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1. INTRODUCTION
Modelling of a structural system can be a very com-

plex process, depending on the complexity of the system 
and the software package that is used. The accuracy of 
the analysis depends on adopted theoretical assumptions, 
input parameters and their reliability. The calculation 
consumption time is correlated with the analysis met-
hods applied and the complexity of the structural model. 
Within a structural system of the building, RC walls are 
generally modelled in the following two ways (Figure 1):

– System of two frame elements – A column with 
geometric characteristics of the wall; a beam or link ele-
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ABSTRACT
In this paper, a wall structural system building (acc. to EC8), with reinforced concrete 

(RC) walls is analysed. The focus is on analysing the system post-elastic behaviour, using the 
nonlinear static and dynamic analysis methods. Three models (each with different RC wall rein-
forcement detailing) are used for the comparative analysis of the building behaviour. The results 
of this analysis are used to compare the response of buildings with the walls designed according 
to EC8 (with boundary elements) and buildings with uniformly distributed rebar in the RC wall 
cross-section. Walls are modelled as column-rigid beam elements with fiber nonlinear hinges, 
but with different distribution and quantities of the reinforcing steel in each model. The model 
with RC walls that have “boundary” elements modelled as a part of the wall is chosen as a refer-
ent model for comparative analysis with the other two models. Based on the results of nonlinear 
analysis methods some conclusions and recommendations are given.

Key words: Building structures, RC walls, nonlinear seismic analysis, boundary elements, 
stirrups, rebar detailing methods 

REZIME
U ovom radu, analizirani su konstruktivni sistemi zgrada sa armirano-betonskim (AB) zi-

dovima sa fokusom na njihovo post-elastično ponašanje, primenom metoda nelinearne statičke 
i dinamičke analize. Tri modela zgrada sa različitim detaljima armiranja AB zidova su ana-
lizirana i upotrebljena za uporednu analiza seizmičkog odgovora zgrade. Rezultati analize su 
iskorišćeni za upoređenje odgovora zgrada, na seizmička dejstva, sa zidovima projektovanim 
prema EC8 (koji sadrže ivične elemente) i zgrada sa ravnomerno raspoređenom armaturom u 
poprečnom preseku AB zidova. Zidovi su modelirani kao sistemi stubova i krutih greda sa vlak-
nastim modelima plastičnih zglobova, ali sa različitim rasporedom i količinama armature u sva 
tri modela. Kao referentni model za komparativnu analizu, odabran je model sa AB zidovima 
koji imaju ivične elemente. Na osnovu rezultata dobijenih primenom metoda nelinearne analize, 
date su odgovarajuće preporuke.

Ključne reči: Konstrukcije zgrada, AB zidovi, seizmička nelinearna analiza, ivični elemen-
ti, uzengije, metode armiranja 
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ment with very high stiffness properties (Figure 1a). In 
this approach, the modelling process of nonlinear hinges 
is very complex. The accuracy of the results and calcula-
tion time are dependant to a certain extent on the model-
ling accuracy of nonlinear hinges.

– Shell elements – The modelling process is simpler. 
Walls are modelled as multi-layered shell elements (Fi-
gures 1b and 2). The accuracy of the results and calcula-
tion time are dependant to a certain extent on the density 
properties of 2D finite elements grid.

In both cases, rigid beams (Figure 1b) have 100 ti-
mes higher flexural stiffness (EI/L) and 100 times lower 
axial stiffness (EA) than the “regular” beams connected 
to the wall. Imbedded beams do not have nonlinear hin-
ges.

The modelling of walls as a multi-layered shell ele-
ment or frame element system, was analysed by Kubin 

pacities. Structural walls considered in their study had 
different sectional shapes of boundary element details, 
with barbell-shaped RC wall as well. In this study, on-
ly rectangular RC walls were considered. As expected, 
wall specimen without boundary elements has shown the 
lowest performance parameters, compared to other spe-
cimens.

In their research, Darani F.M. and Moghadam A.S. 
(2012) investigated the effect of wall aspect ratio, axial 
force, and boundary element characteristics on the beha-
viour of low-rise shear walls. Response parameters inc-
luded maximum lateral strength, lateral displacement at 
maximum strength and failure mode of walls. 

In his research, Hoult R.D. (2017) investigated, at 
that moment, current and proposed longitudinal reinfor-
cement requirements of the Concrete Structures code in 
Australia (AS 3600). He analysed RC wall using FEM 

Figure 1. Wall models: a) frame elements system; b) shell element (acc. to Fahjan Y. M. et al. 
2010)

Figure 3. Rectangular cross-section RC wall with boundary elements (M1), (acc. to Milev J., 
2016)

J. et al (2008), Fahjan Y. M. et al. (2010), Ajmal M. et 
al. (2015), Sukumar B. et al. (2016) on the 3D (spatial) 
model of the structure. Ajmal M. et al. (2012), Fahjan Y. 

Figure 2. Multi-layered shell element (acc. to Fahjan Y. M. et 
al. 2010)

M. et al. (2012) did a comparative analysis on 2D (pla-
ne) model of a building frame. Based on the results of 

pared to lightly reinforced walls with evenly distributed 
reinforcement.

Lu Y. and Henry R.S. (2015) tested six walls to inve-
stigate the seismic behaviour of RC walls with distribu-
ted minimum vertical reinforcement in accordance with 
provisions in NZS 3101:2006. They developed detailed 
numerical models of lightly RC walls to understand the 
behaviour of the test walls, and to investigate the per-
formance of walls with minimum vertical reinforcement. 
Results from these analyses showed that wall size, rein-
forcement type and concrete strength had a significant 
effect on the cracking behaviour and lateral drift capacity 
of RC walls.

In their paper, Berely A. et al. (2018) were focused 
on the development of the tools that would enable obta-
ining of the performance states (PBEE) of load-bearing 
walls. The in-plane behaviour of the slender RC walls 

software for a range of diffe-
rent longitudinal reinforcement 
configurations. The research 
showed better performance of 
RC walls with boundary ele-
ments, compared to the walls 
with evenly distributed rein-
forcement and also, a better 
performance of the walls with 
the larger quantity of evenly 
distributed reinforcement com-

their research, it can be conc-
luded that modelling of walls 
with frame elements will give 
similar results compared to 
structures with shell wall-ele-
ment models, but with more or 
less accuracy, depending on the 
analysed structure. 

Oh Y.-H. et al. (2002) 
studied the effect of boundary 
element details of structural 
walls on their deformation ca-
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was analyzed. Necessary preparations for the experimen-
tal research, its realization and the role in design of tall 
buildings are presented in the paper. This provides a basis 
for the adequate simulations and designed RC walls with 
the different configurations.

In the paper by Menegon S. J. et al. (2018), the 
aspect of the introduction of the ductility factor for RC 
walls, related to the practical detailing approach, is wi-
dely discussed. The comparison with the assumed values 
in the performance analysis according to AS 1170.4 is 
given as well.

In the research by Gallardo J. A. et al. (2018), the 
initial point is the fact that the buildings with load-bea-
ring walls behaved favourably in the recent earthquakes, 
including Chile, in 2010, and the damages were mainly 
concentrated on the ground floor. Several computational 
models have been developed to analyze the fracture mec-
hanisms and behaviour of the RC walls. It is noted that 
the micro-models were simulating the distribution of the 
stress and strain really well. A case study of an 18-storey 
building that was seriously damaged in the 2010 Chile 
earthquake is presented in detail and a nonlinear time hi-
story analysis was applied. The proposed model for the 
prediction of the structural behavioural has shown satis-
factory accuracy. The case study allows the assessment 
of the damping effects in non-ductile structures and it in-
dicates the importance of the stiffness of RC plates on the 
structural response to vertical ground excitation.

In his paper, Milev J. (2016) discussed the problems 
and solutions in the design of RC wall structures, and 
among them, the local ductility requirements and checks 
after (EN1998-1). “Local ductility of ductile walls can 

M2 and M3 is the different position and quantity of 
the rebar in wall-elements. RC walls in M1 are desig-
ned according to (EN1998-1), (EN1992-1) as the walls 
with boundary elements (Figure 4). M2 and M3 have RC 
walls without boundary elements (Figure 4) and they are 
compared to the referent model M1. RC walls in M2 are 
designed as fully confined RC walls and RC walls in M3 
are designed as fully unconfined RC walls, but with the 
same amount of vertical reinforcement as in M2. With 
the exclusion of boundary elements, all other propositi-
ons given in (EN1998-1), (EN1992-1) were adopted in 
their design. Geometrical characteristics (length, width, 
height) of the walls are the same in all three models. 

The results of this analysis are used to compare the 
behaviour of a wall structural building system with – and 
without boundary elements in RC walls and the effect 
of equal reinforcement distribution in RC walls without 
boundary elements on the post-elastic behaviour of the 
structure. Nonlinear static analysis (NSA) and nonline-
ar dynamic analysis (NDA) methods were used in the 
analysis of the structural system behaviour. NSA method 
was used to perform pushover analysis. Seven different 
accelerograms obtained from (Ambraseys N., 2002), 
(ORFEUS) and cyclic load testing pattern for shear resi-
stance of vertical elements for buildings (ASTM E2126) 
were used while performing NDA. To fully observe the 
behaviour of the structures in post-elastic zone, global 
displacements, inter-story drifts (IDR) and cyclic testing 
values were used for the comparative analysis. 

be ensured by providing the 
confined boundary elements 
in the critical zone of the wall. 
However the procedure for 
calculation of the length of 
confined boundary elements is 
complicated and is partly clear 
in Eurocode 8 even for the case 
of walls with rectangular cross 
section. In author’s opinion the 
procedure is iterative even for 
the simple cases.” (Figure 3)

In this paper, three mathe-
matical models (M1, M2, M3) 
were used, in order to analyse 
and compare the behaviour of 
DCM wall structural system 
(EN1998-1) that contain RC 
walls with and without boun-
dary elements (Figure 4). Cross 
sections of RC wall (FW Y M 
I), columns and beam (B Y3) 
and division grid of fibers are 
shown in Figure 4.

The main difference be-
tween the wall M1 and walls 

Figure 4. Reinforcement detailing in RC walls, columns and beams
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2. MATERIALS AND METHODS
2.1. �Geometric and material properties of the struc-

ture
The subject of the analysis is an office-residential 

building with 11 levels (basement, ground floor + 9 stori-
es). The structural system of the building is a wall system 
(EN1998-1). The main structural elements of the ana-
lysed structure are RC slabs, walls, beams and columns. 
The raster of the structure is shown in Figures 5 and 6. 
The length of one span in the longitudinal (X) direction is 
4.8 m (8x4.8 m total), and in the transverse direction (Y) 
5.4 m (5x5.4 m total).

The height of basement and the ground floor is 3.6 
m, while the height of the other 9 stories is 3.2 m, so the 
total height of the building is 36.0 m. In order to sim-
plify 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 calcu-
lation and design.

Figure 5. Linear analysis model

Material properties of concrete C35/45 (EN1992-1) 
and reinforcing steel class C (fyk = 500 MPa, k = 1.15) 
(EN1992-1) have been adopted for model analysis. The 
structure is designed for the medium ductility class 
(DCM) behaviour (EN1998-1).

The structural design is done according to the Euro-
pean building design standards (EN1998-1), (EN1992-
1), (EN1990) and (EN1991), and the calculations are 
performed using (ETABS). The structural behaviour is 
analysed by performing NSA and NDA methods. The N2 
method (EN1998-1) is used for the calculation of target 
displacement values.

The position of the walls in the structural system is 
shown in Figure 6. Geometric characteristics of the cross-
section properties of the walls are shown in Table 1.

Figure 6. Walls position – plan view

The calculations of the structure are done accor-
ding to the methodology and recommendations given 
in (EN1998-1), (EN1992-1), (EN1990) and (EN1991). 
There are two phases of modelling and calculation pro-
cess for the building structure analysis. The first phase 
includes the creation and analysis of the model M0 that is 
used for linear-elastic analysis of the structure and design 
of elements. The second phase includes the creation of 
three building models (M1, M2 and M3) with different 
RC wall elements. M1-M3 was used for the analysis of 
post-elastic behaviour of the structure and comparative 
analysis of the results.

The first structural model M1 is the referent model, 
where RC walls are modelled with boundary elements 
(Figures 3 and 4). The remaining two models are used 
for a comparative analysis with M1. In M2 and M3, the 
same required quantity of rebar is evenly distributed in 
each wall (Figure 4), but the main difference between the 
models is that walls in M2 are fully confined while M3 
walls are fully unconfined RC elements. 

2.2. Loads and actions
The applied loads are as follows: permanent loads 

(Gi) – self-weight of structural elements and an additio-
nal permanent load; live load (Qi) and seismic load (Si). 
Load combinations and design values of actions for cal-
culations are used according to (EN1992-1).

2.2.1. Vertical load
There are two different types of vertical loads on the 

construction: the weight of the structural elements and 

Table 1. Geometric characteristics of structural elements

Level Basement  
– 10th story

Wall length  
on all floors LW (full/B.E/I.E) [m]

Plate: dpl [cm] 16 FW X L 10.0 / 1.8 / 6.4
Beams: bw/h [cm] 40/60 FW X S 5.2 / 1.0 / 3.2

Columns: dx/dy [cm] 80/80 FW Y E, FW Y M, 
CW Y 5.8 / 1.1 / 3.6

Walls: bw [cm] 40 CW X UE 4.4 / 0.9 / 2.6
CW Y UE 2.2 / 0.7 / 0.8

the additional permanent load 
(Gi) and the variable-live load 
(Qi). The adopted value of the 
permanent constant load is gpl 
= 3.0 kN/m2 on all floors. The 
load intensity of the variable-li-
ve load amounts to q = 3.0 kN 
kN/m2 (EN1991) on all floors, 
except on the roof slab at which 
the load intensity is equal to qr 
= 1.0 kN/m2 (EN1991). The 
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self-weight load of façade elements, which is imposed on 
all façade beams except the roof façade beams is equal 
to gf = 10.0 kN/m on beams and 3.0 kN/m on RC walls. 
The value of the reduction factor of the live loads is ψ2,i 
= 0.3 (EN1992-1).

2.2.2. Horizontal (seismic) action 
To calculate the peak ground acceleration (PGA) ac-

tion on the structure, an elastic response spectrum (RS), 
type 1 (EN1998-1) is used, for ground type C (EN1998-
1). The reference PGA for reference return period of the 
reference seismic action for the no-collapse requirement 
TR = 475 years, with reference probability of exceedance 
of PR = 10 % in 50 years, which amounts agR = 0.2∙g 

was chosen. Since the building has an office-residenti-
al function, it corresponds to the class of importance II, 
for which the value of the importance factor is γI = 1.0 
(EN1998-1), so calculated value of the PGA is equal to ag 
= 0.2∙g (EN1998-1). The adopted damping value is 5%, 
after (EN1998-1). For more about damping please see 
(Ćosić M. et al., 2017). Eccentricity ratios of 5% for both 
directions are included. The maximum and the adopted 
value of the behaviour factor is q = 3.0 (EN1998-1).

Seismic base shear force for each horizontal directi-
on is calculated with the correction factor value λ = 0.85 
(EN1998-1). Elastic and design response spectrums are 
shown in Figure 7.

In order to perform NDA, 
7 different accelerograms were 
selected (Figure 7). The criteria 
for time-history data selection 
was that magnitude M>5.5Ms 
(Type 1 RS (EN1998-1)), the 
records correspond to soil Type 
C and vs,30 = 180 – 360 m/s 
(Ambraseys N., 2002), (OR-
FEUS). In addition, records 
from (ORFEUS) are obtained 
using REXELite tool that al-
lows searching for a suite of 
waveforms compatible with a 
target spectrum, generated ac-
cording to (EN1998-1). Selec-
ted earthquake data is shown in 
Table 2. 

Two different methods 
were applied to analyse the 
nonlinear behaviour of the 
system through NDA. In the 
first case, time-history data 
was scaled (Figure 8) with the 
common scale factor FS = 1.07, 
which was obtained using the 
least square method (LSM). In 
the second case, accelerograms 
were matched using (Figure 
9) (SeismoMatch, 2018). Both 
methods are described in de-
tail in (Ćosić M. and Brčić S., 
2012), (NIST GCR 11-917-
15). In the first case, when sca-
led time-history (TH) data is 
used, dispersion of the results 
should give the higher range 
of obtained values, while in 
the second case, when matched 
time-history data is used, the 
results values should be closer 
to the mean value. Both mean 
RS (scaled and matched) satis-
fy the (EN1998-1) provisions, 

Figure 7. Elastic and design RS and unscaled TH data

Table 2. Main properties of the earthquakes that were used in NDA

Name Earthquake Station 
ID/Code Date/Time MW

Original PHA 
[cm/s2]

EQ01 Alkion, Greece 121 24.02.1981/20:53:39 6.6 303.630
EQ02 Umbria, Italy 221 26.09.1997/09:40:30 6.0 195.100
EQ03 Izmit, Turkey 472 17.08.1999/00:01:40 6.6 303.770
EQ04 Central Italy CNE 30.10.2016/06:40:18 6.6 288.280
EQ05 Modena, Italy MOG0 29.05.2012/07:00:02 5.9 167.075
EQ06 Adana, Turkey 0105 27.06.1998/13:55:53 6.2 271.955
EQ07 Modena, Italy MIR08 29.05.2012/07:00:02 5.9 242.970

Figure 8. Elastic RS, scaled TH data, mean scaled RS and their differences
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where mean RS should not be below 90% value of the 
elastic (EN1998-1) RS at any point in range of 0.2∙T1 – 
2∙T1, and ag(T0)·S of (EN1998-1) RS should be lower than 
ag(T0) of mean RS.

2.3. Adopted properties and simplifications of struc-
tural modelsd

A spatial (3D) model is used for the structure’s ana-
lysis, which is conducted in (ETABS). The following pa-
rameters, assumptions and simplifications are adopted:

– RC plates are horizontally rigid diaphragms
– Second-order (P-Δ) effects are included in the cal-

culation
– Cracked structural elements properties are inclu-

ded in the calculation
– Elastic flexural and shear stiffness properties of 

all RC elements (walls, columns, beams and plates) are 
reduced to 50% for element design. (EN1998-1)

– Torsional stiffness is calculated as 10% of elastic 
torsion for element design. (EN1998-1)

– Wall finite-element (FE) mesh is rectangular, with 
the maximum distance of 1 m between the FE nodes.

ding to (EN1998-1), (EN1992-1). That process is descri-
bed in (Milev J. and Kardziev V., 2012) for the building 
that had DCM behaviour. Fardis et al. (Fardis M. N. and 
Tsionis G., 2011) is also used in the walls design process. 

2.5. Nonlinear analysis model
In addition to parameters, assumptions and simpli-

fications that are used for all models, for the post-elastic 
analysis models, the following are used as well:

– structural elements are modelled with material pro-
perties for nonlinear behaviour of concrete (EN1992-1), 
(Mander J. et al., 1988) and reinforcing steel (EN1992-1) 
(Figure 10)

– The behaviour of RC is described by a Takeda 
hysteretic model and the Kinematic model of hysteresis 
was used for the reinforcement. Both models are an inte-
gral part of the software package (ETABS).

– elastic flexural stiffness properties reduction for 
the walls, beams and columns from linear-elastic model 
are excluded from the calculation, because their behavio-
ur will be determined by P-M-M hinges and constitutive 
relationships shown in Figure 10,

Figure 9. Elastic RS, matched TH data, mean matched RS and their differences

Figure 10. Materials stress-strain relationship

– In all RC walls, flexural 
stiffness, induced by the shear 
horizontal in-plane force, is 
reduced to 50% of its elastic 
stiffness (EN1998-1), (Bisch 
P., 2011)

– In all RC walls, bending 
stiffness in out-of-plane direc-
tion is reduced to 10% of its 
elastic stiffness (EN1998-1), 
(Bisch P., 2011)

– The shear stiffness of 
all RC walls with cracked pro-
perties is reduced to 50% of 
its elastic stiffness (EN1998-
1), (Milev J. and Kardziev V., 
2012)

– All perimeter basement 
walls have full linear-elastic 
behaviour (Rana R. et al. 2004)

– Inner basement walls 
have the same properties as 
their corresponding ground flo-
or walls, except perimeter ba-
sement walls, which are desig-
ned as linear-elastic elements.

2.4. Linear-elastic analysis 
model

Linear-elastic structural 
model M0 was used for the de-
sign of structural elements. All 
RC walls are designed accor-
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– elastic shear stiffness properties reduction for the 
walls (for in-plane actions) from linear-elastic model is 
excluded from the calculation, because its behaviour will 
be determined by shear hinges and constitutive relations-
hips shown in Figure 12,

– effective flange widths are considered in nonlinear 
analysis and were calculated according to (EN1998-1). 
The width of the effective beam flange is equal to 50 cm 
on the side of the beam.

2.6. Nonlinear hinge properties
The properties of confined concrete in structural 

elements are calculated according to (Mander J. et al., 
1988). The stress in concrete is described by the equa-
tion:

,

1
cm c

c
f x r

f
r x

⋅ ⋅
=

− +
	 (1)

where

,

c

cm c
x ε

ε
= 	 (2)

εc is compression concrete strain. fcm,c is maximum com-
pressive strength value of confined concrete and εcm,c is 
corresponding compression concrete strain. εcm is equal 
to:

,
2 1 5 1cm c

cm c
cm

f
f

ε ε
  

= ⋅ + ⋅ −  
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where fcm = 43 MPa (C35/45) is unconfined concrete 
maximum compressive strength and εc2 = 2‰ (EN1992-
1) is its corresponding strain value. Ec (EN1992-1) and 
Esec are tangent and secant concrete elasticity modules in 
the equation:

c

c sec

Er
E E

=
− 	 (4)

and

,

,
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sec
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f
E

ε
= 	 (5)

Ultimate strain value in confined concrete core εcu,c 
is calculated according to expression given in (Paulay T. 
/ Priestley M.J.N., 1992):

,
,

0.004 1.4 yh yh su
cu c

cm c

f
f

ρ ε
ε

⋅ ⋅
= + ⋅ 	 (6)

where volumetric ratio of confining reinforcement ρyh is 
calculated according to simpler and safe-sided equation 
which considers that essentially the minimum of the two 
transverse reinforcement ratios (ρwx, ρwy) controls con-
finement (Fardis M. N., 2009):

2 min( , )yh wx wyρ ρ ρ= ⋅ 	 (7)

fyh  is the yield stress of confining reinforcement and εsu is 
the ultimate strain of confining reinforcement.

Plastic hinges are modelled as fiber cross secti-
ons. Nonlinear behaviour of structural elements (walls, 
columns and beams) is modelled with nonlinear plastic 
hinges. P-M-M nonlinear fiber hinge models are used to 
analyse the effects of axial forces and bi-directional mo-
ments on nonlinear behaviour of the system. 

In many investigations, the influence of the lateral 
load on the RC walls nonlinear shear behaviour is ne-
glected or included through the reduced elastic shear 
stiffness of those elements. In (EN1998-1), both bending 
moments and shear forces are not computed directly from 
the seismic actions obtained in the analysis, but from the 
capacity design approach. This approach is used to ensu-
re that the beginning of formation of flexural nonlinear 
hinges will be in the lower part of RC walls and that shear 
strength of RC walls exceeds the value needed to develop 
the wall’s flexural strength (Booth E., 2014). 

This is achieved by using the tension shift which 
is the vertical, parallel upper shift increasement of the 
design moments that have been already increased by the 
formation of linear design-moment function from ground 
floor to the roof. In addition, shear magnification factor 
of ε = 1.5 is used for the multiplication of design shear 
force envelopes in DCM systems. For DCH systems, this 
procedure is more complex (Fardis M. N., 2009), (Bo-
oth E., 2014), (Avramidis I., 2016). As a result of this 
procedure, it is necessary to reinforce the walls in upper 
floors with more flexural and shear rebar than it would 
be required if the effects were processed directly from 
the seismic actions. 

In this design approach, it is only allowed to deve-
lop a single plastic hinge at the base and the walls must 
act as vertical cantilevers. By preventing the formation of 
plastic hinges in the wall at the upper stories, the elastic 
part of the wall tends to behave almost as a rigid body 
above the flexible zone of the hinge at the base, maintai-
ning relatively uniform inter-storey drifts throughout the 
height of the building (Eurocode Standards).

This procedure leads to flexure over strengthened 
RC walls (Figure 11) which can affect the property of the 
structure to have a stiff response at the design PGA and 
also to reach its full ductile potential at the higher PGA 
intensities than for the value of the design PGA. 

Eurocode 8 has special design provisions for 
systems consisting of several large but lightly reinforced 
RC walls, sustaining seismic demands not by dissipating 
seismic energy through hysteresis in plastic hinges, but 
by converting part of it into potential energy of the mas-
ses due to upward displacements and returning another 
part to the ground by radiation from their foundation 
(Fardis M. N., 2009).

However, the building in M1, M2 and M3 do not 
qualify as a “system of large lightly reinforced walls” by 
failing to meet one of the conditions, in which the funda-
mental period in each horizontal direction cannot be hig-
her than 0.5 s and all its primary walls should be designed 
as DCM walls (Fardis M. N., 2009).
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Contrary to the approach where only P-M-M hin-
ges were included to model the nonlinear behaviour of 
ductile RC walls, shear hinges were also included to mo-
del RC walls behaviour. The method that was applied is 
described in (Gerin M. & Adebar P., 2004), (Hagen G. R., 
2012). Shear hinge model stress – strain relationship in 
wall FW Y M I is shown in Figure 12. The same metho-
dology was applied for other RC walls.

To obtain shear hinge model, it is necessary to calcu-
late the values shown in Figure 12. Cracking shear stress 

 is equal to the lesser value of (Gerin M. & Adebar P., 
2004), (ACI 318-11):

0;min 1 ,0.27 0.25

0;min 1 ,0.17 0.29

cr c
cr c

cr

cr c
cr c

n NN f f
f A

n NN f f
f A

ν

  
′≥ ⋅ + ⋅ + ⋅     = 

  ′< ⋅ + ⋅ + ⋅   
 

 (8)

where fcr represents the principal tensile stress at crack-
ing, which can be estimated as (Gerin M. & Adebar P., 
2004):

0.33cr cf f ′= ⋅  (9)

where f′c is represents the compressive strength of con-
crete. The shear strain at the start of the formation of the 
cracking γcr in the wall is calculated by the expression:

cr
cr G

ν
γ =  (10)

and the value of elastic shear modulus is calculated ac-
cording to (ACI 318-11):

0.4 cG E= ⋅  (11)

where Ec is concrete elastic modulus. According to (Ger-
in M. & Adebar P., 2004), (ACI 318-11), (Zhao X, 2011) 

  
Figure 11. RC wall (FW Y M I) analysis and design diagrams

Figure 12. Shear hinges stress-strain relationship in wall FW Y M I
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the value of cracked section shear stiffness Gcr is defined 
as the secant stiffness to the yield point:

y
cr

y
G

ν
γ

= 	 (12)

The shear stress at yield νy and the ultimate shear 
stress νu are assumed to be equal to the shear strength 
obtained using (ACI 318-11) expressed as a shear stress 
(Figure 12):

( )0.25 ,0.83y u c c h y c cmin f f f fν ν α ρ′ ′ ′= = ⋅ + ⋅ ≤ ⋅ ⋅ 	(13)

where coefficient αc is equal to:
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The shear strain of reinforced concrete at the yield 
point γy can be determined from the following simple 
strain transformation:

45
4
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0
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E E
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γ ε ε ε
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⋅

−
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⋅ 	 (15)

where εh and εν represent the normal strains in the hori-
zontal and vertical reinforcement directions and ε45 is the 
strain at 45° to the reinforcement and in the direction 
closest to the principal compression strain direction. fys is 
the reinforcement yield stress and Es is the reinforcement 
modulus of elasticity. n represents the vertical axial com-
pression and ρν is the vertical reinforcement ratio. Con-
servative limit on the shear strain ductility μν proposed 
in (Gerin M. & Adebar P., 2004) is calculated using the 
equation:

4 12 yu
y

y cf
νγ

µ
γ

= = − ⋅
′ 	 (16)

and the value of the ultimate shear strain γu can be ob-
tained using the following expression:

u yγγ µ γ= ⋅ 	 (17)

Column and beam P-M-M plastic hinges are located 
at the 15% and 85% of the element clear span, with the 
plastic hinges length of 0.3L, where L is a clear length of 
the element. RC walls have P-M-M plastic hinges, which 
are located at the 15% of and 85% element total height, 
on all floors except the basement, ground and 1st floor, 
with the plastic hinges length of 0.3L, where L is a cle-
ar length of the element. Dominant nonlinear behaviour 
of RC walls is usually expected in the first two floors 
(ground and 1st floor) (Milev J. and Kardziev V., 2012). 
For that reason, on these stories, the distributed plasticity 
approach was used, which means that each wall on the 
basement, ground and 1st floor have 5 P-M-M hinges that 

are distributed along their full length. These hinges have 
the same length of 0.2L, but they are located at the 0.1L; 
0.3L; 0.5L; 0.7L and 0.9L of the element total height. 
Shear hinges are modelled as a shear stress and strain 
function (ν – γ). They are located on 0.5L on each wall 
on which P-M-M plastic hinges are modelled and they 
integrate the entire section across its height in the calcu-
lation.

Among several expressions (Zhao X. et al., 2011), 
the commonly used equation given by (Paulay T. & Pri-
estley M.J.N., 1992) was used for the calculation of the 
plastic hinge length, because of its application simplicity:

0.08 0.022 0.44pl y bL y bLL L f d f d= ⋅ + ⋅ ⋅ ≥ ⋅ ⋅ 	 (18)

where Lpl is a plastic hinge length, L = M/V is a shear 
span, fy is longitudinal rebar yield stress and dbL is a mean 
value of longitudinal rebar diameter.

2.7. Modelling of the structural elements
RC walls, columns and beams have nonlinear pro-

perties. The walls are modelled as nonlinear column 
– rigid beam elements (Figure 1). Each wall section is 
defined with many fiber sections (Figure 4), whose beha-
viour is described using constitutive stress – strain relati-
onship functions (Figures 10 and 12). 

Rebar quantities in walls, columns and beams, used 
in analysed models are presented in Tables 3 and 4. Rebar 
quantity is calculated based on the wall model design:

– M1 – design with confined boundary elements 
(Figure 4). Wall models in M1 are designed according 
to (EN1998-1), (EN1992-1), (Milev J. & Kardziev V., 
2012) from the results obtained in M0, for a DCM struc-
tural behaviour (EN1998-1). Wall models include con-
fined boundary elements at the ends (Figure 4) and un-
confined element between them (Figure 4). This model is 
used as a referent (comparison) model.

– M2 – model with reinforcement quantity calcula-
ted (with ETABS) according to (EN1998-1), (EN1992-
1), for evenly distributed bars (Figure 4). This model is 
fully confined along its length.

– M3 – model with the same rebar quantity as in 
M2, but this model is fully unconfined along its length.

Indexes I, II and III in Table 3 represent the story 
position of RC walls. Index I refers to basement, 1st floor 
and 2nd floor. Index II refers to RC walls placed in 3rd, 4th 
and 5th floor. Index II refers to RC walls positioned from 
6th to 10th floor.

The modelling of core walls is done by designing 
the each wall segment of the core according to design ac-
tions in nonlinear analysis. They are modelled as a group 
of multiple column-rigid beam elements.

The reinforcement in columns and beams is the same 
in M1, M2 and M3. The focus of the paper is to analyse 
the effect of walls reinforcement detailing on behaviour 
of RC building. In this way, the reinforcement in beams 
and columns did not affect the differences in structural 
system’s behaviour between the models and has no di-
rect impact on difference of the results in the compara-



152� IZGRADNJA 75 (2021) 9–12, 143–160

Table 3. Reinforcement quantity in RC walls

Wall Vertical reinforcement Confinement Shear reinforcement
Model M1 (B.E. / I.E.) M2, M3 M1 M2 M1, M2, M3

Properties (nbL) dbL / sbL
[mm/cm]

Whole RC wall
[mm/cm]

(nsw,d / nsw,b) dsw / ssw
[mm/cm]

dsw / ssw
[mm/cm]

FW X L I (32)Ø20/12.00 / (84)Ø10/15.10
(138)Ø16/14.75

(3 / 15) Ø10/10 (2 / 68) Ø10/10
Ø20/20

FW X L II (32)Ø18/12.01 / (84)Ø10/15.10 Ø18/20
FW X L III (32)Ø16/12.03 / (84)Ø10/15.10 (138)Ø14/14.76 Ø16/20
FW X S I (18)Ø16/12.63 / (40)Ø10/13.00

(74)Ø14/14.53 (3 / 8) Ø10/10 (3 / 36) Ø10/10
Ø16/20

FW X S II
(18)Ø12/12.69 / (40)Ø10/13.00

Ø14/20
FW X S III Ø12/20
FW Y E I (18)Ø22/13.97 / (48)Ø10/14.74 (94)Ø16/12.63

(3 / 8) Ø10/10 (3 / 46) Ø10/10
Ø18/20

FW Y E II (18)Ø18/14.03 / (48)Ø10/14.74
(94)Ø14/12.64 Ø14/20

FW Y E III (18)Ø14/14.09 / (48)Ø10/14.74
FW Y M I

(18)Ø18/14.03 / (48)Ø10/14.74
(94)Ø14/12.64 (3 / 8) Ø10/10 (3 / 46) Ø10/10

Ø18/20
FW Y M II

Ø14/20
FW Y M III (18)Ø14/14.09 / (48)Ø10/14.74

CW Y I
(18)Ø14/14.09 / (48)Ø10/14.74 (94)Ø14/12.64 (3 / 8) Ø10/10 (3 / 46) Ø10/10

Ø14/20
CW Y II
CW Y III Ø12/20

CW X UE I
(18)Ø12/11.26 / (36)Ø10/14.06 (62)Ø14/14.78 (3 / 8) Ø10/10 (3 / 30) Ø10/10

Ø16/20
CW X UE II
CW X UE III Ø14/20
CW Y UE I

(14)Ø12/11.76 / (12)Ø10/13.40 (32)Ø14/14.90 (3 / 6) Ø10/10 (3 / 15) Ø10/10
Ø12/20

CW Y UE II
CW Y UE III Ø10/20

Figure 13. Beam positions – plan view

Table 4. Reinforcement quantity in columns and beams

Level Basement – 10th story
Reinforcement Flexural Confinement/Shear

Columns: 32 – Ø18 Ø10/10
Beams: Flexural Confinement/Shear

BX1

top 6 – Ø25
BY1

top 6 – Ø25
Ø10/10bottom 6 – Ø25 bottom 5 – Ø25

BX2

top 5 – Ø22
BY2

top 3 – Ø25
Ø10/10bottom 5 – Ø22 bottom 3 – Ø25

BX3

top 3 – Ø25
BY3

top 6 – Ø22
Ø10/10bottom 3 – Ø25 bottom 6 – Ø22
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tive analysis. The reinforcement amount in columns and 
beams by their position (Figure 13) are shown in Table 4. 
All columns have the same amount of reinforcement. Re-
presentation of the reinforcement detailing in RC walls, 
columns and beams is shown in Figure 4. Fibers division 
that was used for plastic hinges modelling is as well sho-
wn in the structural cross-sections in the Figure 4.

3. RESULTS AND DISCUSSION
3.1. Modal analysis

The load dependant Ritz (LDR) vector is used for 
the modal analysis in the linear-elastic design and NSA 

αK represent the proportional coefficients of damping of 
mass and stiffness.

The value of T1 corresponds to the first translational 
periods in the X or Y direction or the first rotational pe-
riod R. The value of T2 corresponds to the translational 
periods in the X or Y direction or the rotational period 
R, which refers to the period value in which the structu-
ral system reaches at least 90% of the sum of effective 
modal masses in one of the 2 translational directions or 
one rotational direction. The structure is torsionally stiff. 
Values of the periods used are shown in Table 5.

models. It converges faster and more uniformly than Ei-
gen vectors (ETABS).

Rayleigh mass (M) – tangential stiffness (KT), visco-
us damping was applied in the NDA. The damping ma-
trix of the system is a combination of mass and stiffness 
matrices and it is shown by the following equation:

[ ] [ ] [ ]M K TC M Kα α= ⋅ + ⋅  (19)

where [C], [M] and [KT] are damping, mass and tangen-
tial stiffness matrices, respectively. Parameters αM and 

3.2. Nonlinear static pushover analysis

3.2.1. Pushover curves
A NSA is performed for both main (X and Y) direc-

tions. Two different load distribution patterns are used 
for the analysis: mass proportional (PROP) and modal 
(MOD). PROP load distribution is the mass-proportio-
nal load distribution and modal (MOD) represents the 1st 
mode load distribution for appropriate direction. The re-
sults of NSA for both directions are shown in Figure 15.

Table 5. Periods of vibration of the structure

MODEL TM1 [s] mM1 [%] TM2 [s] mM2 [%] TM3 [s] mM3 [%]
Y1 0.868 66.64 0.871 66.64 0.860 66.64
Y2 0.079 91.12 0.079 91.10 0.078 91.19
X1 0.674 67.26 0.678 67.24 0.666 67.38
X2 0.069 91.11 0.069 91.09 0.068 91.17
R1 0.583 65.53 0.586 65.52 0.577 65.64
R2 0.053 90.38 0.053 90.36 0.052 90.46

Figure 14. First three fundamental periods of vibration of the structure: a) T1 – translation 
(Y dir.); b) T2 – translation (X dir.); c) T3 – rotational PROMENI

Figure 15. Pushover curves in X (left) and Y direction (right)
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Based on NSA results (Figure 15), it is evident that 
there is a negligible difference in the behaviour of three 
building models until a certain point. The main differen-
ce M1, M2 and M3 can be spotted “deep” in the non-line-
ar zone. While M1 pushover curve has a “smooth” shape 
until the last calculated value, a small stiffness drop is 
noticeable in M2 in the last calculated points, before the 
calculation is ended by the non-convergence of the so-
lution. However, M3 reaches its ultimate capacity point 
much earlier, compared to the first two models, which 
is expected, because there is no confinement in the RC 
walls. That leads to overall, lower ductility of the walls 
and the structure and inability of the walls to receive 
the stresses which may be absorbed by the confined RC 
walls in M1 and M2. The full discussion of the results 

of the analysis from the aspect of displacements, global 
and inter-story-drifts is given in the paper by Čokić et al. 
(2021).

3.3.2. Global drifts, inter-story drifts and damage lim-
itations

Values of global drifts (GDR) and inter-story drifts 
(IDR) obtained in NDA for PGA of 0.2g are shown in Fi-
gures 16-19. Minimum, mean and maximum global GDR 
values and percentage differences of their highest values 
in M2 and M3, compared to M1 are shown in Tables 6-9. 
The range in differences is bigger in the case when scaled 
TH data was used in the analysis, which was expected, 
based on the wider PGA range in scaled than in matched 
TH data. 

Figure 16. NDA GDR in X (left) and Y direction (right) using TH scaled data

Figure 17. NDA GDR in X (left) and Y direction (right) using TH matched data

Table 6. NDA Scaled TH GDR values and their percentual difference compared to M1

GDR [%]
X dir. Y dir.

min Mean Max min mean max
M1 0.113 0.191 0.247 0.146 0.250 0.367

M2 0.114
(0.74%)

0.191
(-0.22%)

0.269
(9.04%)

0.144
(-1.23%)

0.257
(3.10%)

0.336
(-8.30%)

M3 0.112
(-0.66%)

0.191
(-0.11%)

0.259
(4.87%)

0.144
(-1.63%)

0.247
(-0.91%)

0.325
(-11.46%)
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Contrary to NSA, NDA GDR percentage differen-
ces are not negligible, and their highest values amount 

 and  for the 
scaled and  and  
for the matched TH data. 

NDA GDR percentage differences and the-

ir highest values amount  

and  for the scaled and 

Table 7. NDA Matched TH GDR values and their percentual difference compared to M1

GDR [%]
X dir. Y dir.

min Mean Max min mean max
M1 0.174 0.206 0.242 0.216 0.255 0.273

M2 0.181
(3.81%)

0.208
(1.08%)

0.243
(0.69%)

0.210
(-2.56%)

0.259
(1.51%)

0.285
(4.28%)

M3 0.176
(0.86%)

0.203
(-1.23%)

0.241
(-0.44%)

0.217
(0.31%)

0.257
(0.68%)

0.291
(6.66%)

Figure 18. NDA IDR in X (left) and Y direction (right) using TH scaled data

Figure 19. NDA IDR in X (left) and Y direction (right) using TH matched data

Table 8. NDA Scaled TH IDR values and their percentual difference compared to M1

GDR [%]
X dir. Y dir.

min Mean Max min mean max
M1 0.140 0.241 0.317 0.185 0.321 0.476

M2 0.141
(0.64%)

0.241
(-0.02%)

0.346
(9.05%)

0.182
(-1.46%)

0.331
(3.05%)

0.439
(-7.82%)

M3 0.139
(-0.93%)

0.240
(-0.43%) 0.331 (4.25%) 0.181

(-2.00%)
0.318

(-1.04%)
0.422

(-11.24%)
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Figure 20. NDA roof displacement values in X (left) and Y direction (right) using TH scaled and matched data

Figure 21. NDA GDR values in X (left) and Y direction (right) using TH scaled and matched data

Figure 22. NDA IDR values in X (left) and Y direction (right) using TH scaled and matched data

Table 9. NDA Matched TH IDR values and their percentual difference compared to M1

GDR [%]
X dir. Y dir.

min Mean Max min mean max
M1 0.216 0.258 0.310 0.277 0.330 0.357

M2 0.225
(4.27%)

0.261
(1.11%)

0.310
(0.26%)

0.269
(-2.88%)

0.334
(1.36%)

0.365
(-2.27%)

M3 0.219
(1.67%)

0.254
(-1.60%)

0.306
(-1.07%)

0.277
(-0.11%)

0.331
(0.40%)

0.379
(6.20%)
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Figure 23. NDA cyclic test load pattern

Figure 24. NDA cyclic test structural response for M1, compared to NSA pushover analysis in X (left) and Y direction (right)

 and  for the 
matched TH data.

Conditions for limitation of the relative story drift 
(EN1998-1) are met in all three cases, i.e.: 

– for buildings having non-structural elements of 
brittle materials attached to the structure, where: IDRmax 
≤ α/ν = 0.005/0.5 = 1.0% (Figures 18 and 19),

– for buildings having ductile non-structural ele-
ments, where: IDRmax ≤ α/ν = 0.0075/0.5 = 1.5% (Figures 
18 and 19),

– for buildings having non-structural elements fixed 
in a way so as not to interfere with structural deformati-
ons, or without non-structural elements, where: IDRmax ≤ 
α/ν = 0.010/0.5 = 2.0% (Figures 18 and 19).

Maximum values of the roof displacements, GDR 
and IDR for two NDA methods in both directions for the 
PGA = 0.2g value are calculated. The results show the 
wider range of the results using scaled TH data, then in 
case of matched TH data. In addition, the mean values 
are slightly higher in the second case, when the matched 
TH data was used. Percentage differences between M1 
and models M2 and M3 are already shown in the Tables 
6-9. Percentage differences between matched and scaled 
TH data mean values, used in two NDA cases, vary from 

6.49% to 9.13% for displacements in X and from 0.57% 
to 3.82% for displacements in Y direction. GDR values 
vary from 6.45% to 7.71% in X and from 0.72% to 3.93% 
in Y direction. IDR values vary from 6.19% to 8.31% in 
X and from 1.00% to 4.12% in Y direction. The varia-
tions are a bit smaller for the values obtained for the Y 
direction.

3.2.3. Cyclic test load NDA
To analyse the differences in the behaviour of the 

structures in the post-elastic zone more thoroughly, the 
cyclic test load pattern, method B according to (ASTM 
E2126). However, instead of the displacement value at 
the ordinate and in input data, the acceleration value in g 
units was used (Figure 23).

The results of the analysis are displayed in the Figu-
res 24-26 and compared to the already obtained pushover 
curves for PROP load distribution case. The results of the 
NDA cyclic analysis match the results of the pushover 
analysis with very small differences. However, beyond 
the displayed values, there was no convergence in the so-
lution, so the higher values were unable to obtain. 
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Figure 25. NDA cyclic test structural response for M1, compared to NSA pushover analysis in X (left) and Y direction (right)

Figure 26. NDA cyclic test structural response for M1, compared to NSA pushover analysis in X (left) and Y direction (right)

3.2.3. Reinforcement amount comparison
Another parameter that is used to compare the diffe-

rence between the methods of RC walls rebar detailing is 
the vertical flexural rebar, horizontal confining rebar and 
the total of the two groups. Horizontal shear rebar quanti-
ty was excluded from the comparison analysis, because it 
is the same in all three models. The values of M2 and M3 
are compared to M1 and shown in the Table 10. 

Table 10. NDA Matched TH IDR values and their percentual 
difference compared to M1

Model M1 M2 M3
Vertical rebar difference [%] / +28.7 +28.7
Confining rebar difference [%] / +299.0 /
Total rebar difference [%] / +111.8 -27.3

Although it is already shown (through pushover, TH 
earthquake and cyclic load analysis) that M1 and M2 ha-
ve the same structural response, the amount of rebar in 
RC walls in the two models is much different. Longitu-
dinal (vertical) bars have almost 30% higher volume in 
M2 and M3, than in M1. In addition, since the walls in 
M2 are confined along its full length, the amount of con-

fining rebar is much higher than in M1, for almost 300%. 
M3 lacks the confining reinforcement in RC walls, so the 
difference is incomparable. When summed, the differen-
ce between the total amounts is around +110% for M2 
and -27.3% for M3.

4. FINAL REMARKS AND CONCLUSIONS
This paper analyses the impact of different quantity 

and arrangement of rebar in RC walls, which does not 
correspond with a typical form of RC walls with perip-
heral elements. (EN1998-1), (EN1992-1). Three mo-
dels are considered, whereby M1 corresponds with case 
when seismic RC walls are designed in accordance with 
(EN1998-1), (EN1992-1) and it represents the reference 
model for a comparative analysis. Characteristics of RC 
walls in M2 and M3 are described in detail in the paper. 
Using the comparative analysis, the differences descri-
bed by numerical values in the text, tables and figures 
from the aspect of displacements, GDR and IDR of the 
structural system exposed to the action of a seismic acti-
ons and cyclic load test are established. The analysis of 
the obtained results leads to the following conclusions:
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– Using a certain quantity of rebar with atypical 
arrangement in RC walls in relation to (EN1998-1), 
(EN1992-1), the results are achieved, which can to a cer-
tain extent deviate from the results obtained by the ana-
lysis of the reference model M1. 

– The M2 with the higher quantity of rebar in com-
parison to M1 (fully confined and evenly distributed 
along the wall length), will have almost the same structu-
ral response as M1. The roof displacement values, GDR 
and IDR, and its percentage differences compared to M1 
values for the designed PGA and for cyclic test are very 
small, i.e. negligible. The only big difference is in the 
fact that, to achieve this kind of response, RC walls in 
M2 will have much higher amount of vertical and confi-
ning rebar and the total of the two.

– The M3 with the same quantity of rebar as M2 
(non-confined and evenly distributed along the wall 
length), will have almost the same structural response as 
M1 for the design PGA. The roof displacement values, 
GDR and IDR, and its percentage differences compared 
to M1 values for the designed PGA are very small, i.e. 
negligible. However, the big difference between M3 and 
M1 and M3 and M2 as well, occurs in the plastic zone, 
after the target displacement is reached. It is established 
through pushover analysis and cyclic load test. The struc-
ture will lose its bearing capacity much earlier, than in 
other two models, with a lot less ductile response, which 
is which is by no means a good property. This type of 
response is the consequence of non-confined RC walls 
with much lower concrete stress limit than in confined 
parts of M1 and M2 RC walls that provide the ductility 
of the element and the structure as whole unit. As in M2, 
M3 walls will have much higher amount of vertical rebar, 
but none of the confining rebar, which will lead to the 
smaller total amount of the 2 types of reinforcement in 
RC walls in M3, compared to M1 and M2.

By analysing the results obtained from M2 and M3, 
it can be concluded that with the choice to use a diffe-
rent approach of rebar detailing in the RC walls (evenly 
distributed, confined and unconfined rebar), the similar 
response of M1 will be achieved in many of the analysed 
parameters (displacements, GDR and IDR for the design 
PGA). The differences will occur in the higher plastic zo-
ne, as it is already shown trough the results of nonlinear 
static pushover analysis and cyclic test load analysis. M2 
will keep its properties to be the same as M1, except in 
the near end of its capacity, where there will be a small 
stiffness drop, compared to the M1. This can be seen in 
the results of the NSA. On the other hand, M3 will have 
the same response as M1 and M2, but it will reach its 
ultimate capacity point much earlier, because of the lack 
of ductile properties of its RC walls. If the relation of 
the results in M2 and M3 to M1 is compared, one may 
notice that satisfactory results with small deviations are 
achieved for M2, but that the structural system in M1 has 
a better response. (Čokić M. et al., 2021)

Based on the results of the conducted analysis, it 
can be concluded that the existing approach according 
to (EN1998-1), (EN1992-1) and the approach applied in 

M2 will provide the similar results in terms of the seismic 
structural response for adopted PGA and higher load in-
tensities, but with much higher rebar quantity in M2 and 
economical expenses than in M1. The approach accor-
ding to (EN1998-1), (EN1992-1) is strongly recommen-
ded in RC wall design. Providing the confined boundary 
elements in critical zone of the RC walls, in wall-equi-
valent dual structural system building, contributes to a 
better behaviour of the entire structural system and its 
seismic response. 

It is established that the percentage deviations of the 
results in M2 and M3 are unimportant in relation to M1, 
but are not negligible, either. The values in M3 indicate 
that this approach provides the least favourable results, 
so irrespective of its cost-reducing potential, it should 
not be employed.

The aspect of economy is better in the case of M3, 
because the quantity of rebar in the walls lower, but the 
behaviour of the structural system in M3 is not as good as 
in M1, and not safe at all, so it is obvious that it should 
not be employed and it is better to use the M1 approach 
for walls reinforcement.

As it was mentioned, based on the analysis of con-
sidered cases, it can be assumed that with the additional 
increase of the quantity of rebar in M2 the same structu-
ral system response as in M1 may be achieved, but such 
a solution would not be economical. The approach of 
reinforcing of seismic RC walls used in M1 is the best 
approach.
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