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Abstract

Steel bracing may be used to enhance the seismic strength of
RC frames. Concentric steel bracing generally reduces ductility,
which is a key component of seismic design. To overcome the
problem, ductile steel brace-RC frame systems are therefore
usually introduced in the form of eccentric braces. In the present
study, the Off-Diagonal Bracing System (ODBS), which works as
a concentric type of bracing, is investigated. In this paper the re-
sponse of ODBS elements to cyclic loading is first explored and
compared with those of other types of bracing such as X-brac-
ing and inverted-V bracing systems. The time history analysis
responses and cyclic hysteresis responses of a number of low-
rise to mid-rise RC frames retrofitted with different types of
bracing systems are then evaluated and compared. It is shown
that under seismic excitation, a much reduced base shear is ex-
perienced by frames retrofitted with ODBS compared to other
bracing systems. The results of time history and cyclic hysteresis
response analyses also indicate a far greater energy dissipation
capacity and ductility for the ODBS compared to other bracing
systems. It is also concluded that ODBS performs best in low-
rise frames. The out-of-plane buckling response of the ODBS is
also investigated, and it is shown that a double-plated central
connection can control such an adverse response.

1 INTRODUCTION

Many existing reinforced concrete buildings were designed based
on old codes of practice, now known to be inadequate in providing
for the safety of buildings under seismic forces. Seismic retrofitting
has therefore become a popular subject for investigation in recent
years. There are many well-known seismic retrofitting methods for
RC structures (A. K. Chopra, 2016). The steel bracing of RC frames
is one of the more attractive methods in this regard. Steel bracing of
RC frames can be applied either externally or internally. In exter-
nal bracing, steel trusses or frames are attached to a frame’s exterior
(T. D. Bush et al., 1991). In internal bracing, steel bracing members
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are inserted inside individual unit frames that are concurrent with the
axes of the frames. In this method, steel braces can be connected to
RC frames either directly or indirectly. Earlier forms of internal brac-
ing used intermediary steel frames inside concrete unit frames, and
the bracing members were attached indirectly to the RC frame via
these steel frames (H. Ohishi et al., 1988; Y. Tagawa et al., 1992).
On the other hand, the steel braces in the direct connection method
are directly connected to the RC frames without the use of an inter-
mediary steel frame but with the aid of a gusset plate and connecting
plates. Both the external bracing and indirect internal bracing sys-
tems, which were primarily developed as retrofitting measures, have
some drawbacks, including architectural limitations, cost, and tech-
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nical difficulties in attaching the brace system to the concrete frame.
These considerations make the two systems less attractive compared
to directly connected internal bracing.

Direct internal bracing can be used not only as a retrofitting sys-
tem for existing buildings, but also as a shear-resisting element to
be used in the seismic design of new buildings. Experimental and
theoretical studies conducted by Maheri et al. ( M. R. Maheri et al.,
1995; 1997; 2003; 2008; H. Ghaffarzadeh et al.,2006), Tasnimi and
Massomi (A. Tasnimi, et al., 1999), and Abou-Elfath and Ghobarah
(A. Abou-Elfath et al., 2000) have shown that by using appropriate
forms of direct internal bracing, it is possible to enhance the load-re-
sisting capacity of RC frames and improve their seismic performance.

Two types of bracing configurations are commonly used, i.e.,
concentric and eccentric. Concentric bracing systems (e.g., X-brac-
ing, Inverted-V, etc.) can be an attractive option because of the rela-
tive economy of their design and construction along with their sound
strength-enhancing capacity and stiffness performance. However,
they usually cause a reduction in a system’s ductility, which is a key
parameter in seismic performance. Eccentric bracing systems, on
the other hand, lack the capabilities of concentric bracing regarding
strength and stiffness but exhibit a somewhat more ductile perfor-
mance. However, an off-diagonal bracing system (ODBS) is a con-
centric type system, which has the ductility capacity of an eccentric
system. This is due to the fact that the nonlinear response of an ODBS
is governed by two yielding stages. The first stage is the yielding of
the corner (third) brace member, which is deliberately designed to
be weaker to act as a fuse component and which is followed by the
subsequent yielding of other members. Also, another advantage of
ODBS is its ability to accommodate door and window openings.

Majidzamani et al. (S. Majidzamani, 2006) conducted an experi-
mental study of full-scale off-diagonal braced frames. They conclud-
ed that by detailing the cross sections of brace members and their
connections against out-of-plane buckling, all potential failure modes
can be transferred to an in-plane buckling deformation. They also
found that the inelastic flexure of brace members is the main source
of energy dissipation in Y-braced frames (S. Majidzamani, 2006). Ba-
zzaz et al. (M. Bazzaz et al., 2015) carried out a numerical investiga-
tion on a frame with an off-centre bracing system. They introduced
a circular element in a bracing system to dissipate energy during cy-
clic loading. Their results showed that using a ductile element or cir-
cular energy dissipater for increasing ductility can be applied not only
to off-centre bracing systems, but also to concentric bracing systems.
Majidzamani et al. (S. Majidzamani et al., 2012) carried out another
experimental investigation to study the behaviour of y-braced frames.
In their investigation, quasi-static cyclic loading was applied to four
full-scale, two-bay frames with y-bracings of various cross sections
and connection types. The bays were braced symmetrically to have
a combination of tensile and compressive braces at all the loading
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stages. Their results showed that out-of-plane buckling with a single
curvature in braces can be substituted for in-plane, double curvature
buckling through appropriate detailing of the cross sections and con-
nections.

Retrofitting existing RC frames with steel bracing may increase
demands on RC members such as beams, columns and foundations.
Therefore, care must be taken to control new demands on members
due to retrofitting. The possible increase in uplift is one side effect for
a foundation (L. Lorenzo De Stefani, 2015). In a study reported by
Majidzamani et al. (S. Majidzamani, 2011), they noted that y-brac-
ings impose much less vertical uplift on foundations compared to X
bracings. Large uplift forces on foundations due to seismic lateral
loads are a disadvantage of X-braced frames. Installing y-bracing in
two adjacent bays of a frame in a mirrored configuration could double
the resisting lever arm, thereby halving the uplift force. They sug-
gested that in ODBS, an increase in the post-buckling drift increases
the damping ratio. At drift ratios of more than 0.02, the damping of
Y-braced frames was reported to be comparable to that of X-braced
frames, i.e., ranging between 20% and 25% (S. Majidzamani, 2011).
Recently, Sedaghati et al. (P. Sedaghati et al., 2017) reported the
results of a parametric investigation carried out on the response of
ODBS. They noted that the pinching effect in hysteretic cycles of
the ODBS with simple connections results in a smaller hysteresis
loop area, which represents a lower energy dissipation capacity. On
the other hand, an ODBS with rigid connections provides higher
energy dissipation capacity because of their greater hysteresis loop
area. They also concluded that the optimal range of eccentricity in an
ODBS with simple connections is 0.25 <el < 0.4, while in an ODBS
with rigid connections, it is 0.5 <el <0.7.

Despite the above studies, the actual earthquake time history re-
sponse of ODBS in comparison with other, more common forms of
bracing systems, including those reported in (K. Ramin et al., 2015),
have not been fully investigated. In the following, the design basis for
ODBS is first discussed. The response of ODBS elements to cyclic
loading is then compared with those of other types of bracing such as
X-bracing and inverted-V bracing systems. The time history response
and cyclic response of a number of low-rise to mid-rise RC frames
retrofitted with different types of bracing systems are also explored
and compared.

2 ODBS DESIGN BASIS

The ODBS is a three-member bracing system as shown in
Fig. 1. If h and L are the height and width of a frame, respec-
. _1h
tively, the angle parameters are defined as: 0 < B < tan T
0<a< tan‘lk, 0 <vy; <90° and 0 <y, < 90°. The share of each

ODBS element from the lateral load is related to its orientation with

90-(y2B f; 90-(a+B)
f1
fs 90-(vr-a))

Fig. 1 Parameter definitions and equilibrium conditions for an ODBS-braced RC frame
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respect to the direction of the diaphragm’s inertial force. Under static
horizontal loading, the share of the second member (Br-2 in Fig. 1)
from the load is greater than its equivalent X and Inverted-V braces.
This is because angle B is smaller than the angle of the diagonal, and
Br-2 elements with smaller angles absorb a larger portion of a hori-
zontally imposed load compared to elements with larger angles. The
force of the Br-2 member is divided between the other two members,
i.e., 1 and 3, through which it is transferred to the beam-column con-
nections.

As observed in Fig. 1, there are many different locations for the
placement of the members’ intersection point O. If members 1 and 2
lie on the diagonal or near the diagonal, the angle between these two
members and the third member is close to 90 degrees, which renders
the third member ineffective. With reference to the force diagram of
Fig. 1, the following equation holds true:

f3 _ f _ fy
cos(a+pB) - cos(y;—a) - cos(y2—B)

M

If e denotes the off-diagonality of members 1 and 2, it can be
expressed as e = OH'/AH, in which OH" and AH are defined in Fig.
2. Now, as an example, for L/h =1.5, if OH'/AH = 0.5 and by placing
f, on a diagonal, then f = 0.77, f, and f,=1.02 f, and also for OH’/AH
=0.2, f=0.5 f, and f,=0.3 f,. Therefore, it seems that as e increases,
the force in the third member (f}) increases. On the other hand, as e
decreases, the force in the second member (f,) increases.

One of the characteristics of ODBS is that all the steel members
fall either in tension or compression. Based on a linear analysis and
assuming no axial deformations for the beams and columns, the state
of equilibrium in the horizontal direction leads to Equation 2 as the
shear resistance in the steel ODBS and RC frame according to the
inter-storey lateral deformation.

A1Eq . A3E AzE
{( 111.sm<x+ 3 3.cosy1). 2 Z.COSB}

Ieyglb
L L Lo 12Elc | h "Ly | _ Viga—Vi 2)
A1Eq1 . A3E3 AZE, } h3 Ic, b | ™ AL, —A
{ ™ .sin a+ Is .COS Y1+ I .cos B 2h+3Lb i+17 50

where E is Young’s modulus for concrete, and E, E,, and E, are,
respectively, Young’s modulus for steel brace members 1 to 3; I, and
I, are, respectively, the beam and column moments of inertia, and L,
and h are the length of the beams and columns, respectively. Also, V,
and A, denote storey shear and drift, respectively. The term of stiff-
ness includes the sum of the lateral stiffness of the steel brace and
moment frame. Since the moment frame remains elastic during lateral
loading, the stiffness of MRF can readily be derived by the elastic
analysis of the frame.

Equation 2 is considered for each ODBS-braced RC panel. The
limits of V/A are related to the lateral stiffness of a single-span braced
frame up to its yielding limit. For a more accurate model, the stiffness
of gusset plates should also be considered as additional terms on the
left-hand side of the equation. In general, for every model of steel-
braced frame, the uncoupled Equation 3, expressed for storey and,
governs.

av;
[KSteel Brace T KMRF]i = 3_5: 3)

Based on an early investigation carried out by Bush and Jirsa [2],
the best off-diagonality for an ODBS-braced RC frame is considered
to be between 0.2 and 0.5 (Fig. 2). More recent investigations [19-21]
have shown that the optimum area for placement of the members’
intersection point, O, is the hatched region shown in Fig. 2.

The ODBS is a type of concentric bracing system; therefore, its
members could be designed according to AISC (AISC, 1999). This
off-diagonal steel brace system has high geometrical ductility when
compared with an unbraced MRF system. As a result, under lateral

€=0H'/AH
0.2 <EOpt< 0.5

cl

Fig. 2 Optimum region for the intersection point O in ODBS

D

loading, the ductility of the bracing system is utilized prior to that
of the MREF, in effect saving the MRF’s ductility capacity for higher
loads. Another important point to be considered in design is that both
steel bracing and MRF systems contribute to the shear resistance
of a storey and should be separately considered. In an RC flexural
frame, the columns are mainly responsible for resisting shear. There-
fore, they should be designed according to a minimum 50% of the
total lateral force. There are no reliable code provisions regarding
the combined design of an RC flexural frame and steel brace. The
load distribution can be divided into two parts, i.e., linear and nonlin-
ear. Also, the material nonlinearity will affect lateral displacements.
Therefore, at the start of the analysis, a linear load distribution is
used to avoid any nonlinear parameter entering the analysis. As in-
dicated in Fig. 1, the present parameters could be divided into two
types, i.e., geometric and material properties. By considering the ge-
ometric characteristics of the members and the coordinates of the
brace members’ intersection point O, which is considered to be a pin
connection, the members’ forces could be established by equilibrium
conditions.

3 RESPONSE OF AN ODBS BRACING SYSTEM
TO CYCLIC LOADING

Since the capacity of a braced frame under cyclic loading de-
pends on the capacity of the bracing system, the response of the brac-
ing system alone to cyclic loading is first investigated. Several types
of bracing systems are investigated to assess their energy dissipation
capability and the performance of individual members under cyclic
loading.

3.1 Response of a single member to cyclic loading

In this section, the cyclic response of a single brace member is in-
vestigated. When buckling occurs in a compressed member, the com-
pression strength will be decreased due to a nonlinear plastic rotation
in the mid-length of the axial member. According to the Baushinger
effect and the in-plane and out-of-plane buckling occurring in pre-
vious cycles, the compressive strength is degraded during the sub-
sequent cycles. This is a significant problem for members that are
subjected to a dual tension/compression force. In the following, the
response of the single brace member shown in Fig. 3 under the cyclic
load protocol shown in the same figure is evaluated. The cyclic load-
ing is applied in a displacement-controlled format, with an increasing
axial deformation (normalized to L) every three cycles, as shown in
Fig. 3.
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Fig. 3 Bracing member and the cyclic loading protocol

The material properties considered for steel are A500 Gr.B
(ASTM AS595, 2014). The dimensional properties of a single mem-
ber are: the brace length, 1, = 4,2m buckling length, 1,=3.7m, RHS
4 x 4 x 0.25 section with cross-sectional area, and A = 23.16 cm?.
The ductility ratio is expressed as the ratio of the post-yield displace-
ment to the yield displacement (pu = Smax/ﬁy). Under this definition, the
compressive strength of the bracing is in the form of p multiples. The
maximum compressive capacity at a member’s first buckling may be
expressed in terms of the member’s elastic strength, i.e., Ang . In this
paper, the simplified expression given by Eq. 4 for a type of SSRC
column (AISC, 1999) has been used to evaluate

_ __ Agfy
“ = G @

Where A is the column slenderness ratio, and n is the number
related to the first buckling (n = 1.34) in accordance with AISC 1999
(AISC, 1999).

The cyclic response of a single member is shown in Fig. 4. In this
figure, the force P and displacement & are normalized to the yield ca-
pacity, P, and the yield displacement, 8. Also, the term C__signifies
the compressive capacity corresponding to the ductility ratio, p =n (n
=1, 2, etc.). The higher the value of the integer number n, the more
ductility or post-buckling capacity the member will have. Usually
the post-buckling starts at a compressive force of less than 0.5P, and

continues up to the member’s failure. In Fig. 4, up = (Ef"a";w is
the total available ductility in both the tension and compressioil zones,
and T is the maximum tensile resistance. The maximum required
ductility (p_ ) in a symmetrical bracing system is about 3 to 4; how-
ever, this value may be increased to about 5 to 7 in special designs
(O.F. Hassan et al., 1991; LF. Khatib et al., 1988; A.M. Remennikov

etal., 1998; ACI 318, 2005).

3.2 Ductility of ODBS compared to X bracing and
Inverted-V bracing

One of the advantages of ODBS is the third member’s shorter
length compared to the brace members in X and Inverted-V bracing
systems. Also, the resistance of concentric brace members under seis-
mic loads depends on their buckling capacity due to load cycles and
nonlinear deformations. In this section, a unit frame with hinged con-
nections is considered to determine the response under the dynamic
cyclic loading of three different types of bracing schemes, including
X-brace, Inverted-V brace and ODBS. All the frame-brace systems
were designed based on100% of the load being carried by the brace
system. Due to the beam-column hinge connections considered for the
RC frame, the RC members just behave as axial links and transfer
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Fig. 4 Hysteresis response of a brace member

the load between the brace members, except in Inverted-V bracing, in
which the upper beam’s flexural response contributes to the dissipa-
tion capacity of the frame-brace system. The unit frame’s height (h)
and length (L) are 3.5m and 5.5m, respectively. For the OBDS system,
OH'/AH=0.2. Section U100 was selected for all the bracing members,
and a single 12 mm thick plate was considered for all the gusset plates.
The RC columns were 350 x 350mm in the cross section and were
reinforced by 12018 longitudinal bars and a @8@ 150 mm transverse
reinforcement. The beams were assumed to be 350 x 300mm in the
cross section and uniformly reinforced by 3018 at the top and bottom
with @8@150 mm as a transverse reinforcement. The same cyclic load
protocol as given in Fig. 3 was applied to the three systems. The cyclic
load was increased up to the maximum drift.

The hysteresis responses of the three bracing systems in the form
of shear force versus lateral drift are compared in Fig. 5. As is ob-
served in Fig. 5, the ODBS-braced frame has the highest amount of
dissipated energy, E, in the bracing members, followed by the X-brac-
ing system. Also, the primary and secondary compression capacities,
and , are considerably higher in the ODBS compared to both the X
and Inverted-V bracing systems.

4 COMPARATIVE STUDY OF BRACED
MULTI-STOREY FRAMES

In this section, multi-storey RC frames retrofitted with different
types of steel bracing systems, including X-brace, Inverted-V and
ODBS systems, are subjected to different dynamic time history re-
cords and cyclic loading, so that the merits and shortcomings of each
system can be evaluated and compared. Three 5-storey, 10-storey and
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Fig. 5 Hysteresis behaviour of bracing systems with asymmetric geometry during symmetric cyclic loading (drift); (a) X-braced, (b) inverted

V-braced and (c) ODBS-braced frames

15-storey 2D, RC frames were selected from a building with a rectan-
gular plan of 20m by 15m in longitudinal and transverse directions,
respectively. The selected 2D frames are in a transverse direction;
they comprise three 5.0 m long bays.

4.1 Geometry and design of the frames

The geometry of the selected frames (5, 10 and 15 stories) with
four bracing conditions (MRF, X, Inverted-V and ODBS) are shown
in Fig. 6. The diaphragms are assumed to be rigid; they transfer a dis-
tributed dead load and a live load of 4.6 kN/m? and 2.0 kN/m?, respec-
tively. All the beam-column connections, as well as the column-foun-
dation connections, are also assumed to be rigid.

Since ductility is a major performance parameter for a seismic
response, the principal design criterion is based on the maximum
allowable drift, 5 _ . The frames were designed based on a ductile
design of dual systems in accordance with ACI-318 provisions for
MREF intermediate ductility (ACI 318, 2005). The design parameters
selected for the three types of frames are listed in Table 1.

Tab. 1 Design criteria and parameters for the steel-braced RC
frame models

Parameter 5 storey 10 storey |15 storey
Drift Limit, 0, 0.025 0.025 0.025
Effective mass, m_(kN) 2908 5821 8728
Effective height, H (mm) 12.843 24.424 36.045
Design displacement, A, (mm) | 306 550 780
Equivalent damping, Ceq 13.6 13.7 13.5
Effective period, T (s) 2.125 3312 4.130
Base shear (kN) 814 1240 1623

STAAD-Pro V8i software (3D Structural Analysis and Design
Software, 2012) was utilized to carry out the necessary analysis and
design. The concrete and steel were modeled using solid elements
with material properties as shown in Fig. 7. The characteristics of the
RC elements, which were designed on the above basis, are listed in
Table 2. Also, @10 shear reinforcements were used at 100mm and
200mm spacing for the inner and outer areas of the critical shear
zones, respectively.
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Fig. 6 Geometry and bracing configurations of a (a) 15-storey
frame, (b) 10-storey frame and (c) 5-storey frame

For each type of bracing system, the steel sections and gusset
plates were designed based on the provisions of AISC-05 (SAP2000,
2015). The 2U-Section was selected for all the brace elements. Table
3 shows the size of the brace and gusset elements in each type of
bracing system and frame number of storeys.

For each type of bracing system, the steel sections and gusset plates
were designed based on the provisions of AISC-05 (SAP2000, 2015).
The 2U-Section was selected for all the brace elements. Table 3 shows
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Tab. 2 Intermediate MRF RC members’ characteristics

s Column Sections Beam Sections
z. (Square, cm) (BxH, ¢m)
>
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5] - R - | op: 3020
Bot: 3020

the size of the brace and gusset elements in each type of bracing sys-
tem and frame number of storeys.

Different brace members have different slenderness ratios due
to their different lengths and sizes. Table 4 indicates the slenderness
ratio values for each type of bracing element. The slenderness ratios
are presented for both the in-plane and out-of-plane directions as the
main directions of the rectangular section.
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Fig. 7 Material characteristics of: (a) concrete and (b) steel
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4.2 Dynamic properties of the selected frames

Prior to the time history and cyclic response analyses of the se-
lected frames, modal analyses were conducted to evaluate the natural
periods of the vibration of the frame-brace systems and the modal
participation of the main modes of vibration. The values of these pa-
rameters for the first three lateral modes of the 12 brace-frame con-
figurations are listed in Table 5. As can be seen in Table 5, the ODBS
retrofitted frames exhibit a much more flexible response with the
fundamental modes of vibration having higher periods of vibration
and a lower mass participation factor. This shows that the number
of effective modes participating in the response of frames retrofitted
with ODBS is higher than that in the other systems.

4.3 Seismic excitation

Two sets of earthquake records were used as seismic excitation
for the frames under investigation. The first set, which is listed in
Table 6, includes the Kobe, Northridge, San Fernando, and El Centro
earthquake records. They were selected according to their range of
strong frequency contents; only the first 20 seconds of the records
are considered. The second set (Table 6) includes the Tabas, Naghan
and again the El Centro earthquake records. The amplitudes of these
records were normalized to a PGA of 0.3g. The time histories of the
first set of records are shown in Fig. 8 and those of the second set are
shown in Fig. 9. The two sets of selected and scaled records cover
a wide range of earthquake inputs for the different braced and un-
braced frames under consideration.
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Tab. 3 Designed sections for steel brace members and gusset plates

Types Storey Cross Section Gusset Plates (mm)
1,2,3,4 2U 120 Single plate 20
Inverted V 5,6',7,8 2U 100 +2PL 80x8 Single plate 20
Brace 9,10, 112 12 2U 100 Single plate 15
13, 14,15 2U 100 Single plate 15
1,2,3,4 2U 100 +2PL 80x8 Single plate 20
5,6,7,8 20U 120 Single plate 20
X Brace
9,10, 112 2U 100 Single plate 15
12,13, 14,15 2U 80 Single plate 15
1,2,3,4 2U 100 +2PL 80x8 Single plate 15
1 & 2" members 5,67 2U 120 Single plate 15
8,9,10, 112 2U 120 +2PL 80x8 Single plate 15
12,13, 14, 15 2U 100 Single plate 15
ODBS
1,2,3,4 Tube 70x70x5 Double plate 12
3 member 5,67 Tube 70x70x5 Double plate 12
8,9, 10, 112 Tube 70x70x5 Double plate 12
12,13, 14,15 Tube 50x50x4 Double plate 10

! For the 10-story specimens, steel bracing sections were selected from 6 to 15 of this table instead of 1 to 10.

2 For the 5-story specimens, steel bracing sections were selected from 11 to 15 of this table instead of 1 to 5.

Tab. 4 Slenderness ratio (ki/r) for different steel bracing elements

Model Types of brace CI'OSS(CSIE()ItiOHS In-Plane Buckling Out-of-Plane Buckling

2U12+2PL8x0.8 58 55.4
2U10+2PL8x0.8 66.7 61.9

BRI
2012 71.1 76.8
2010 85 96.2

2U12+2PL8x0.8 39.2 37
Off-Diagonal Brace
2U10+2PL8x0.8 45.1 43

BR2
2012 48 56.3
2010 57.6 64.4
Tube 7x7x0.5 60.7 58.8

BR3
Tube 5x5x0.4 85.9 81.5
2U10+2PL8x0.8 82.3 70.7
Inverted-V Brace BR1! 2U12 87.3 83.8
2010 104.7 96.54
2U10+2PL8x0.8 118.5 102.6
2U12 126 116.9

X Brace BR1!
2U10 151.1 142.4
208 186.2 169.8

! The same section is used for all members of the bracing system
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Tab. 5 Dynamic properties of selected models

1%t Mode 2" Mode 3" Mode
Frame Type No. of Stories Pe;iOd Pari\i/[czi‘;Ztion Pe;iod Pari\i?i‘[s);tion Pe{‘iod Pari\i/([:?SZtion
1 Factor 2 Factor 3 Factor

MRF 5 1.21 0.66 1.03 0.21 0.61 0.06
Inverted-V 5 1.11 0.72 0.91 0.20 0.47 0.04
X-Braced 5 0.51 0.81 0.37 0.14 0.22 0.03
ODBS 5 1.17 0.51 1.19 0.32 0.94 0.14
MRF 10 2.08 0.58 1.83 0.28 1.24 0.09
Inverted-V 10 1.91 0.64 1.65 0.24 1.16 0.07
X-Braced 10 1.13 0.71 0.96 0.21 0.45 0.06
ODBS 10 2.31 0.48 2.45 0.41 1.38 0.12
MRF 15 3.02 0.59 1.96 0.29 1.63 0.09
Inverted-V 15 2.71 0.65 2.62 0.21 2.06 0.12
X-Braced 15 1.69 0.69 1.32 0.20 1.12 0.07
ODBS 15 3.66 0.43 3.78 0.31 2.85 0.15
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Fig. 8 Ground acceleration time histories of the (a) Northridge, (b) Kobe, (c) San Fernando and (d) El Centro earthquakes (the first 20 seconds)

Tabas Ear

( o

ion g- time s)

b

w00 | |1

Naghan

'

-

1

f‘

|
i

g-time s)

:ﬁf I '
|
(il

(@)

Fig. 9 Ground acceleration time histories of the (a) Tabas, (b) El Centro and (c) Naghan earthquakes, all normalized to a PGA of 0.3g

()

56

THE SEISMIC INVESTIGATION OF OFF-DIAGONAL STEEL BRACED RC FRAMES




Slovak Journal of Civil Engineering

Vol. 26, 2018, No. 3, 49 - 64

Tab. 6 Properties of the earthquake accelerograms considered

Considered PGA Time Date of . Criterion for use
Records Duration (s) | m/sec2 Type Station Comp. S
Step (s) Event in this research
(max range) (2)
Kobe a 5%?2 5) 0.616 0.01 near field 1995 Takatori Tak90 Frequency range: 0.3-1.10 Hz
Northridge | (5. 52_%.0) 0883 | 002 | nearfield | 1994 | M | NOOE | Frequency range: 0.14-1.07 Hz
San Fernando | (. 29 5 égglf) 0.01 farfild | 1971 | PASOM@ | 574w | Frequency range: 0.6-4.40 Hz
20 0.32 117
El Centro (1.5-5.5) (stiff) 0.01 far field 1940 Array#9 EL-180 | Frequency range: 0.4-6.40 Hz
Tabas 50 0.93 0.02 far field 1978 N16W DAY-TR PGA scaled to 0.3g
Naghan 5 0.72 0.005 near field 1977 LNG-09 NOOE PGA scaled to 0.3g
El Centro 53.7 032 | 001 | farfield | 1940 17 EL-180 PGA scaled to 0.3g
Array#6

4.4 Time history response of a 10-storey RC frame
with different bracing systems

In order to evaluate the acceleration and displacement responses of
various X, Inverted-V, and ODBS bracing systems, a mid-rise, 10-sto-
rey frame was selected. The three frame-brace systems were subjected
to the first set of selected accelerograms. The roof acceleration and
displacement responses of the three braced systems to the time history
records of the Northridge, Kobe, San Fernando and El Centro earth-
quakes are shown in Figs. 10 to 13, respectively. These figures indicate
that in all four earthquakes, the acceleration response of the ODBS
was markedly lower than those of the other two bracing systems; it
was followed by the Inverted-V bracing system, with the X-braced
system showing the highest acceleration response. This shows a much
reduced base shear in the case of ODBS and therefore a more advan-
tageous response. As for the acceleration response of the ODBS sys-
tem in various earthquakes with different frequency contents, Figs. 10

Acceleration Response (m/s2)
b & A & o N & o ®

0.00E400 3.00E400 6.00E400 9.00E400

Time (s)
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Lateral Deformation (cm)

Time (s)

Inverted V-braced frame ----- X-braced frame — ODBS-braced frame (e=0.2) ]

Fig. 10 (a): Acceleration responses and (b): displacement responses
of the 10-storey braced frames under the Northridge earthquake
record

to 13 show that this system has performed best according to records
containing higher frequency ranges (such as the El Centro record). As
the strong frequency range of a record decreases, the efficiency of the
ODBS somewhat lessens, but always maintains its superior perfor-
mance compared to the other bracing systems. Regarding the displace-
ment response of the braced frames, the three bracing systems appear
to behave differently in different earthquakes, so that a definitive con-
clusion cannot be made. Compared to the other systems, the ODBS
shows a relatively larger displacement response at first but invariably
shows a reduced response in the latter parts of a record.

4.5 Time history hysteresis response of frames with
different bracing systems

In order to assess the energy dissipation capacities of the three
bracing systems, a second set of earthquake records, including those

Acceleration Response (m/s2)

6
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a) Time (s)

Inverted V-braced frame =~ ----- X-braced frame
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Lateral Deformation (cm)

Time (s)

Inverted V-braced frame ~ -~ X-braced frame — 0DBS-braced frame (e=0.2) |

Fig. 11 (a): Acceleration responses, and (b): displacement responses
of the 10-storey braced frames under the Kobe earthquake record
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Fig. 12 (a): Acceleration responses, and (b): displacement
responses of the 10-storey braced frames under the San Fernando
earthquake record

for the Tabas, El Centro and Naghan earthquakes was selected. To
have a sound basis for comparison, these records were all normalized
to a PGA of 0.3 g (Fig. 9). A response hysteresis curve is an important
property for assessing the performance of structures under dynam-
ic loading. In these analyses, the base shear variation with the time
during each record was evaluated and plotted against the top floor

Acceleration Response (m/s2)

o
~

Lateral Deformation (cm)

Time (s)

Inverted V-braced frame  ----- X-braced frame —— ODBS-braced frame (e=0.2) |

Fig. 13 (a): Acceleration response, and (b): displacement response of
the 10-storey braced frames under the El Centro earthquake record

displacement. The time history hysteresis diagrams for the 10-storey
frame model retrofitted with three bracing systems were compared
with each other and that of the non-retrofitted MRF in Fig. 14 for the
response under the El Centro earthquake record, in Fig. 15 for the
response under the Naghan earthquake record, and in Fig. 16 for the
response under the Tabas earthquake record.
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Fig. 14 Time history hysteresis response of the 10-storey RC frame with different retrofitting configurations under the scaled El Centro

accelerogram
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Figs. 14 to 16 show that the RC frames in all four retrofitting
configurations behaved in an approximately elastic manner in the first
cycle. The stiffness of the MRF, Inverted-V and X-braced models
gradually degrade in subsequent cycles, but the RC frame with ODBS
does not degrade in several cycles. With the ODBS RC frame, the
plastic deformation increases, and the hysteresis loops become wider,
which reflect the high capacity of energy dissipation for this system.
The X-braced frame has little plastic deformation under this loading
protocol. Considering the high stiffness of the X-braced system, the
rigidity in subsequent cycles is the same as in the first one. Based on
the results obtained, it is evident that the X-braced RC frame exhibits
the highest strength capacity and the lowest energy absorption capac-
ity in comparison with the other systems. After the X-braced system,
the Inverted V-braced RC frame had the highest capacity with an in-
creased amount of ductility, when compared to the X-braced frame.
On the other hand, the ODBS hysteresis curves show the highest
amount of energy dissipation, but with an expectedly reduced capac-
ity. The results of the time history hysteresis response indicate that
most of the buckling in the ODBS occurred in a deformation range

1500

1200

from 2A_to 4Ay, which is a much larger deformation range in compar-
ison with the other bracing systems.

4.6 Response to cyclic loading

The cyclic response investigation of the multi-storey frames was
conducted in two parts. First, the effect of the number of stories on
the response of the RC frame retrofitted with ODBS was explored;
secondly, the cyclic responses of the 15-storey frame with different
retrofitting configurations were evaluated.

Fig. 17 shows the cyclic load protocol used in the first part of the
investigation of 5, 10 and 15-storey frames retrofitted with ODBS.
The loading of the frames was force controlled. Lateral loads were
applied with increasing magnitudes in each cycle, and the displace-
ment was measured at the end of each cycle. The hysteresis loops
obtained from the cyclic loading for the ODBS models with different
numbers of stories are plotted in Fig. 18.

Fig. 18 shows that all the RC frames retrofitted with ODBS dissi-
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Fig. 18 Load-displacement cyclic response of: (a) 5-storey, (b) 10-storey and (c) 15-storey ODBS retrofitted frames
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Fig. 19 Comparison of the back-bone curves of the 15-storey frame
with different retrofitting configurations

pate large amounts of energy during the latter loading cycles. It also
indicates that the ODBS dissipates more energy in the frames with
a smaller number of stories, which indicates that it is more effective
in low-rise buildings. A back-bone curve can be obtained by connect-
ing the peak points of the hysteresis curve in every level of the load-
ing. A back-bone curve is used to observe the deformation capacity
and strength decay of the specimens [20]. It is similar to the force-dis-
placement capacity curve obtained from a non-linear static pushover
analysis and contains large amounts of information regarding the lat-
eral-resisting properties of sway frames. The back-bone curves for
the three ODBS retrofitted frames were also plotted in the respective
hysteresis response in Fig. 18.

In the second phase of the cyclic loading investigation, the
15-storey frames with different retrofitting configurations were se-
lected and subjected to the cyclic loading protocol shown in Fig.
17-c. The hysteresis loops for the four models were evaluated, and
the back-bone curves of the hysteresis responses were extracted. The
back-bone curves for the four retrofitting configurations of the 15-sto-
rey RC frame are compared in Fig. 19. With reference to Fig. 19, it
is evident that the non-retrofitted MRF exhibits the least amount of
energy absorption capacity. The X-bracing system is the stiffest and
provides the highest resistance, but the ODBS system has the largest
area under the force-displacement curve and provides the greatest en-
ergy dissipation capacity.

4.7 Energy dissipation versus the retrofitted frame
stiffness

The amount of energy dissipation is not only a function of the
ductility of a system, but also its stiffness. To gain a better under-
standing of the relationship between energy dissipation and stiffness
in different retrofitting schemes, a one-span, one-storey unit RC
frame was considered and subjected to cyclic loading based on the
protocol shown in Fig. 3. The relations between the energy dissi-
pated and the RC frame’s stiffness in the four retrofitting configu-
rations are plotted in Fig. 20. The stiffness of the frames is shown
on the horizontal axis as normalized to the steel elastic modulus E.
A linear relation is extracted from the results for all four retrofitting
configurations as shown in Fig. 20. It can be noted that the slopes of
the trend lines have a direct relation with the amount of energy dis-
sipated. The slope of the energy dissipation-stiffness line for ODBS
is markedly higher than the other three configurations, which indi-
cates that the rate of increase in energy dissipation with increasing
stiffness is greater in the ODBS compared to the other retrofitting
configurations.

5500
y=4E+06x+4213.4 ... ]
5000

4500

V= 1E407x + 23353 .o

E 4000 )
= .
P I R W Y ey
L e e §'E SEH06X 25872
3
2 3000
E, y = SE+06X + 2031 -+
B 2500 [
I '
w2000 A

1500

0.00E+00  5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04 3.50E-04
Normalized Stiffness (K braced frame/E)
A MRF @ Inverted V-braced frame ©® ODBS-braced frame W X-braced frame

Fig. 20 The relationship between the energy dissipated and lateral
stiffness of unit RC frames with different retrofitting configurations

4.8 Out-of-plane buckling of ODBS at a conjunction
joint

As indicated in Fig. 21, the global out-of-plane buckling of an
ODBS system at the intersection point of a brace should be avoided
since this type of failure drastically reduces the strength of the bracing
system. One method to increase the out-of-plane stiffness of the brac-
ing system and avoid this global buckling is to use a double-plated
connection intersection for the point so that the out-of-plane rotation
of the bracing members can be controlled. However, as the intersec-
tion point should act as a hinge, the connection should be designed in
such a way as to allow for the in-plane rotation of the brace members.
A proposed double-plated central connection is shown in Fig. 22.

In this section, the cyclic response of a 5-storey RC frame retrofit-
ted with ODBS is evaluated under two different, i.e., (i) single plate and
(i) double plate, configurations for the intersection connection point.
The ODBS arrangement in the frame and details of the connections are
shown in Fig. 23. The material properties considered for the concrete
and steel are the same as those given in Fig. 7. The frame-brace assem-
blage was subjected to the cyclic loading protocol shown in Fig. 24.

The hysteresis of a storey load versus storey drift in a typical sto-
rey for single-plated and double-plated configurations is plotted in
Fig. 25. With reference to Fig. 25, it is clear that the double-plated
central connection has resulted not only in a 25% increase in the ca-
pacity of the frame-bracing system, but also in wider hysteresis loops
that signify a substantial increase in the energy absorption capacity of
the system. The pinching in the hysteresis loops and reduced capacity
of the single-plated connection is evidently due to the out-of-plane
buckling of this type of central connection.

To further evaluate the responses of the two central connection
types, the stiffness and dissipated energy of the ODBS with the two
types of connections in all the loading cycles are plotted in Figs. 26
and 27, respectively. Fig. 26 indicates a larger degree of stiffness and
a steeper degradation for the double-plated connection up to loading
cycle 6, after which the two connection types exhibit a somewhat sim-
ilar response. Also, Fig. 27 shows that in the ODBS with the dou-
ble-plated central connection, a substantially larger amount of energy
is dissipated in different loading cycles compared to the single-plated
case.

5 CONCLUSIONS

A number of full scale 2D numerical models, with low to mid-rise
moment-resisting RC frames, were retrofitted with different types of
bracing systems, including ODBS, Inverted-V, and X-Brace and sub-
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Fig. 21 Perspective and 2D views of out-of-plane buckling of ODBS
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Fig. 23 Geometry and details of an ODBS-retrofitted-RC frame
in a double plate configuration for a central connection (all
dimensions in m)
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jected to a series of scaled ground motions and cyclic loadings; their
responses were evaluated and compared. The results of these analyses
may be summarized as follows:

1- The modal analyses showed that the fundamental modes of
vibration of the ODBS retrofitted frames have higher periods of vi-
bration and a lower mass participation factor, which indicates that the
number of effective modes participating in the response of frames ret-
rofitted with ODBS is higher than those in the other bracing systems.

2- Under all the seismic excitations considered, the acceleration
response of the ODBS was markedly lower than those of the other
two bracing systems, which resulted in a much reduced base shear in
the ODBS-retrofitted frames.

3- In terms of the acceleration response, the ODBS system per-
formed best in seismic records containing higher frequency ranges.
As the strong frequency range of the record decreases, the efficiency
of the ODBS somewhat lessens, but always maintains its superior
performance compared to the other bracing systems.

4- The results of the time history hysteresis response indicated
that most of the buckling in the ODBS happened in a deformation
range from 2A_to 4A, which is a much larger deformation range in
comparison with the other bracing systems.

5- In both the time history and cyclic hysteresis response analy-
ses, the ODBS system had the widest loops and largest area under the
force-displacement curve, hence the most energy dissipation capacity
compared to the other brace retrofitting systems.

6- In the X-braced RC frames, all the inelastic activities were, as
expected, confined to the axial steel brace members, while the other
structural members remained in an elastic range. On the other hand,
in the frames retrofitted with ODBS, all the members participated in
absorbing the energy.

7- In the RC frames retrofitted with ODBS, the dissipation of en-
ergy markedly increased at higher input loads. It was also noted that
the ODBS dissipates more energy in the frames with smaller numbers
of stories, which indicates that it is more effective in low-rise build-
ings.

8- Under cyclic loading, the slope of the energy dissipation-stiff-
ness line for ODBS is markedly higher than the other retrofitting con-
figurations, which indicates that the rate of increase in energy dissi-
pation with increasing stiffness is more in the ODBS compared to the
other retrofitting configurations.

9- It was shown that the double-plated central connection can
control the adverse out-of-plane buckling response of the ODBS.
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