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Abstract

When steel braces are used to retrofit an existing reinforced concrete frame, the paths through which the seismic loads are
transferred change, resulting in new demands on the frame members. The brace positioning or configuration has a consider-
able effect on the new load paths and demands on the frame elements, particularly columns. In the present study, three differ-
ent X-bracing configurations, termed: centrally stacked (C), end-stacked (E) and diagonally distributed (D), are considered
and their effects on the seismic performance of 2D, RC frames; 4, 8 and 12 storeys high and 3 and 6 bays wide are evaluated.
To this end, a number of nonlinear pushover analyses are carried out on different retrofitted and non-retrofitted frames and the
resulting capacity curves are utilized to determine and compare the frames global seismic performance parameters, includ-
ing: lateral capacity, stiffness, overstrength, ductility, behaviour factor and toughness. The results of pushover analyses are
also used to evaluate and compare new shear, compressive and tensile force demands on the columns, as the most important
members of the frames. It is found that the diagonally distributed brace configuration (D) has the most favourable effects on
the global seismic performance of the retrofitted RC frames and the least complications and side effects regarding the new

demands on columns compared to the common stack-type configurations, C and E.

Keywords Seismic retrofitting - Steel X-bracing - RC frame - Brace configuration - Seismic response - Local retrofitting

1 Introduction

Lateral load resisting systems such as shear walls, bracing
and flexural frames are incorporated into framed buildings
and designed to withstand lateral seismic or wind forces and
to limit drifts by increasing the lateral stiffness. Although
steel bracing has traditionally been used in steel frames, in
recent years it has gained popularity in retrofitting existing
deficient RC frames; mainly due to the speed and ease of
construction, reduced weight and its less intrusive nature
compared to the shear walls.

Three different techniques have been used to attach steel
bracing systems to an existing RC frame (Mabheri, 2005).
The older, externally connected (Badoux and Jirsa 1990;
Bush et al. 1991; Nateghi-Alahi 1995) and indirect internally
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connected (Sugano and Fujimura 1980; Usami et al. 1988;
Hjelmstad et al. 1988; Tagawa et al. 1992) bracing systems
are reported to have a number of drawbacks and shortcom-
ings including architectural restraints and difficulty in pro-
viding appropriate connections (Tagawa et al. 1992; Maheri
and Sahebi 1995). The later proposed, directly connected
internal bracing (Maheri and Sahebi 1995, 1997) is shown to
be a more efficient and robust technique to attach steel brac-
ings to RC frames (Maheri and Sahebi 1995; Maheri et al.
2003; Maheri and Akbari 2003). In this method, similar to
bracing of steel frames, braces of different types (concen-
tric or eccentric) are directly connected to the RC members
inside the individual unit frames using gusset plates. There-
fore, the bracing system is concentric to the RC frame in
relation to their plane of action.

A large body of research has been dedicated in recent
years to investigate the merits of, and design considera-
tions for, directly connected internal steel bracing of RC
frames. Experimental studies (Maheri and Sahebi 1995;
Mabheri et al. 2003; Ghaffarzadeh and Maheri 2006a, b) and
numerical investigations (Pincheira and Jirsa 1995; Abou-
Elfah and Ghobarah 2000; Ghobarah and Abou-Elfah 2001;

2, € Springer


http://orcid.org/0000-0002-5502-059X
http://crossmark.crossref.org/dialog/?doi=10.1007/s40996-022-00944-4&domain=pdf

3996 Iranian Journal of Science and Technology, Transactions of Civil Engineering (2022) 46:3995-4018

Maheri and Akbari 2003, Maheri and Ghaffarzadeh 2008;
Viswanath et al. 2010; Niroomandi et al. 2010) have shown
the ability of steel bracing of different types to substantially
increase shear capacity and reduce drift of RC frames.
The effects of bracing on some other seismic performance
parameters of RC frames including ductility, overstrength,
behaviour factor and ability to absorb energy have also
been studied (Mabheri et al. 2003; Ghaffarzadeh and Maheri
2006a, b; Akbari and Maheri 2013; Kheyroddin et al. 2019,
Hemmati et al. 2020; Ahmad and Masoudi 2020; Khan et al.
2021). It has been observed that bracing of RC frames may
adversely reduce ductility of the brace-frame (Maheri et al.
2003; Ghaffarzadeh and Maheri 2006a, b). To increase duc-
tility, a number of investigators have studied the possibility
of using eccentric bracing (Huang et al. 2015; Di Sarno and
Manfredi 2010; Ozel and Guneyisi 2011; Ramin and Maheri
2018; Hemmati et al. 2020) and other energy-absorbent sys-
tems such as compression release devices (Ghaffarzadeh and
Maheri 2006a, b) or ductile ring (Kheyroddin et al. 2019)
and torsional dampers (Arish and Maheri 2020). Others
have concentrated on providing design guidelines for steel
bracing of RC frames (Maheri and Ghaffarzadeh 2008). An
important practical feature of steel bracing of existing RC
frames is the ability of connections between the brace and
RC members to efficiently transfer the loads between the
two systems. Different connection techniques have been pro-
posed (Tasnimi and Masoomi 1999; Maheri and Hadjipour
2003) and tested (Maheri and Hadjipour 2003), and design
guidelines for different connections have also been proposed
(Maheri and Hadjipour 2003; Maheri and Yazdani 20164, b).

In majority of works reported by different investigators on
the subject of internally braced RC frames, the emphasis has
been on the merits and advantages of this type of retrofitting
and little has been reported regarding possible side effects
of such a retrofitting method. In a major study by Rahimi
and Mabheri (2018, 2020), the adverse effects of retrofitting
RC frames with steel bracing on the global response of the
frame including its performance level, global displacement
and inter-storey drift, as well as the effects on the individual
members of the RC frame, including beams, columns and
joints have been examined. They reported that steel bracing
may be beneficial to the seismic performance of low-rise
RC frames in almost every aspect; however, for mid to high-
rise frames, the adverse effects of retrofitting on beams and
connections and, in particular, columns attached to the brac-
ing system, are considerable and in some instances neces-
sitates local strengthening of RC frame elements (Rahimi
and Mabheri 2020).

1.1 Methodology

The present work furthers the work carried out by Rahimi
and Maheri (2018, 2020) by investigating the effects of
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X-brace configuration on the retrofitted RC frames regard-
ing its global performance, as well as the possible adverse
effects on the local performance of frame columns.

Three different bracing configurations (centrally stacked,
side-stacked and diagonal) are considered and their effects
on the global seismic performance of 2D, RC frames; four,
eight and twelve storey high and three and six bays wide are
evaluated by performing nonlinear static pushover analyses
on the retrofitted frames. The seismic performance param-
eters considered for the basis of comparison of the three,
brace configurations include, global lateral capacity, initial
stiffness, overstrength factor, ductility ratio, ductility reduc-
tion factor, behaviour factor and toughness; all evaluated
using the force—displacement capacity curves. The effects of
different brace configurations on the axial and shear capaci-
ties of columns are also investigated.

2 Numerical Modelling of Brace-Frame
Assemblage

The SeismoStruct software (Nassar and Krawinkler 1991)
was used to conduct the numerical investigation. This soft-
ware is one of the strongest and latest finite element tools for
structural analysis. It is capable of predicting large displace-
ment behaviour of space frames under static or dynamic
loadings, taking into account both geometric nonlinearities
and material inelasticity. The software allows simulation
of buckling of steel braces and confinement of concrete. It
is capable of performing eight different types of analysis,
including the conventional and adaptive pushover analyses.

2.1 Numerical Modelling

In modelling the material behaviour, the Chang-Mender con-
stitutive model for confined and unconfined concrete (Seis-
moStruct 2018) was used. The software has two different
solver types: Skyline and Frontal. In this research, the Sky-
line solver has been used as it tends to be more numerically
stable and is thus the default option. From the SeismoStruct
library of elements, an inelastic displacement-based frame
element (infrmDB) was selected to model RC beams and
columns. This is the displacement-based 3D beam-column
element type capable of modelling members of space frames
with geometric and material nonlinearities. A nonlinear truss
element was used to model the steel braces, and braces were
connected to the reinforced concrete frame via link elements.

In the numerical models, both geometrical and material
nonlinearities were considered. To discretize the cross sec-
tions of brace-frame members, the fibre cross section was
utilized, numbering 240 for beams and columns and 120 for
braces. The cross-sectional areas of RC beams and columns
consist of a core and a cover, modelled, respectively, by
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confined and unconfined concrete. The numerical model of
cross section of RC beams and columns, showing the fibres
in concrete core and concrete cover, is presented in Fig. 1a,
and the numerical model of the cross section of steel brace
elements is shown in Fig. 1b. The brace-frame systems were
subjected to a 50-step displacement-controlled incremen-
tal loading and an inverted triangular load distribution was
considered along the height of the frames. The compressive
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strength of concrete was assumed to be 28 MPa. The Mene-
gotto and Pinto (1973) constitutive model with a yield stress
of 400 MPa was utilized to model the behaviour of reinforc-
ing steel, and the behaviour of steel material used in the
braces was simulated by the Ramberg—Osgood(SeismoStruct
2018) constitutive model with a yield stress of 240 MPa (see
Fig. 1). Both steel models can simulate stiffness degradation
and buckling.
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Fig. 1 Numerical models of a RC beams and columns, b steel bracing cross sections, ¢ Chang-Mender constitutive model for confined and d

Menegotto and Pinto steel model
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To ensure the accuracy of the numerical models and
the efficiency of the selected software in analysing the
problem at hand, two sets of validation were carried out.
In the first set, small-scale models of unbraced and braced
RC frames, tested previously by Maheri et al. (2003),
were analysed and the numerical pushover capacity
curves are compared with the experimental results. In
the second validation, a four-storey, three-bay full-scale
steel-braced RC frame, analysed previously by Mabheri
and Akbari (2003) using the DRAIN-2DX software, was
also analysed using the SeismoStruct software and the
results are compared.
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2.2 Validation of Numerical Models

The scaled models tested by Maheri et al. (2003) were 1:3
scaled models of a 3 m X 3 m central unit frame of a four-sto-
rey, three-bay ductile RC frame, designed according to pro-
visions of ACI 318-89 (1992) and retrofitted by X bracing,
designed to sustain 100% of the original base shear using the
AISC-LRFD (1999) method. Details of the scaled RC frame
and the bracing system are shown in Fig. 2.

The nonlinear pushover response curves obtained for
the unbraced and braced unit frames using the above-men-
tioned numerical models are compared with the experimen-
tal results reported by Mabheri et al. (2003) in Figs. 3 and
4, respectively. The close agreement of the numerical and
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Fig.2 Dimensions and details of the scaled unit RC frame and bracing system used for verification (Maheri et al. 2003)
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Fig.5 Dimensions of the X-braced RC frame examined for the sec-
ond verification

experimental results in both cases indicates the accuracy of
the adopted numerical model and analysis software.

For the second verification, the pushover nonlinear
response curve of a full-scale four-storey, three-bay RC
frame, retrofitted in the central bay with steel X braces (see

Fig. 6 Verification of numerical 2500

model of the full-scale 4-storey,

3-bay, X-braced RC frame
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Fig. 5) was evaluated using the SeismoStruct and is pre-
sented in Fig. 6. This frame has been previously designed
and retrofitted by Maheri and Akbari (2003), based on the
provisions of the ACI-318-95 (1995) and the AISC-LRFD
(1999) codes assuming 100% of the base shear to be sus-
tained by the bracing system and then analysed using the
DRAIN-2DX software. The capacity curve of this frame
evaluated by Maheri and Akbari (2003) using the DRAIN-
2DX software is also shown in Fig. 6. It can be noted that
the two pushover curves are comparable, with the Seismo-
Struct model appearing to predict the ultimate capacity more
rationally.

3 Details of the Selected Brace-Frame
Systems

There are a number of topology configurations that can be
used to brace a multi-storey frame (steel or RC), the most
popular being the conventional stack configuration shown in

DRAIN-2DX [Maheri and akbari 2003]

= = SeismoStruct (This study)
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Fig. 7a. The stack configuration is sometimes topped with
a horizontal outrigger bracing system (Fig. 7b). The outrig-
ger configuration is particularly popular in tall buildings.
Another configuration is the diagonal form shown in Fig. 7c.
Safari and Maheri (2006) showed that this type of bracing
configuration is superior to the conventional stack configu-
ration. They conducted a metaheuristic design optimization
study and repeatedly found that the diagonal form of bracing
is the optimal solution regarding both the shear capacity and
the control of global drift (Safari and Maheri 2006).

Considering that the outrigger configuration is generally
used in tower buildings, in the present study only the stack
and diagonal configurations have been considered. However,
it is reported that the location of the stack bracing also has
an effect on the response of the frame (Rahimi and Maheri
2020); therefore, two different stack bracing systems, one
located centrally (in a central bay of the 2D frame) and the
other in the side bays of the 2D frame, were considered.

In order that the effects of bracing topology on the seis-
mic response of retrofitted RC frames could be studied in
detail, two other major affecting variables were also inves-
tigated, namely the height of the frame (number of storeys)
and the length of the frame (number of bays). Frames having
4, 8 and 12 storeys, each with 3 and 6 bays, were selected. In
all the frames, the length of each bay was considered to be
5 m and the height of each storey was taken as 3 m. Taking
into consideration the above number of variables, in total,
24 non-retrofitted and retrofitted frames were analysed. The
frame identities are abbreviated as shown in Fig. 8, in which
N represents the original unbraced RC frame and C, E and
D signify the frame retrofitted with, respectively, the cen-
trally stacked, end-stacked and diagonally positioned con-
figurations. The 18 retrofitted configurations are depicted in

Figs. 9, 10 and 11 for the 4-storey, 8-storey and 12-strorey
frames, respectively.

The original (non-retrofitted) and centrally stacked (C)
retrofitted 4-, 8- and 12-storey RC frames, with three bays,
have been previously designed by Rahimi and Maheri (2018)
using the ACI-318-02 (2002) code to design the RC frame
as an intermediate ductility moment frame and the LRFD-
AISC-360 (2005) code to design the steel bracing. The
seismic loading was evaluated using the Iranian Seismic
Code (2014), with a design base acceleration, A =0.3, the
behaviour factor, R=6 and considering the building to rest
on soil type III (Iranian Seismic Code 2014). In the retrofit-
ted frames, the centrally stacked steel bracing system was
designed using the force-based approach to withstand 100%
of the lateral load, based on recommendations by Maheri
and Akbari (2003) and Niroomandi et al. (2010). In their
design, the compressive and tensile strengths of concrete
were considered as 28 MPa and 3.17 MPa, respectively,
and the secant modulus of concrete and yield stress of steel
reinforcement were taken as 27.6 GPa and 400 MPa, respec-
tively (Rahimi and Maheri 2018). Details of the centrally
stack retrofitted 3-bay, 4-stroey frame are shown in Fig. 12.

In the present study, the same designs presented by
Rahimi and Maheri (2018) are considered for the corre-
sponding 6 frames. The same details of the beams and col-
umns of the 3-bay frame are also considered for the 6-bay
RC frames. Also, the same bracing details (box cross section
shown in Fig. 12b) and number of braces are considered for
the retrofitted frames, however, with different arrangements
(configurations), such that in each floor of the 3-bay frames
only one X brace and in every floor of the 6-bay frames, two
X braces are placed. Therefore, all the corresponding retro-
fitted frames are exactly the same, except for the location of

Fig. 7 Different brace configu-
rations: a stack, b outrigger and

¢ diagonal

Fig. 8 Identification of the
considered frames

»

Number of storeys
4,8o0r 12
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Fig.9 The retrofitted 4-storey
frames: a centrally braced, b

end braced and ¢ diagonally

braced

(a) (b)
(c)

Fig. 10 The retrofitted 8-storey

frames: a centrally braced, b

end braced and ¢ diagonally

braced

(a) (b)
(©)

the brace (braces) in each storey. In this way, the only vari-
able is the location, or topology configuration, of the braces.

4 The Effects of Brace Configuration
on the Global Response

In the present study, the global response of retrofitted frames
was evaluated using the nonlinear static pushover analysis.
Typical load—displacement response curves obtained for
the 4-, 8- and 12-storey frames are presented in Fig. 13a—c,
respectively.

The resulting force—displacement capacity (or response)
curves were then used to determine the seismic response
parameters of each frame, including: the maximum lateral
capacity (V,,,,). initial stiffness (K;), overstrength factor (R,),
ductility ratio (u), ductility reduction factor (R”), behaviour

factor (R) and toughness (7). FEMA-356 (2000) provisions
were used to idealize each nonlinear capacity curve by a
bilinear curve (see Fig. 13), so that the seismic performance
parameters could be evaluated. With reference to Fig. 13
and based on FEMA-356, ductility ratio is evaluated as:
u=A/A,, where A, is the target displacement which, amongst
others, depends on the fundamental period of vibration, T
(SeismoStruct 2018), and A, is the equivalent yield displace-
ment, determined through bi-linearization of the capacity
curve (Fig. 14). The overstrength factor is evaluated as:
R,=V/V in which, V/ is the equivalent yield force and V; is
the force corresponding to the formation of the first plastic
hinge. The ductility reduction factor, R, is the ratio of the
elastic force V, and the equivalent yield force V. The elastic
force, V,, cannot be explicitly obtained from the capacity
curve, as it also depends on the fundamental period of vibra-
tion and ground seismicity. A number of other methods have

@ Springer
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Fig. 11 The retrofitted 12-storey

frames: a centrally braced, b

end braced and ¢ diagonally

braced

(a)

(b)

been presented to evaluate R, (Maheri and Akbari 2003), the
most widely used method being that proposed by Nassar and
Krawinkler (1991) in the form of:

R,=(Cu—1)+1C (1
where
T¢ b
C(T,a) = =
TO=matT @

In Eq. (2), a and b are constants which depend on the post-
equivalent yield angle,  (the angle of the second line in rela-
tion to the horizontal axis) (Nassar and Krawinkler 1991).
In the present study, @ was taken as zero, giving a=1.0 and
b=0.42. Also, the behaviour factor R was evaluated as the
product of the overstrength factor and ductility reduction
factor (R =R5XR,4) and the toughness was evaluated as the
area under the capacity curve (bilinear curve).

The seismic performance parameters discussed above
were evaluated using the idealized bilinear capacity curves
of the 24 non-retrofitted and retrofitted frames and are listed
in Table 1.

4.1 Lateral Capacity (V,,,,)

The maximum base shear (capacity) values evaluated for the
24 frames under consideration are also compared graphically
in Fig. 15. The first point to note in Fig. 15 and Table 1 is
that in frames of the same height, the frames with 6 bays
expectedly exhibit capacities almost twice those with three
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(c)

bays. It is also noted that retrofitting the frames with steel
bracing has increased the capacity of the 4-storey, 3-bay,
centrally braced frame by 47% and the similar 8-storey and
12-storey frames by 70% and 60%. This indicates that as the
height of the frame increases from 4 to 8 storeys, the brac-
ing has a more advantageous effect; however, the effect of
retrofitting on the global capacity reduces in taller frames.
Similar results were reported by Rahimi and Maheri (2020).
On the main question of the effects of brace configuration
on the lateral capacity, Fig. 15 shows that there is indeed a
sizable difference in capacities with different brace arrange-
ments; with the highest increases in capacity occurring in
frames braced with the diagonal configuration (D) and the
lowest increases being related to frames with end-stacked
configuration (E). With an increase in the number of storeys
and bays, the effect of how the braces are arranged increases;
as in the 4-storey frame with 3 bays there is 10% and in
taller frames with 6 bays there is a 30% difference in the
frame capacities when retrofitted by the two configurations
(D and E).

4.2 Initial Stiffness (K

The initial stiffness is a suitable indicator regarding
the effects of retrofitting on the overall stiffness of the
frame-brace system. Initial stiffness (X;), defined as the
slope of the initial linear section of the capacity curve
(joining point zero to the point at which the first plas-
tic hinge in formed), was evaluated for the retrofitted and
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Fig. 12 Details of the centrally stacked retrofitted 3-bay, 4-storey frame a RC frame b steel bracing (Rahimi and Maheri 2018)

non-retrofitted frames as is listed in Table 1 and compared
graphically in Fig. 16. The first point to note is that the
bracing system has increased the initial stiffness of the
RC frames by 35-50%; the more the number of bays, the
higher the increase. Regarding the effects of brace con-
figuration on the initial stiffness, it is noted that there is
little difference in frames having three bays, the diagonal
and centrally stacked arrangements (C) faring better than
the end-stacked configuration (E). However, as the num-
ber of bays increases to six, the difference in the initial
stiffness of the diagonal configuration D and configura-
tion E becomes more profound, the former providing a
stiffer system. The differences between the initial stiffness
of frames braced by D configuration and E configuration
(and even C configuration) are more evident as the height
of the frame increases. For the 6-bay and 12-storey frame,
this difference is around 15%.

4.3 Overstrength Factor (R;)

The overstrength factor R, as a parameter quantify-
ing the ability of a structure to re-distribute the applied
loads through its members (defined in Sect. 4), was cal-
culated for each frame (see Table 1), and the results are
also presented graphically in Fig. 17 for comparison. As
is expected, the retrofitting of frames by steel bracing has
substantially increased the overstrength factor by as much
as 50%, the increases being almost the same in frames with
different number of bays. This highlights the fact that the
number of bays have little effect on the overstrength factor
of the retrofitted frames. Regarding the effects of brace
configuration on the overstrength factor, it is also noted
that they are not substantial and are all less than 10%, with
the D and C configurations again slightly outperforming
the E configuration.

3

i
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Table 1 Seismic performance Frame Seismic performance parameters

parameters of the retrofitted and

non-retrofitted frames Vinax kN) K; (kN/m) R U R, R T (kN m)
4S-3B-N 933.48 14,452.81 1.97 1.81 1.71 3.36 122.45
4S-3B-C 1404.21 21,451.09 2.65 2.79 1.74 4.60 117.56
4S-3B-E 1306.49 21,067.28 2.54 2.79 1.77 4.50 115.42
4S-3B-D 1406.32 21,658.58 2.57 2.89 1.77 4.56 116.16
4S-6B-N 1841.73 28,742.70 1.75 2.39 1.92 3.35 212.71
4S-6B-C 2841.82 43,677.13 2.58 2.99 1.77 4.56 227.50
4S-6B-E 2827.92 43,024.17 2.62 2.94 1.76 4.63 230.08
4S-6B-D 2875.73 43,677.13 2.62 293 1.75 4.59 231.09
8S-3B-N 1570.47 15,414.49 2.54 2.61 2.34 5.95 564.67
8S-3B-C 271247 21,960.93 2.81 1.83 1.71 4.81 500.78
8S-3B-E 2534.71 21,802.43 2.70 1.94 1.80 4.86 523.33
8S-3B-D 2715.88 22,697.07 2.71 1.91 1.78 4.82 494.81
8S-6B-N 3240.94 31,303.15 2.12 2.49 2.25 4.77 1080.64
8S-6B-C 5658.75 46,881.53 2.67 1.90 1.76 4.70 951.43
8S-6B-E 5081.84 43,378.75 2.53 2.09 1.91 4.83 891.92
8S-6B-D 5774.32 46,937.98 2.72 1.88 1.75 4.75 964.01
12S-3B-N 1621.07 10,721.28 2.11 2.86 2.76 5.82 881.48
12S-3B-C 2606.70 14,363.80 2.94 2.13 2.05 6.03 998.84
12S-3B-E 2483.98 14,656.94 2.76 2.31 2.23 6.16 1080.73
12S-3B-D 2726.15 15,184.78 2.83 2.19 2.11 5.98 963.68
12S-6B-N 3294.30 22,322.35 2.06 2.85 2.73 5.64 1678.27
12S-6B-C 5484.28 32,084.82 2.73 2.16 2.07 5.66 1875.53
12S-6B-E 4754.06 28,669.97 2.62 2.37 2.26 5.92 1779.68
12S-6B-D 5762.73 32,736.75 277 2.14 2.05 5.70 1892.72

4.4 Ductility Ratio (u) and Ductility Reduction
Factor (R,)

Ductility is an important parameter affecting the seismic
response. With reference to Fig. 14 and discussion in Sect. 4,
ductility ratio, g, may be obtained using any of the three
characteristic global displacements, including: the target dis-
placement, A,, which depends on, among other factors, the
spectral acceleration and the effective fundamental period
of vibration (FEMA-450 2013), the maximum displacement,
A, . Which is the maximum allowable roof displacement
specified by the seismic codes to control global drift and is
generally given as a percentage of the height of the build-
ing and the ultimate displacement, A,, which is the actual
ultimate displacement sustainable by the building before col-
lapse. Using any of the above three characteristic displace-
ments gives different values for the ductility ratio. In Fig. 18,
the ductility ratios of the C-braced frames evaluated using
the target displacement, A, and the maximum displacement,
A, (1.5% of the height of the frame as set out in FEMA-
450 (2013) are compared. It can be noted that ductility ratios
evaluated using the target displacements are generally less
than those using the maximum displacement and the dif-
ference reduces as the number of storeys increases. In the

present study, the ductility ratio is evaluated based on the
target displacement, A,.

Figure 19 compares graphically the ductility ratios evalu-
ated for different retrofitted and non-retrofitted frames (see
also Table 1). It is evident that as a result of retrofitting,
ductility ratios reduce noticeably (by as much as 25%),
except for the smallest frame (4-storey, 3-bay) which it has,
in fact, increased by 10%. Considering the effects of brace
configuration, it is noted that in low-rise frames (4-storey),
the effects are negligible; however, as the height of frame
increases, differences become more noticeable, with the end-
stacked configuration, E, showing a more ductile behaviour.
This is expected, as the A,-based ductility ratio is directly
proportional to the effective fundamental period of vibra-
tion, which in turn is inversely proportional to stiffness.
The E-braced frames are less stiff, compared to the D and
C-braced frames, and therefore more ductile. Similar trends
can be seen in the ductility reduction factors (R,).

4.5 Behaviour Factor (R)
The behaviour factor (or force reduction factor), R, is an

important seismic performance parameter, containing both
the overstrength and ductility components of the response.
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The values of the behaviour factor evaluated for different
braced and unbraced RC frames and listed in Table 1 are
presented graphically in Fig. 20. The first point to note is
that in the low-rise, 4-storey frames, the steel brace retrofit-
ting has increased the behaviour factor by as much as 35%,
irrespective of the number of bays. On the other hand, for
the 8- and 12-storey frames, the effects of retrofitting on the
behaviour factor is very small, except for the 8-storey, 3-bay
frame in which the behaviour factor has in fact decreased
due to retrofitting. The different performance of this frame
is mainly due to the fact that retrofitting has not significantly
increased the overstrength factor. Another observation is that
the number of bays has almost no effects on the behaviour
factor of the retrofitted frame. Regarding the effects of brace
configuration on the behaviour factor, Fig. 20 shows that the
effects are small, the C- and D-braced frames performing
marginally better in the low-rise frames and the E-braced
frames showing slightly higher R values in the high-rise
(12-storey) frames.

4.6 Toughness (T)

Toughness is an all-inclusive seismic performance
parameter, quantifying the total energy absorbed by the
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structure before failure. It is affected by and contains
almost all the other seismic performance parameters,
including the maximum capacity, stiffness, overstrength
and ductility. In Fig. 21, toughness of different braced
and unbraced frames is compared. With reference to this
figure, it may be noted that the main parameters affecting
the value of toughness relate to the geometrical dimen-
sions of the frame, such that; it increases considerably as
the number of storeys and the number of bays increase.
On the other hand, the effects of brace configuration on
toughness are less significant (less than 10%), particularly
in the low-rise frames. In taller, 8 and 12-storey frames,
it is noteworthy that the D- and C-braced frames exhibit
higher toughness compared to the E-braced frames when
there are more bays in the frame (6 bays), whereas in
3-bay frames the situation reverses and E-braced frames
perform better. The reason behind this is that in the 6-bay
frames, the effects of diagonal (D) and centrally stacked
(C) bracing configurations on the capacity, stiffness and
overstrength components of toughness are more profound
than the end-stacked (E) frames, whereas in the 3-bay
frames, the effects of E configuration on ductility com-
ponent of toughness are more significant than the other
two configurations.
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5 The Effects of Brace Configuration
on the Frame Columns

Retrofitting an existing RC frame with steel bracing should
generally reduce the global demand on the RC frame and
its elements, particularly when a very high share of the
base shear is assigned to the bracing system. However,
at is was stated earlier, adding steel bracing to the frame
changes the load paths; more often in favour of the RC
frame elements, but in some instances, it could have an
adverse effect and increases the demand on the existing
frame elements. This is particularly true for the columns
as has been reported by Rahimi and Maheri (2018, 2020).
In this section, the effects of different brace configurations
on the capacity demands on columns are investigated. The
RC columns of a frame are classified into two groups: (i)
those connected to the bracing system, termed ‘connected’
columns and (ii) those not attached to the bracing system,
termed ‘free’ columns.

The maximum shear, compressive and tensile forces of
all columns were extracted from the nonlinear pushover
analyses of the retrofitted frames (C, E and D) and were
compared with the level of forces in the original non-retro-
fitted frames (N), so that the effects of retrofitting could be
studied. For this purpose, in each storey of every frame, the

highest demands on the critical columns before and after
retrofitting are compared.

5.1 The Effects on Shear Force Demand in Columns

Shear failure is an undesirable brittle failure which should be
avoided, particularly in RC columns. Therefore, it is neces-
sary to investigate the level of shear forces in columns after
retrofitting, and if it exceeds the shear capacity of a column,
it is considered as a side effect of retrofitting and should be
remedied by local strengthening of that column.

The critical shear forces in the connected and free col-
umns of the 4-storey frames having three and six bays are
shown in Fig. 22. It can be observed that for the low-rise
frames the adverse changes in columns shear due to any
form of retrofitting are less than 20%, but significant enough
to be controlled. It appears that the increase in column shear
demands due to retrofitting in the larger, 6-bay frame is less
than the 3-bay frames. It is also noted that the increase in
shear demand is more profound in the lower storeys. In the
3-bay frames, the performance of diagonally distributed
brace configuration (D) appears to be better than the E and
C configurations, all shear forces being reduced except in the
first floor. However, as the frame becomes wider (6 bays),
it appears that the type D retrofitting increases the columns
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shear demands for both the connected and free columns
more than the E and C brace configurations.

The critical column demand shear forces for the mid-rise,
8-storey frames are compared in Fig. 23. The maximum
increase in column shear demand amongst all cases is 15%.

@ Springer

The E-type bracing appears to preform generally better than
other configurations in reducing the shear demand in both
the connected and free columns. The C brace configuration
seems to fair better on reducing shear demands in free col-
umns of the 3-bay frames, except in the first storey, and the
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D brace configuration appears to result in the least increased
demand on the columns regarding shear compared to the C
configuration. An important observation is that, in the 6-bay
frame, a substantial increase in shear demand occurs in the
free columns of the top storeys when E and C configurations
are used (as much as 100% in the case of E configuration).
This, however, does not occur in the diagonal configuration
D.

With reference to Fig. 24, in the 12-storey, 3-bay frames,
addition of the bracing system in most cases reduces the
column shear demands, exceptions being at lower storeys
in which the C configuration somewhat increases the shear
demand. An interesting point to note is that the centrally
stacked configuration (C), substantially decreases the shear
demand in the connected columns of the first storey, at the
expense of the free columns in that storey. Another note-
worthy observation is that, similar to the 8-storey frame, in
the wider 12-storey frames (6-bay frame), large increases in
shear demand occurs in the free columns of the top storeys,
irrespective of the type of brace configuration, with D con-
figuration faring better (35% increase) and the E configura-
tion performing the worst (100% increase). On the other
hand, in the same frames, the E configuration has a more

favourable effect on shear demands of both the free and con-
nected columns at lower storeys.

5.2 The Effects on Compressive Force Demand
in Columns

Columns sustain large levels of compressive forces in multi-
storey buildings and are therefore designed to withstand
these forces. Retrofitting an RC frame by steel X braces may
increase the compressive force demands beyond the capaci-
ties of some existing columns.

The level of compressive forces in the critical columns
in each storey (columns having the largest compressive
demand in each storey) are plotted for the retrofitted and
non-retrofitted low-rise (4-storey) frames in Fig. 25. This
figure indicates that, in the 3-bay frames, adding the C
and E brace configurations generally reduces the compres-
sive force demand in the free columns and increases the
demand in the connected columns (columns connected to
the braces), with the C bracing system performing better
for free columns and the E brace configuration faring bet-
ter in the connected columns. In the wider, 6-bay frames,
retrofitting appears to result in almost no change in the
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free columns compressive force demand, except that the D
bracing system somewhat increases the demand in the first
storey. However, in the connected columns, large increases
in demand is observed, with the demand increasing as the
height of storey reduces. This is particularly true when the
C and E configurations are used, both increasing the com-
pressive force demand by around 50% at the first storey.
The D brace configuration appears to perform much better
regarding the compressive force demand in the 4-storey
frames.

Regarding the mid-rise frames (8 storeys), Fig. 26 shows
that there is little change in the compressive force demand in
the free columns, regardless of the type of brace configura-
tion, except for the lower storey columns of the 3-bay frames
when retrofitted with the D bracing configuration, in which
demand increases by about 20%. Nevertheless, the increase
in the compressive force demand on the connected columns
is substantial in the lower storeys of the frames, particularly
when the C and E configurations are used. The increase in
demand at the first storey when the E configuration is used
is over 100%. Such large increases in demand on columns
and therefore on joints would require local retrofitting by
using FRP, steel or RC jacketing (Zarandi and Maheri 2015;

@ Springer

Torabi and Maheri 2017; Javanmardi and Maheri 2017),
prior to application of the bracing system.

In the 12-storey frames, a similar trend to that observed in
the 8-storey frames can be seen regarding the change in the
compressive force demand in columns (see Fig. 27). Very
little increase in demand is noted for the free columns of the
tall frames, irrespective of the number of bays and the type
of brace configuration, except for the D configuration, using
which increases the demand at the lower storeys by as much
as 25%. However, for the connected columns, the increase
in compressive force demand is considerable, particularly in
the case of the C and E configurations, the latter increasing
the demand by as much as 90%. Again, the diagonally dis-
tributed configuration, D, performs much better, increasing
the column compressive force demand by less than 30%.

5.3 The Effects on Tensile Force Demand in Columns

When a brace member, connected to a column undergoes
tension, it transfers some of the tensile load to the col-
umn, reducing the compressive force in the column. It may
even overpower the compressive force and cause the col-
umn to experience tension. The most critical tensile forces
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developed in the columns of each retrofitted and non-retro-
fitted frames were extracted and are plotted in Fig. 28 for
comparison. In general, as the height of the frame increases,
the critical tensile force demand increases, exceptions being
the frames braced by the E configuration, in which the 8-sto-
rey frames experience larger tensile forces compared to the
12-storey frames. The D configuration appears to produce
higher levels of tensile forces in columns of the 3-bay frames
(over 7 times higher than the non-retrofitted frame in the
12-storey frame), and the E configuration produces higher
tensile forces in the 6-bay frames (over 6 times higher than
the non-retrofitted frame). The highest values of tensile
forces expectedly occur in the lower storeys and decrease
in the upper storeys as the overturning moment decreases.
Although these are high tensile forces, possibly in excess
of the RC column capacities, Rahimi and Maheri (2018)
through time history dynamic analysis showed that under
seismic condition the time in which a column experiences
high tension is very small and the tensile crack closes very
fast as the column returns to compression. On the other
hand, when the column undergoes tension, concrete cracks
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and the forces are transferred mainly by the longitudinal
bars. During the earthquake return cycle, when the axial
force of the column suddenly changes back to compression,
since the tensile crack is still open, at the first instance of
the return of the compressive force, this force will be carried
out primarily by the longitudinal bars, increasing the risk of
buckling in the longitudinal bars if the transverse ties are
insufficient.

Not every column may experience tensile force and the high
tensile forces developed may occur in one or a very limited
number of columns. A better judgement as to the effect of
brace configuration on the level of tensile forces in columns
may be reached by considering the number of columns in each
frame undergoing tension. For this purpose, another parameter,
in the form of the ratio of the number of columns experienc-
ing tension in each frame to the total number of columns in
that frame, is defined. Variations in this ratio with changing
brace configuration, number of bays and height of the frame
were evaluated and are plotted in Fig. 29. It can be seen that
the number of columns experiencing tension in the 4-sto-
rey frames is far less than that in the 8-storey and 12-storey
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frames, with the exception of the 6-bay frame retrofitted with
E configuration and that the 8-storey frame has generally less
columns experiencing tension compared to the taller, 12-sto-
rey frame. Also, the diagonally distributed bracing configura-
tion, D, seems to generally result in lower number of columns
undergoing tension.

6 Conclusions

In this study, the effects of steel X-brace configuration on
the global seismic response of retrofitted 2D RC frames
were investigated. The effects of steel brace retrofitting

Y @ Springer
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on the shear, compressive and tensile force demands in
columns and the side effects arising from different brace
configurations were also examined. Three different brace
configurations, namely: diagonal (D), centrally stacked (C)
and end-stacked (E) were considered to retrofit RC frames,
4, 8 and 12 storeys high and 3 and 6 bays wide. The results
of the numerical investigations presented in this paper may
be summarized as follows:

Adding a steel X-bracing system to an RC frame consid-
erably increases the lateral shear capacity of the frame.
Of the three brace configurations studied, the diagonal
(D) bracing configuration has the best performance in
increasing the frame shear capacity, followed by the C
configuration. As the number of storeys increases, the
beneficial effects of diagonal D configuration become
more profound, increasing the capacity by as much as
30% compared to the E configuration.

The change in the initial stiffness of the RC frames when
retrofitted with steel bracing, follows a similar trend as
the lateral capacity. It may increase as much as 50%,
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with the diagonal brace configuration (D), causing the
highest increase, closely followed by the C configura-
tion. Regarding the effects of brace configuration on the
overstrength factor, it is noted that they are not substan-
tial (less than 10% in all cases), with the D and C brace
configurations slightly outperforming the E configura-
tion.

As a result of retrofitting, ductility ratio (u) reduces
noticeably (by as much as 25%), except for the smallest
frame (4-storey, 3-bay) which it has, in fact, increased
by 10%. Considering the effects of brace configura-
tion, it is noted that in low-rise frames (4-storey), the
effects are negligible. However, as the height of frame
increases, differences become more noticeable, with the
end-stacked configuration, E, showing a more ductile
behaviour.

In the low-rise frames, steel brace retrofitting notice-
ably increases the behaviour factor, R. However, in taller
frames (8- and 12-storey), the change in the value of
R due to retrofitting is negligible. Also, the effects of
different brace configurations on the behaviour factor
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Fig.26 The maximum compressive force demand in columns of the 8-storey frames

are small; the C and D brace configurations performing
marginally better in the low-rise frames and the E brace
configuration resulting in slightly higher R values in the
high-rise (12-storey) frames.

Toughness is highly affected by the size of the frame
and much less by the type of brace configuration (less
than 10%), particularly in the low-rise frames. In taller,
8 and 12-storey frames having 6 bays, the D and C brace
configurations exhibit higher toughness compared to the
E-braced frames, whereas in the 3-bay frames the situ-
ation reverses and the E configuration performs better.
An important observation is that in the taller frames
(8-storey and 12-storey) steel bracing substantially
increases the shear demand in columns not attached to
the bracing system (free columns) in the upper storeys,
regardless of the brace configuration. The increase in

demand may be as much as 100% when the frame is
braced by E configuration. Also, the diagonal brace con-
figuration, D, performs better in limiting the increase in
shear demand in both the free and connected columns
of the upper storeys

The diagonally distributed brace configuration, D,
appears to perform much better regarding the column
compressive force demand in the 4-storey frames.
D bracing performs even better in the taller frames,
increasing the column compressive force demand by at
most 30% compared to the E and C configurations which
may cause as much as 100% increase in demand.

In general, as the height of the frame increases, the ten-
sile force demand in columns increases. The diagonally
distributed brace configuration, D, produces higher lev-
els of tensile force demands in columns of the narrower,
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Fig. 27 The maximum compressive force demand in columns of the 12-storey frames

3-bay frames, and the E brace configuration produces
higher tensile forces in the wider, 6-bay frames. Also,
the D brace configuration seems to generally result in

lower number of columns undergoing tension.

o @ Springer

Max. axial force (kN)

Finally, it is concluded that the diagonally distributed
brace configuration (D) in general has the most favourable
effects on the global seismic performance of the retrofit-
ted RC frames and the least complications and side effects
regarding the change in the shear, compressive and tensile
force demands in the columns compared to the common
stack-type configurations, C and E.
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