDu SDu MDyu EDp Ccbu |
M1 0.00 0.00 0.00 0.00 0.00
M2 -33.75  -34.93 -19.83 22.67 60.88
M3 -64.47 -48.39 11.58 24.47 42.24

4.5 Vulnerability analysis

Calculation process of vulnerability curves was performed according to the method described in [17].
Calculation of the vulnerability curves, based on the fragility results was done according to the equation
and process described in paper [17]:

E(C|IM) =

4

E(C|DS;) - P(DS;|IM) 3)

n
=0

where n is the number of considered DS (DS;), P(DS;|IM) is the damage probability; E(C|DS;)and
E(C|IM) are the cumulative distribution of cost (or loss) according to [17]. The values of E(C|DS;) are
adopted from [17]. The results are compared and displayed in Figures 19 and 20.

Table 4 — Damage factor functions of building typology according to [17]
Damage Scale H E(C|DS)) H
Slight (SD)  Moderate (MD)  Extensive (ED)  Complete (CD) H

Damage State
2% 10% 50% 100%

Vulnerability MDF values in X and Y direction for the design PGA = 0.2g are shown in Figure 20. It
can be noticed that M1 and M2 have very similar or almost the same response for the seismic action in
X direction (Figure 19, left and Figure 21, left) for the design PGA intensity and that M3 have much
better response than both M1 and M2. In Y direction (Figure 19, right and Figure 21, left), M1 has
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better response than both M2 and M3, which both have almost the same response for the seismic action.
Regarding the comparison of the models in both directions from the aspect of geometric mean values
(Figure 20 and Figure 21, right), M1 has the best response, after which is M3 and then M2. However,
for the value of PGA > 0.3g (Figure 20). the response of M3 is better than M1 and M2

1.0 1.0
0.0 NMDF[] 0.0 NMDFE[]
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 PGA[g] 01 PGA [g]
0.0 > 0.0 >
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
—MI1 —M2 ——M3 —MI1 —M2 ——M3
Figure 19. Vulnerability curves for X (left) and Y direction (right)
1.0
0.0 NMDF[]
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1 PGA [g]
0.0 >
0.0 0.2 0.4 0.6 0.8 1.0
—M1 —M2 ——M3
Figure 20. Vulnerability curves geometric mean values for both directions
MDF [%] MDF (PGA=0.29) 50 MDFp (PGA=0.2g2)
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58.9 o
60 50 [%0]
42.7
50 39.8
40
10 32.7
327 | 327 | 330 30
30 26.9
20
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10 10
0 0
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Figure 21. MDF for both directions (left) and MDF values mean for both directions (right) for design PGA
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5. Conclusions

In this paper, the fragility and vulnerability of a three 5 story RC frame system buildings exposed to
seismic action is analysed through their nonlinear response. The constructions are designed in
accordance with the structural Eurocodes, as DCH systems. The common characteristic of all three
buildings are: the same area and the same number of stories, but different shape in the base. For the
analysis of the response of structural system to the earthquake actions, the method of nonlinear static
(NSA) analysis was applied and based on the obtained results; fragility functions, probability density
functions for damage state exceedance probability and vulnerability curves were calculated using
statistical methods. Comparative analysis of the structural damage probability for the three analysed
RC buildings is applied in both main directions and as the whole as well, using the geometric mean
values. Based on the analysis results, some conclusions may be formulated:

- Inthe main X direction, M2 shows a bit better characteristics than M1, which can be explained by
the arrangement of the elements in the structure and the distribution of mass and inertial forces
induced by seismic action. M3 has much better performance in the X direction than both M1 and
M2, because it’s resisting to seismic action with a longer, stiffer frames in the part of the structure.

- In the main Y direction, M1 shows much better response than both M2 and M3, which can be
explained by the arrangement of the elements in the structure and the distribution of mass and
inertial forces induced by the seismic action. However, it is noticable that both M2 and M3 have
almost the same response in the Y direction.

- As expected, the building which is regular in plan (M1) will in general have better response than
the other two models (M2 and M3), which can be seen through the geometric mean fragility and
vulnerability results.
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