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Earthquakeswhich recently occurred in highly populated regions show that existing buildings constructedwith-
out appropriate seismic resisting characteristicsmay constitute as an important source of risk andmay cause eco-
nomical loses and casualties. It is recognized the progress of the knowledge in earthquake engineering in the last
decades. In this paper, two 6 irregular storey buildings were studied consisting of frame structures, representa-
tive of the common practice in Portugal, i.e. designed without considering earthquake actions. Push-over and
non-linear time history analyses were done, with non-linear 3-D models in longitudinal and transverse direc-
tions. The building responseswere analyzed in two different levels: global and local. For the global response anal-
yses: max displacement, inter-storey drift (IS drift), floor rotation for each storey and base shearwere compared.
For local response four columns were chosen and the variation of axial load in terms of base shear and drift as
well as the biaxial demand was considered. The result shows that most variation of axial load happens in corner,
facade-X, facade-Y and centre column respectively. It is noteworthy that by increasing the initial axial load the
biaxial demand decreases. The seismic vulnerability was analyzed for earthquake of different return periods,
and the seismic demands were compared with limit proposed in international codes and conclusion are drafted
in terms of safety. The vulnerability assessment based on seismic codes clearly shows that the building 2 present-
ed a better performance with low inter-storey drifts. The main goal of this study is considering the application
andmethodology for the seismic assessment of existent real buildings. In fact this is an important topic, to under-
stand the seismic vulnerability of certain particularities in existing buildings to assure that the common observa-
tion can be applied for a prototype building, especially irregular ones. Also one of the major observations in this
study is the comprehension of the effect and importance of biaxial loading in columns and the influence of the
axial load variation, relating the position of the columns in plan and in height.

© 2016 The Institution of Structural Engineers. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Strong ground motions in the past decade in the densely populated
areamade great impacts onmanybuildings specially those designed ac-
cording to older codes, and revealed that these structures are seismical-
ly vulnerable. Several devastating earthquakes, particularly the 1989
Loma Prieta and the 1994 Northridge earthquakes in California, the
1995 Kobe earthquake in Japan, the 2009 L'Aquila and the 2012 Emilia
Romagna in Italy, and the 2011 Lorca earthquake in Spain have caused
significant damage on the buildings. There are some reasons that
show why the structures are practically vulnerable during past earth-
quakes such as: inadequacy of previous seismic codes and guidelines
[1], low standards of construction due to inattention to local detailing
[2] and quality control with high variation in material properties [3].
The capacity of the columns is one of the important factors to evaluate
igues).

. Published by Elsevier Ltd. All rights
the seismic performance of reinforced concrete (RC) buildings. Recent
investigation shows that the response of RC members subjected to
axial loads combined with biaxial bending moment is recognized as a
research topic among researchers for buildings [4]. To achieve this
goal, non-linear analyses could be used to evaluate the safety of a
structure designed according to the existing design codes. Previous re-
searches have illustrated the trend of seismic performance of reinforce
concrete (RC) buildings. Kim and Kim [5] evaluated the seismic demand
of reinforce concrete special moment-resisting frame according to IBC
2003. The performance of RC building according to Eurocode 8 was in-
vestigated by Panagiotakos and Fardis [6]. Chaulagain et al. [7] conduct-
ed a numerical investigation on the seismic performance of four-storey
RC buildings. Rodrigues et al. proposed an experimental and numerical
simulation to represent the non-linear response of reinforced concrete
members due to biaxial bending combined with a constant axial load
[8–10]. Varum et al. [11] evaluated numerical tools for the assessment
and redesign of concrete buildings capable of estimating the optimum
distribution of strengthening needs for a specific performance objective.
reserved.
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Table 1
Dimension of column cross-section (dimensions are in cm).

Storey C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8

1st 30 × 60 30 × 80 25 × 80 30 × 60 25 × 80 30 × 80 60 × 30 30 × 65
14 Φ 20 16 Φ 18 18 Φ 20 12 Φ 20 16 Φ 22 14 Φ 20 12 Φ 20 12 Φ 18

2nd 25 × 60 25 × 60 25 × 60 25 × 60 25 × 60 25 × 70 25 × 50 25 × 60
12 Φ 18 12 Φ 18 12 Φ 18 12 Φ 18 12 Φ 18 14 Φ 18 12 Φ 18 12 Φ 18

4th 25 × 50 25 × 60 25 × 60 25 × 50 25 × 60 25 × 70 25 × 50 25 × 50
12 Φ 16 12 Φ 16 12 Φ 16 12 Φ 16 12 Φ 16 14 Φ 16 12 Φ 16 12 Φ 16

Fig. 1. Geometry of building structure. (a): building 1, (b): building 2.
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Kueht and Hueste [12] evaluated a numerical modeling on the seismic
performance of a four-storey RC frame designed by the 2003 Interna-
tional Building Code (IBC). Kotronis et al. [13] proposed a strategy to
simulate the non-linear behavior of two RCwall specimens designed ac-
cording to the French code PS92 and the Eurocode 8, respectively. A
constitutive model for predicting the cyclic response of RC structures
using a smeared crack approach with orthogonal fixed cracks was
studied by Ile andReynouard [14].Mazza [15,16] conducted a numerical
investigation and structural testing to evaluate the seismic vulnerability
and retrofitting of the town hall of Spilingawith an L-shape plan built in
1960. The structural safety assessment procedures based on Eurocode 8
in RC structures are proposed in the study of Romao et al. [17]. There
have been several investigations on the seismic performance of RC
frames in other countries. The research interest in the 3-D earthquake
Fig. 2. Shear walls details: (a): W
actions in building irregularities subjected to biaxial bending combined
with axial force in the columns is well recognized. The effects of the bi-
axial loading and its importance in the column response, in terms of the
strength degradation and reduction of the ductility capacity are pro-
posed by previous researchers [18]; nevertheless, further studies have
to be addressed. For simulation of the biaxial cyclic behavior of RCmem-
bers with axial load, several modeling processes are proposed, however
it is obvious that the available biaxial models are not developed enough
to be utilized in practice.

In this research two existing irregular RC buildings which are de-
signedwith the previous codes of Eurocode 8 are selected and proposed
for non-linear analyses. Themain objective of this research is focused on
the performance of the existing building in two different levels: global
and local. The building responses are analyzed in terms of max
A-1, (b): WA-2, (c): SW-1.



Table 2
Periods and frequency for building 1 and building 2.

Mode Building 1 Building 2

Time (s) Frequency (Hz) Time (s) Frequency (Hz)

1st mode(X direction) 1.62 0.61 1.68 0.59
2nd mode (rotation) 1.21 0.82 1.2 0.83
3rd mode (Y direction) 1.04 0.96 1.02 0.98

Fig. 4. Equivalent frame model considered and description for shear wall modeling.
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displacement, inter-storey drift, and floor rotation for each storey as
well as base shear due to global response. However, for local response
four columns are selected as representative of corner, center and facade
columns. Subsequently, the variation of axial load in terms of base shear
and drift as well as the biaxial demandwas considered. Finally the seis-
mic vulnerability was analyzed for earthquake of different return pe-
riods, and the seismic demands were compared with limit proposed in
international codes and conclusions are drafted in terms of safety.

2. Case study

2.1. Building description

Two six-storey irregular RC buildings were considered in this study.
Building 1 has six bays in longitudinal direction (32.5m) and three bays
in transverse direction (17.6m). Building 2 has five bays in longitudinal
direction and three bays in transverse direction (17.6 m). Geometry of
building structures is presented in Fig. 1. The buildings consist of 6floors
high and 3 underground floors. The total building height is 20.8 m from
ground, with thefirst storey height of 5.4m, 3.06m storey height for the
middle stories and 3.16m for the upper storey. For two buildings, floors
−3,−2 and−1 are considered as a parking, which are surrounded by
shear walls, therefore the structure is modeled from the upper stories.
The first storey is designed for the commercial and stories 1 to 5 are res-
idential occupancy. The cross-section of largest columnwhich is located
in the first storey is (0.8 × 0.4) m2 with 18Φ 25. The smallest column is
located in the 6th storey with the damnation (0.5 × 0.25) m2 with
12Φ 16. It should be noticed that due to the diversity in columnnumber
and sections in 6 floors, existence of all columns, beams and shear walls
is unpractical. Therefore column sections and longitudinal reinforce-
ment for columns which are selected for local response are presented
in Table 1. The cross-section for shearwalls is presented in Fig. 2 as well.

2.2. Material properties

The building is design to be located in an urban area in the center of
Portugal. The design of the structural elementswas carried out using the
methods and calculation rules advised by the national codes and other
applicable technical documents, including: Safety Regulations and Ac-
tions for Buildings and Structures Bridges, Regulation of Structures
Fig. 3. Schematic diagram of force-deformation in concrete elements.
Concrete and Pre-stressed, Regulation of Steel Structures for Buildings,
Eurocode 2 [19], Reinforced Concrete — Efforts normal and bending
(REBAP-83)-LNEC [20], CEB-FIPModel Code 1990 [21]. The wind action
considered that the building was in zone B, and that the surface rough-
nesswas type I. The structure corresponding to themanagement area to
seismic actionwas considered a type III ground, coefficient performance
η = 2.5 and seismicity coefficient α = 0.5, corresponding to zone C, in
accordance with the Portuguese National code for load (RSA, 1983).

The material properties assumed for the construction are the fol-
lowing: concrete compressive strength, fc = 30 MP and reinforcing
steel yield strength, fs = 400 MPa. Note that the materials provided
for the construction are as follows: Concrete C35/45 XC4/XS3 (EN
206-1) in foundations, bottom slab and peripheral containment;
concrete C30/37/XC4 (EN 206-1) in the other structural elements
and steels: A400NR Steel. For the first storey: live load = 4 kN/m2

(30% for earthquake), dead load = 1.5 kN/m2, for 1–5 stories: live
load = 2 kN/m2 (30% for earthquake), dead load = 2.5 kN/m2, roof
live load = 0.7 kN/m2 (Nil for earthquake), roof dead load =
1.5 kN/m2.

3. Structural analysis

In order to assess the seismic capacity of the structures considered,
several non-linear analyses were performed. In a first study it was de-
veloped a push-over analysis for directions of each building. In the sec-
ond study and to complement this analysis a series of non-linear
dynamic time history analysis with different earthquake records was
also performed. In the following section the assumption considered
for the analysis is briefly described. Time period and frequency corre-
sponding to modal analysis are presented in Table 2. As can be seen in
Table 2, first and third modes are in longitudinal (X) and transverse
(Y) directions respectively, however second mode is corresponding to
rotation.

Damage assessments due to past earthquakes indicate that irregular
plan-form buildings have more drastic damage related to torsional re-
sponse than regular buildings [22–23]. Eccentricity is one of the critical
parameters as for plan irregularity. For these two buildings, since the
center ofmass does not coincidewith the center of stiffness, the torsion-
al forces cause the structure to rotate around the center of stiffness. This
indicates that both buildings are irregular. Although building 1 is regular
in plan, both of the buildings show irregularities due to the position of
the mass and stiffness centers.

3.1. Non-linear modeling

Thefinite element (FE) structural analysis programSAP2000 [24]was
used to develop the non-linear analyses in two directions: longitudinal



Table 3
Hazard curves for the moderate-high European scenario [39].
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Fig. 5. 3-D model of the building: (a) building 1, (b) building 2.
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and transverse. This software has been used successfully to describe the
seismic vulnerability of concrete structures considering the geometric
non-linearity and material properties. The non-linear analysis was con-
ducted by using the numerical implicit Wilson-θ time integration meth-
od. The effects of (P–Δ) were considered within all non-linear analyses.
The mass and stiffness proportional Rayleigh damping coefficients were
determined for the response-history analysis of the buildings considering
the first two modal periods assuming a 5% viscous damping ratio.
Fig. 6. Time versus acceleration for (a)
Additional hysteretic damping was developed through the yielding of
building components, which are known to experience inelastic deforma-
tions. Both buildings are considered on hard soil, thus soil flexibility for
the building foundations are not taken in the analytical models.

To assign plastic hinges, since the structure is modeled with the
loads, section properties and steel content, therefore default hinges
are assigned to column as PMM, and to the beams as M3 in order to
FEMA-356 [25].
: 475, (b): 975 and (c): 2000-yrp.



Fig. 7. Response spectra for 475, 975 and 2000-yrp (5% damping).
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A schematic diagram of the plastic hinge behavior is shown in Fig. 3,
based on the parameters specified in FEMA-356 [25]. The building per-
formance levels are defined as Immediate Occupancy (IO), Life Safety
(LS) and Collapse Prevention (CP). Note that point A is the origin, B is
the yield and C is the end state of the plastic hinge range, D presents
the residual strength and E is the failure point. The parameters are
adopted from FEMA-356 [25] for columns, beams and shear walls
respectively. For column the mentioned parameters are upon on the
ratio of P

Ag : f
0
c

, present of confined or unconfined concrete for transfer
Fig. 8. Capacity curves in longitudinal and transve

Fig. 9. Comparison of the capacity curves in longitudinal an
reinforcement and the ratio of V
bw :d:√ f

0
c

. For beams the ratio of ρ�ρ0

ρbal
should

be checked, however for shear walls the ratio of ðAs�A
0
sÞ: f yþP

tw :lw : f
0
c

and V
twlw :√ f

0
c

have to be considered to determine the mentioned parameters.
where P: axial force, Ag: the gross cross-section, V: the shear force,

bw: width of the section, d: distance from extreme compression fiber
to centroid of tension reinforcement, fc' : compression strength of con-
crete, As: reinforcement area, As

' : compression reinforcement area, fy:
yield strength of tension reinforcement, tw: thickness of wall and lw is
length of wall.

Default hinge properties are recommended by SAP2000, in terms of
PMM (with axial force-moment interaction) for column and M3 for
beams. The PMM plastic hinges were assigned at the wall ends and
shear hinges were assigned at the mid-height level of the walls [26].
To model shear wall, previous researchers have shown different
methods namely: (i) Equivalent Frame Model [27–31], (ii) Braced
Frame Analogy [32] and (iii) Two-Column Analogy [33], in this study
the first method is used. In this research every shear wall is modeled
as an equivalent frame structure, which is also known as wide column
analogy with rigid beams at the floor levels. On the other word each
shear wall is exchanged by an idealized frame structure involving of a
column and rigid beams located at floor levels. Note that the column
is located at the center of wall axis and wall's inertia and axial area are
assigned to the equivalent element. In each fame level rigid beams
join the equivalent element to adjacent columns. Large values are
assigned for the inertia values of rigid arms compared to other frame el-
ements. A sample model is presented in Fig. 4.

Different studies have proposed their experiences to estimate the
hinges length (LP). In this study (LP) is consider a high value between
rse directions: (a) building 1, (b) building 2.

d transverse directions: (a) building 1, (b) building 2.



Fig. 10. Maximum displacement profile for earthquakes in: (a) building 1 — longitudinal direction, (b) building 1 — transverse direction, (c) building 2 — longitudinal direction,
(d) building 2 — transverse direction.

Fig. 11. Max. IS-drift in: (a) building 1 — longitudinal direction, (b) building 1 — transverse direction, (c) building 2 — longitudinal direction, (d) building 2 — transverse direction.
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Fig. 12. (a) Maximum rotation, (b) max. IS-rotation in different earthquakes.
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Expression (1), which is recommend by Park and Paulay [34] and
Eq. (2), which is proposed by Priestley et al. [35], both of these recom-
mendations have been used in some guidelines (i.e. ATC-32 [36]):

Lp ¼ 0:5H ð1Þ

Lp ¼ 0:08Lþ 0:022 f yedbl≥0:044 f yedbl ð2Þ

in Eqs. (1) and (2), Lp: plastic hinge length, H: section depth, L: critical
distance from the critical section of the plastic hinge to the point of con-
tra flexure, fye: expected yield strength and dbl: diameter of longitudinal
reinforcement. Fig. 5 shows the 3-D model which is analyzed in this
study.

3.2. Static push-over analysis

One of the powerful seismic tools in civil engineering is using non-
linear static procedure to predict seismic demands and the horizontal
capacity in structures [37]. Push over method becomes more popular
for nonlinear analysis of structures due to simplicity in operation and
time efficiency [36]. It could be performed as either displacement con-
trolled or force controlled. The First approach is used when the building
loses its strength, or when specified drifts are examined, where the
amount of the applied load is not known [25]. However, the second
one is used when the load is known and the structure expected to
support the load [38]. In this paper the first method is used.

3.3. Dynamic analysis

The mentioned buildings have been analyzed by time history analy-
sis using direct integration method. Twelve artificial records were
Fig. 13.Max-IS-drift in different earthqu
scaled to different peak ground acceleration (PGA) levels from 0.09 g
to 0.44 g. An earthquake with 0.09 g is corresponding to the earthquake
which has 73-year return period (yrp), however a PGA of 0.44 g is relat-
ed to 3000-yrp. The input seismic motions were defined in order to be
representative of a moderate-high European seismic hazard scenario
[39]. To increase return periods hazard based on time series of acceler-
ation (with 15 s duration) were artificially generated yielding a set
of twelve uniform hazard response spectra. For generating the
record 0.01 s as the time increment was considered to give input
accelerograms with 1500 points. Table 3 presents the return periods
and the corresponding values of peak acceleration. The acceleration
time histories for 475, 975 and 2000 years return periods are depicted
in Fig. 6. In Fig. 7, the 5% damped acceleration response spectra for
475, 975 and 2000 years return periods are plotted.

4. Discussion of the results

4.1. Push-over results

Fig. 8 presents the results of the push-over analysis for both direc-
tions: longitudinal and transverse for the initial assessment of struc-
tures and general behavior of the buildings. Note that the capacity
curve which is shown in terms of top displacement versus base shear
represents the envelope of the structural behavior under inelastic incur-
sions. The capacity curve is performed for corresponded top floor nodes
in longitudinal and transverse directions. Fig. 9 considers base shear and
top displacement normalized with respect to the total height = 20.8 m
and total weight = 36,075 and 31,266 kN for buildings 1 and 2 respec-
tively. Fig. 10 plots the results from time history analyses of two
buildings subjected to 12 artificially seismic records. The absolute of
maximum values of roof displacement obtained from nonlinear
akes: (a) building 1, (b) building 2.



Table 4
IS-drift limits in FEMA-356 [25] and ATC-40 [38].

Performance level according to FEMA-356

Fully operational Operational Life safe Near collapse

Drift limit 0.2% 0.5% 1.5% 2.5%

Performance level according to ATC-40

Immediate
occupancy

Damage
control

Life
safety

Structural
stability

Drift limit 1% 1–2% 2% 4%
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analyses is presented in Fig. 8 for 73, 475, 975 and 200 yrp to compare
strength behavior of two structures. The push-over curve for transverse
direction shows a higher initial stiffness and strength. By applying the
rectangular load pattern, in building 1 (Fig. 8a) the first exceedance of
yield displacement occurred at base shear 2208 kN and 4996 kN for lon-
gitudinal and transverse direction respectively. The corresponding PGA
is between 0.11 g–0.14 g for both directions. Before 0.11 g the structure
remains in linear region, however after 0.14 g the building follows a
non-linear behavior in both directions.

For building 2 (Fig. 8b) the first yield displacement for longitudinal
direction happened in 3.8 cm, and the corresponding PGA is between
0.11 g–0.14 g. While for transverse direction it is fall out in 2.47 cm.
The PGA is between 0.09 g–0.11 g.

The push-over analyses show the higher initial stiffness and strength
for transverse direction in both building, however in longitudinal direc-
tion the buildings are more flexible.

Not that the total weight for building 1 and 2 is 36,075 kN and
31,266 kN respectively. The effective mass associated with a mode de-
creases as the mode number increases. In the analyses the number of
modes should be large enough, hence, themodes used in this study rep-
resent 90% of the total structure mass.

Fig. 9 considers base shear and top displacement normalized with
respect to the total height = 20.8 m and total weight = 36,075 and
31,266 kN for buildings 1 and 2 respectively.

4.2. Global response

Using twelve earthquake records developed in dynamic non-linear
analysis. Timehistory analyseswith increasing groundmotion intensity,
were promoted for each case study buildings. Maximum displacement,
inter-storey drift as well as rotation were examined in this study. Sum-
mary of the results frommaximum displacement and inter-storey drift
and inter-storey rotation (IS rotation) which are obtained in different
time history analyses is presented and compared in Figs. 4–13.

Fig. 10 provides themaximum displacement from each time history
analyses for both buildings in longitudinal and transverse directions.
The displacement profiles resulting from each non-linear analysis are
compared to the responses of the push-over analysis in Fig. 8. The build-
ing models in two directions have been pushed until the response
resulting of the structure becomes equal to roof displacement from
the time history analysis. Consequently the target displacements in
Table 5
Performance objective in FEMA-356 [25].

Earthquakes design level Fully
operational

Operational Life
safe

Near
collapse

43-yrp-frequent
73-yrp-occasional X
475-yrp-rare X
(975–2000)-yrp-very rare X
the different procedures are shown that the buildings are more flexible
in longitudinal direction, while in transverse direction it is stiffer.
Figures present that building 2 shows poor performance in terms
of strength, tangent stiffness and deformation as compared with
building 1.

For the purpose of general evaluation, in Fig. 11 the inter-storey
drifts resulting from all of the records for the time history analyzes are
shown. One of the most important factors to evaluate the seismic
performance is inter-storey drift ratio (IDR), because it is related to
level of structural damage which is determined from Eq. (3).

IDR ¼ δi δi 1ð Þ=hi ð3Þ

where, δi is the lateral displacement corresponding to level i, δi_1 states
the lateral displacement corresponding to adjacent floor level i-1, hi:
storey height. For both buildings in transverse direction, the maximum
IS-drift is presented in 6th storey with value around 1.6% and 1.38% re-
spectively. Fig. 11a and c provides, the IS-drift distribution which is al-
most uniform when the building drift is lower 0.3%, since the
structure behavior is elastic. As shown in Fig. 11b and d, for transverse
direction the structures remain in elastic zone when the IS-drift is
below 2.5% and 1.5% for both buildings respectively. The 6th storey
shows significant IS-drifts compared to the lower stories.

For building 1 the Fig. 11a illustrates that in earthquakewith value of
0.38 g the IS-drift is 1.48%, however in 0.44 g the IS-drift is jumped to
3.07%. Building 2 follows the same pattern, in 0.33 g the IS-drift is
1.05%, but in 0.38 g the IS drift increased from 4.44% in 14.90 s, to
7.77% in 14.93 s, and finally collapse.

As mentioned before two buildings are irregular in plan, because
the center of mass does not coincide with the center of stiffness. So it
causes structures to rotate around the center of stiffness because of
the torsion. However in elevation, even the first storey is larger com-
paring to the other stories, the graphs show the linear behavior in el-
evation in terms of inter-storey drift. But in building 2 in longitudinal
direction in 2000-yrp the nonlinear response in the 1st storey is
shown.

Fig. 12 provides the maximum inter-storey rotation and maximum
rotation of the buildings in longitudinal and transverse directions.
Fig. 12a provides the rotation of two buildings in two directions. The
maximum rotation happened in building 1 in transverse direction
with the value of 0.0057 (°/m). The corresponding PGA for the men-
tioned earthquake is 0.38 g. Since the structure shows the non-linear
behavior, therefore the maximum jump occurred between 0.29 g–
0.38 g. For the longitudinal direction in building 1 the maximum rota-
tion happened between 0.38 g–0.44 g with the values 0.003–0.0052
(°/m) respectively. For building 2 in longitudinal direction the trend is
linear, while in transverse direction the graph does not follow the spe-
cific pattern. The maximum jump is between 0.33 g–0.38 g.

From Fig. 12b it is shown that by comparing longitudinal and trans-
verse directions, for both buildings maximum IS-rotation is in trans-
verse direction. It also illustrates that the behavior in building 1 in
longitudinal direction is linear. As it is expected this building in X direc-
tion is more flexible and it runs until 3000-yrpwith a value of 0.015. For
the transverse direction themaximum IS-rotation is in 1375-yrp with a
value of 0.0181. In building 2 the structure in transverse direction is
stiffer than the other ones. It goes to 3000-yrp with the value = 0.095.
However, in longitudinal direction it runs until 1375-yrp. As it
remanded before, between 1375 and 2000-yrp earthquakes, there is a
high jump in displacement and rotation. For building 2 in 2000-yrp
until 14.89 s rotation is 0.034°. Since the structure is in non-linear
zone, after 4 s until 14.93 s, rotation increases and the structure is
destroyed.

Themain goal of this section is considered the application andmeth-
odology for the seismic assessment of existent real buildings. In fact this
is an important topic, to understand the seismic vulnerability of certain
particularities in existing buildings to assure the common observation



Fig. 14. The biaxial demand in: (a) corner, (b) centre, (c) facade-X, (d) facade-Y columns for ag = 0.38 g, building 1.
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can be applied for prototype building, especially irregular ones. Also one
of the major observations of this study is the comprehension of the ef-
fect and importance of biaxial loading in columns and the influence of
the axial load variation, relating the position of the columns in plan
and in high, highlights the importance of this topic.
Fig. 15. The biaxial demand in: (a) corner, (b) center, (c) fac
4.3. Seismic safety assessment of the building

In this paper, the result of time history analysis in terms of
maximum drift and maximum displacement are compared with in-
ternational guidelines: FEMA-356 [25], ATC-40 [38], in order to
ade-X, (d) facade-Y columns for ag = 0.29 g, building 2.



Fig. 16. Variation of axial load — base shear: (a) building 1, (b) building 2.
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assess vulnerability of six-storey buildings (Tables 4 and 5). Al-
though, other researchers follow the same concept with differences
in values [39–40], these two guidelines are very popular among civil
engineers to assess the seismic vulnerability of buildings. Also at
that time there are no drift limits imposed by the Eurocodes to eval-
uate the seismic safety of existent buildings. The FEMA and ATC
Fig. 17. Variation of axial load— drift in 1st, 3rd, 6th stories: (a) corner, (b)
proposed limits for well design RC structures that are in accordance
with the experimental observation of several authors around the
world.

As can be seen in the Tables 4, 5 and Fig. 13, the IS-drift values for life
safety and near collapse for both buildings in transverse direction are
more than the global-level limit.
centre, (c) facade-X, (d) facade-Y columns for ag = 0.38 g, building 1.



Fig. 18. Variation of axial load— drift in 1st, 3rd, 6th stories: (a) corner, (b) centre, (c) facade-X, (d) facade-Y columns for ag = 0.29 g, building 2.
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For building 1 in collapse prevention, the structure loses the strength
and becomes unstable in 3000-yrp in longitudinal direction with drift
valuemore than 2.5% according to FEMA-356, however it would be sta-
ble in order to ATC-40. In building 2, in longitudinal direction the struc-
ture is stable up to 2000-yrp, with the drift value 1.04%, but in 2000-yrp
the IS-drift value ismore than the FEMAandATCglobal-level. Therefore,
the case study building is stiffer in transverse direction, however in lon-
gitudinal direction it is vulnerable for the rare event based on a general
global-level evaluation using the suggested drift limits.
4.4. Local response

For local response, 2000-yrp earthquake corresponding to PGA =
0.38 g for building 1 is selected. Since the structure in 2000-yrp loses
its resistance and collapse, so the 975-yrp earthquake corresponding
to PGA= 0.29 g for building 2 is chosen. Four columns which are locat-
ed in the 1st storey are selected as a representative of corner, center and
facade columns. Formember level performance the biaxial demand, the
variation of axial load versus base shear and drift and the variation of
axial load for all the columns in each first floor are studied.

As can be seen in Figs. 14 and 15, for both buildings themost impor-
tant biaxial demand happens in the corner columnswhile for the center
columns the lower demand is represented. In facade columns, since it is
assumed that the earthquake force is applied in the longitudinal direc-
tion, so it is expected that Φx should be greater than Φy, but from the
analysis results, for the facade column in X direction, it is reverse.
Hence, it could be concluded that torsion happened in the buildings.

Fig. 16 illustrates the variation of axial load in terms of base shear.
For both buildings, it is obvious that the minimum initial axial load be-
longs to the corner column. It increases in facade column in X direction,
facade column in Y direction and center column. It should be noted that
by increasing the initial axial load the biaxial demand decreases.

For building 1, the maximum interaction happens in the corner col-
umnwith the values between 645 and 834 kN (around 30%), while cen-
ter and facade columns represent a lower values (around 6%).

For building 2, as can be seen all the graphs follow the same pattern.
It is noted that themaximum variation of axial load versus base shear is
in corner and facade-X columnswith values around 25%. The facade col-
umn in Y direction shows the 14% changes, and center column presents
only 1% variation. The yield pointwhich is obtained from Fig. 8 is shown
on both graphs. It is noted that for building 1 the yield point is near the
second jumpof graph,while in building 2 the yield point does not follow
the specific pattern.

Figs. 17 and 18, present the variation of axial load in terms of drift for
four representative columns in 1st, 3rd and 6th stories. In building 1 the
maximum variation of axial load happens in the corner column in the
first storey, while in building 2 corner and facade-X columns show the
higher demands. It is obvious that the initial axial load is decreasing
from lower floors to upper one, while drift is reverse. As noted above
by increasing the initial axial load the variation of axial load decreases.
This section is not only to highlight the torsion, but also the importance



Fig. 19. Variation of axial load for columns in: (a) building 1, (b) building 2.
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of biaxial demand in the columns, in particular in the corner columns is
considered. As stated by several authors [1,7,8] the biaxial demand can
change significantly the behavior of a column, increasing the seismic
vulnerability of the buildings.

Fig. 19 shows the variation of axial loads for two buildings. Since the
other stories follow the same pattern, only the first storey is considered.
For building 1 in Fig. 19a it is obvious that, as it is expected in corner col-
umns the variation of axial load is high (30–60%), in center columns is
neglegible (0–10%) and facade columns the lower demand is presented
(10–30%).

For building 2 in Fig. 19b these variations are the same as the other
one. It is clear that for corner column the variation is between 30–70%,
for facade columns is 10–30% and for center columns is between 0–
15% except a few columns like C1 and C2. Although C1 is located in cen-
ter but the variation is high. In the case of column C2 in longitudinal di-
rection the variation is low, while in transverse direction this value is
high.

5. Summary and conclusion

In this research two existing concrete buildings which were de-
signed with older codes were chosen and proposed for push-over and
time history analyses in longitudinal and transverse directions. The
building responses were analyzed in two different levels: global and
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local. For global response, max displacement, IS-drift, and IS-rotation
were considered. While, for local member, four columns were selected
which were located at the 1st storey namely: corner, center, facade-X
and facade-Y, and the variation of axial load in terms of base shear
and drift for 1st, 3rd and 6th stories and biaxial demand was studied.
The conclusions of the study were summarized as follows:

• For these two buildings, since the center of mass does not coincide
with the center of stiffness, the torsional forces cause the structure
to rotate around the center of stiffness. This indicates that both build-
ings are irregular. Although building 1 is regular in plan, but both of
the buildings show irregularities due to the position of the mass and
stiffness centers.

• In elevation, both buildings are regular and the response of the build-
ings shows that even the first storey is larger than the other stories,
but the behavior is linear. The nonlinear behavior is shown only in
building 2 in longitudinal direction in 2000-yrp.

• The vulnerability assessment based on FEMA-356 and ATC-40 clearly
shows that building 1 is vulnerable in longitudinal direction according
to FEMA-356, however it would be stable in order to ATC-40. Howev-
er, building 2 is stable based on both guidelines. Comparing the ob-
tained results with the drift limits proposed by FEMA-356 ATC-40,
the building is safe, with the exception of the last limit state proposed
by ATC40. To have a full conclusion about the seismic safety of this
particular building more analysis should be performed including
more earthquakes to consider the full response of the RC building
for different earthquakes.

• An abrupt change in inter-storey rotation is observed in building 1 in
transverse direction between 0.29 g–0.33 gwhich shows the large ro-
tation in the 6th storey. It is because the non-linear behavior of the
structure. The main reason is that the building is behaving almost in
an elastic range until this point. On the other hand after this accelera-
tion the structure is subjected to sever nonlinearity and incursions are
more severe for the structure.

• For local response two buildings show that, themost variation of axial
load happens in corner, facade-X, facade-Y and center column respec-
tively. It is noteworthy that by increasing the initial axial load the bi-
axial demand decreases.

• In both buildings facade column in X direction presents only uniaxial
behavior in longitudinal and transverse directions. Since the direction
of earthquake is in longitudinal direction, so it is expected that theΦx

should be more than Φy, but the analysis presents in X direction for
longitudinal direction it is reverse. Hence, it could be concluded that
torsion happened in the building.
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