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A B S T R A C T

Seismically retrofitting reinforced concrete (RC) building with a combination of buckling-restrained braces
(BRBs) and elastic steel frames offers a practical solution that provides additional lateral stiffness and energy
dissipation capacity. However, the available methods to vertically distribute the BRB sizes based on equivalent
linearization do not consider the additional stiffness due to the composite behavior between the RC frame and
the elastic steel frame, which may lead to an overly conservative estimate of the BRB stiffness demands. This
study proposes a retrofit design method incorporating the composite behavior. Numerical models considering
the detailed composite behavior are developed and calibrated against quasi-static cyclic loading tests, and a
simplified evaluation method is proposed. A four-story RC school building is used as a benchmark model, and the
proposed retrofit design method is validated using nonlinear response history analysis. The analysis results
suggest that taking the composite behavior into account by using the proposed retrofit design method more
accurately estimates the lateral stiffness of the retrofitted structure and leads to a more economic retrofit.

1. Introduction

Post-earthquake investigations have found damage in many older
RC buildings due to insufficient lateral force resisting systems. For ex-
ample, extensive damage was observed in RC buildings during the
January 17th, 1994 Northridge Earthquake in the USA [1], the January
17th, 1995, Kobe (Great Hanshin) Earthquake in Japan [2], the Sep-
tember 21st, 1999 Chi-Chi Earthquake in Taiwan [3], the May 5th,
2014 Mae Lao Earthquake in Thailand [4], the 1999 Kocaeli earthquake
in Turkey [5], and the central Italy Earthquakes in 2016 [6]. This
highlights the need to develop strategies to retrofit older sub-standard
RC buildings.

The decision between rebuilding or retrofitting a structure depends
on the total construction cost, construction time, and intended post-
earthquake performance objective, which is described in FEMA P-58
[7]. The adopted performance objective may be evaluated from the
expected economic losses and downtime [8], and is developed for ex-
isting school buildings in the retrofit guideline in [9]. Based on these
guidelines, demolishing seismically vulnerable existing buildings and
replacing with new construction is an option, but is often time-

consuming and expensive. In addition, rebuilding imposes other costs
when the number of schools or hospitals is limited in a rural area, as
there may be limited alternative facilities to conduct the education or
medical functions. Therefore, there is a need to retrofit old RC buildings
that were either not originally designed for seismic effects or were
designed to an outdated seismic specification. To this end, updated
seismic design specifications are usually referred for retrofit design to
ensure that the retrofitted RC building is capable of resisting future
earthquakes.

Methods commonly used to retrofit RC buildings by increasing the
lateral force capacity include adding RC walls [10–11], wrapping the
RC columns with carbon fiber reinforced polymers [12–15], adding self-
centering braces [16–20], and adding conventional steel braces
[21–27]. However, the study in [28] found that conventional retro-
fitting schemes that strengthen or stiffen the structure by jacketing the
columns and beam-column joints or adding RC walls might actually
lead to worse building performance in terms of the expected annual loss
(EAL) ratio. This is mainly from the combined effect of an increase in
damage due to higher maximum floor accelerations and a shift in the
mean hazard curve due to period shortening. The primary benefits of
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these retrofit strategies are a reduction in the maximum story drift and
preventing a soft-story collapse. Therefore, these conventional schemes
reduce drift-induced damage while increasing acceleration-induced
damage, which may nevertheless leave the building inoperative due to
excessive nonstructural (i.e. architectural) damage. Similar observa-
tions have been made for strengthening and stiffening masonry infill
panels using fiber reinforcing polymer wraps [29,30], which may be
less sustainable from an economic point of view as compared to other
techniques such as base isolation. These studies found that the FRP
wrapping did not improve the EAL to a significant degree compared to
the initial cost of retrofitting. The above remarks regarding the trade-off

in drift and acceleration-related damage when strengthening and stif-
fening the structures play a significant role when assessing the effec-
tiveness of a seismic retrofit.

Steel braced frame systems have proven advantageous for retrofit
[16–27] as steel braces may be prefabricated and are lighter than
structural RC walls. When retrofitting RC buildings, limiting the max-
imum inter-story drift is important in preventing structural and non-
structural damage, and steel braces are effective in increasing the
stiffness and reducing drifts. However, increasing the lateral stiffness
amplifies the response accelerations, the same problem encountered
when retrofitting with RC walls. In addition, steel braces buckle in

Nomenclature

Aa Cross-section area of a RC post-installed anchor
Ae Cross-section area of BRB elastic segment
Am Contact area between mortar block and RC frame
Amax Maximum roof acceleration
Ap Cross-section area of BRB plastic segment
E Elastic modulus of the BRB steel core
Ea Elastic modulus of a RC post-installed anchor
Ed Energy dissipated by the BRB
EI Total input energy
Em Elastic modulus of the mortar block
(EI)cb,p Flexural rigidity of the RC beam, deforming in positive

bending
(EI)cb,n Flexural rigidity of the RC beam, deforming in negative

bending
(EI)cc,l Flexural rigidity of the left RC column
(EI)cc,r Flexural rigidity of the right RC column
(EI)eqb,p Equivalent flexural rigidity of the RC beam with adjacent

SF in positive bending
(EI)eqb,n Equivalent flexural rigidity of the RC beam with adjacent

SF in negative bending
(EI)eqc,l Equivalent flexural rigidity of the left RC column with

adjacent SF
(EI)eqc,r Equivalent flexural rigidity of the right RC column with

adjacent SF
(EI)SFb Flexural rigidity of the steel frame (SF) beam
(EI)SFc,l Flexural rigidity of the left steel frame (SF) column
(EI)SFc,r Flexural rigidity of the right steel frame (SF) column
FC Compression capacity of the MLP link
FT Tension capacity of the MLP link
Gm Shear modulus of mortar
heq Equivalent damping ratio
Heq Equivalent height of the SDOFRC model
HIeq Distance between the neutral axes of the top and bottom

composite beams for a given story
KBRB Axial BRB work-point stiffness
KC Compressive stiffness of the mortar block
Kd Lateral story stiffness of BRB
Kd,i Required lateral BRB stiffness at ith story, neglecting RC

frame and SF composite behavior
Kdc,i Required lateral BRB stiffness at ith story, considering RC

frame and SF composite behavior
KIeq Stiffness of the retrofitted structure with fully composite

RC frame and SF connection
Kf,i Story stiffness of existing RC building at ith story, obtained

by pushover analysis
Kf Lateral stiffness of the SDOFRC model
Kf,l Lateral stiffness of the SDOFRC model in the longitudinal

direction
Kf,t Lateral stiffness of the SDOFRC model in the transverse

direction

KR,i Lateral stiffness of the ith story of the retrofitted building
with BRBs and SFs, considering composite behavior

KRC Lateral stiffness of RC frame within the retrofit bay
KRS Lateral stiffness of building retrofitted with the SF only,

considering composite behavior
Ks Shear stiffness of the MLP link
KSF Lateral stiffness of steel frame (SF)
KT Tension stiffness of the MLP link
lIeq Distance between the neutral axes of the left and right

composite columns
La Effective length equivalent to half of the anchor embedded

length
LBRB Work-point length of the BRB
Le Length of each BRB elastic segment
Lm Length of the mortar block in contact with the RC frame
Lp Length of BRB plastic segments
M Bending moment of RC column
Meq Equivalent mass of the SDOFRC model
Ny Axial yield force capacity of the BRB
P Axial force of RC column
Qa1 Shear strength of MLP link, determined by steel strength of

anchor
Qa2 Shear strength of MLP link, determined by bearing

strength of concrete against anchor
RE Ratio of hysteretic energy dissipated by BRBs (Ed) to the

total input energy (EI)
SDS Design spectral acceleration at 0.2 sec
SD1 Design spectral acceleration at 1.0 sec
Teq Equivalent secant period
δdy Lateral yield deformation of the BRB
δdy,θ Axial yield deformation of the BRB
δd,l Spectral displacement of the SDOFRC model in the long-

itudinal direction
δd,t Spectral displacement of the SDOFRC model in the trans-

verse direction
δfy Lateral yield deformation of the SDOFRC
δr Reduced spectral displacement
WBRB Weight of the BRB steel
θBRB Inclination angle of BRB
εy Yield strain of the BRB steel core
µd Displacement ductility ratio of BRB
μf Displacement ductility of the SDOFRC model
σa Yield stress of the anchor material
σc Compressive strength of the concrete
γcf,i Fully composite stiffness amplification ratio at ith story,

expressing the fully composite stiffness relative to the non-
composite stiffness of the RC frame and SF

γcp,i Partially composite stiffness amplification ratio at ith story,
expressing the actual composite stiffness obtained from
pushover analysis relative to the non-composite stiffness
of the RC frame and SF
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compression, which may result in unsymmetrical lateral stiffness of the
overall system. Buckling-restrained brace (BRB) may be a useful seismic
retrofit device, as global buckling of the axially yielding steel core is
suppressed by an axially decoupled restraining mechanism [31,32].
Retrofitting of RC buildings with BRBs offers an alternative for bracing
retrofit as the BRB develops full yield strength both in tension and
compression through its buckling preventing mechanism [33–44]. This
enables BRBs to dissipate energy even during large earthquakes (such as
the MCE level). It was shown in [44] that, when properly designed, RC
frames retrofitted with a combination of BRBs and elastic steel frames
would achieve the desired response by controlling inelastic demands
(e.g. cracks, steel rebar strains) in the existing RC elements while pro-
viding the required strength, stiffness, and ductility. Therefore, in the
RC building retrofit, the inter-story drift response can be reduced by the
additional stiffness of the BRBs, while the enhanced energy dissipation
helps mitigate the adverse effect of the additional stiffness on the re-
sponse accelerations.

Directly installing either conventional concentric braces or BRBs in
RC frames is often not practical when the axial force capacities of the
braces are large. The brace connection details generally increase the
demands on the original RC connections [45–46], and may induce
additional axial forces, particularly in the lower story columns. How-
ever, installing an elastic steel frame (SF) between the RC frame and
BRB (Fig. 1) offers a practical solution [41–44], as the SF avoids force
concentration at the beam-to-column joint that results from the axial
force induced by the BRB. In addition, the SF provides an interface that
enables easier installation of the BRB into the RC frame compared to a
pure gusset detailing. The SF is designed to remain elastic to provide a
restoring force in order to reduce residual story drift after earthquakes.
A parametric study covering a range of SF sections [41] concluded that
when the SF lateral stiffness is approximately 5% of the BRB lateral
stiffness, the residual story drift could be efficiently reduced because of
the elastic SF’s self-centering function. As shown in Fig. 1, the SF
members may be attached to the RC frame using chemical anchors post-
installed to the RC frame and steel studs welded on the SF members.
High strength mortar is used as an infill material within this connection
zone. This connection zone between the RC frame and the SF introduces
a composite behavior, which increases the combined lateral stiffness of
the retrofitted building. Note that this results in a greater combined
lateral stiffness than the RC frame and SF acting independently.

The dynamic characteristics of a retrofitted RC building with BRBs
and SFs may be significantly altered due to the increased lateral stiff-
ness. Therefore, the seismic demand must be updated to account for the
increased stiffness, which increases the complexity and time it takes to
design the BRBs and the SF member. One approach is to simplify the
structure into a single-degree-of-freedom (SDOF) model [41–43] that
represents the seismically retrofitted RC building with BRBs and SFs,
and then apply the equivalent linearization approach [47]. Here, the
required stiffness of the BRB and SF are calculated from the SDOF
model. If the retrofitted story drifts at each story are identical to the
simplified SDOF model, an ideal uniform story drift distribution along
the building height may be achieved [41–42]. These studies [41–42]
proposed a retrofit design method that avoids the need for iteration
when designing the BRBs and SF members for a target deformation.
This procedure is referred to as the constant drift (CD) method. How-
ever, the previously proposed CD method does not consider the com-
posite behavior between the RC frame and SF, as the lateral stiffness of
the retrofit structure is calculated by simply adding the stiffness of the
RC frame, SF, and BRB together. As a result, the required BRB stiffness
may be overdesigned as the effective lateral stiffness of the combined
RC frame and SF is underestimated by not taking the composite beha-
vior into account.

This study investigates the influence of the composite behavior
between the RC frame and SF on the retrofitted RC building by using
experimentally calibrated numerical models, in order to achieve more
economic and reliable results. The axial and shear-deformation

relationships are proposed and validated against a near full-scale quasi-
static cyclic loading test of a single-story retrofitted RC building [44].
The complicated connection zone between the RC frame and SF is
modeled using link elements. Amplification ratios are proposed to ac-
curately estimate the effective lateral stiffness of the combined RC
frame and SF, accounting for the composite behavior. Based on the
analysis results, a simple design recommendation is provided. The ef-
fectiveness of the proposed design method is then demonstrated by
performing nonlinear response history analysis (NLRHA) on a four-
story RC school building model.

2. Preliminary retrofit design

Before investigating the composite behavior between the SF and RC
frame, the constant drift (CD) design method will be briefly introduced
here. This method is discussed in detail in [41–42], and is primarily
based on the displacement-based design method proposed by Priestley
et al. [48]. As shown in Fig. 2a, the existing RC building is simplified
from a multi-degree-of-freedom (MDOF) model into an equivalent
SDOF model, where Kf is the lateral stiffness,Meq is the equivalent mass,
and Heq is the equivalent height of the SDOF representation of the ex-
isting RC building (SDOFRC). The equivalent damping ratio (heq) of the
retrofitted system is then calculated, including the contributions of the
RC frame, SF, and BRBs [49]. Although structural systems with fuller
hysteretic loops will generally produce better seismic responses, a
single equivalent damping ratio obtained from the peak cycle will
sometimes underestimate the response. For example, a computational
study [50] found that the equivalent damping obtained from the dis-
sipated hysteretic energy under a static test at the target drift level did
not correlate well to the acceleration and displacement demands from a
nonlinear response history analysis. This is because the amplitude
varies during earthquakes, and so an efficient solution is to use the
average damping concept proposed by Newmark and Rosenbluth [51],
which adopts the average equivalent damping ratio for all amplitudes
up to the target displacement. This study evaluates the required stiff-
ness of the BRB (Kd), SF (KSF) and reduced heq from the SDOFRC model,
adopting the average damping concept and secant period (Teq) [52] of
the structure at the target retrofit story drift. Fig. 2b depicts the SDOF
model of the RC frame retrofitted with a BRB and SF.

Previous studies implementing this BRB retrofit strategy [41–43]
have assumed that the RC frame, SF, and BRB act in parallel, but not
compositely. In order to simplify the calculation procedure [41–43], the
RC frame’s lateral force–deformation relationship was assumed trilinear

Fig. 1. Retrofit of RC frame using BRB with SF.
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Fig. 2. Simplification procedure for the analytical models.

Fig. 3. RSB specimen (Sutcu et. al.) [44]
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(idealized by using the Takeda model [53]), SF was linearly elastic, and
BRB was elastic-perfectly plastic, as shown in Fig. 2c. The lateral force
distribution up the building height was calculated using the Ai dis-
tribution defined in the Japanese seismic design specification [54], or
alternatively the equivalent static force distribution defined in ASCE-
SEI7 specification [55] may be used. The numerical work presented in
[56] proposed basing the force distribution on the fundamental mode
shape of the retrofitted RC building. However, iteratively updating the
mode shape is time-consuming. Therefore, this study uses the force
distribution based on the mode shape of the retrofitted RC building,
assuming that this only slightly changes due to a characteristic of the
CD method where the BRB stiffness is added in proportion to RC frame
stiffness at each story. The validity of this simplification is confirmed in
the retrofit design example in Section 5.1.

The step-by-step retrofit design procedure of the CD method is as
follows: (1) A modal pushover analysis (MPA) is conducted on the ex-
isting RC building (based on the fundamental mode shape) to obtain the
roof displacement - base shear relationship. This force–displacement
relationship is then simplified into a trilinear model. It is worthwhile
mentioning that the pushover analysis procedure can be further sim-
plified, as discussed in a previous study [57]. The simplified trilinear
roof displacement - base shear relationship defines the SDOFRC model
(as shown in Fig. 2c). (2) Next, the SF stiffness (KSF) is assumed as 5% of
BRB stiffness (Kd). The maximum displacement of the retrofitted SDOF
model (μfδfy) is calculated for an inter-story drift ratio equal to the
target story drift ratio (SDRtar), which in this study is set as 1/200 rad at
the design level. Note that μf and δfy are the displacement ductility and
the lateral yield deformation of the SDOFRC model, as shown in Fig. 2c.
(3) The corresponding reduced equivalent damping ratio (heq) and the
reduced spectral displacement (δr) of the SDOFRC are then calculated.
(4) At this step, the required BRB stiffness (Kd) remains as the only
unknown, and is calculated by assuming that δr equals μfδfy. (5) Finally,
the required BRB stiffness at the ith story (Kd,i) in the MDOF model is
calculated by assuming that the ratio of Kd,i to the ith story stiffness (Kf,i)
equals to the ratio of Kd which was calculated in the previous step to Kf
(Kd / Kf), and the ith inter-story drift ratio equals SDRtar. The CD method
provides a fast and straightforward design procedure for practicing
engineers and does not require iteration. However, the composite be-
havior between the RC frame and SF may significantly amplify the
stiffness of the retrofitted structure, as shown in Fig. 2c. Neglecting the
composite stiffness affects the required BRB stiffness (Kd,i). Therefore,
this study proposes a modified CD retrofit method that includes the
composite behavior, which is introduced in the following sections.

3. Numerical models simulating composite behavior

This section introduces numerical models constructed using ETABS
[58], which are used to investigate the seismic performance of the
retrofitted structure and composite behavior between the RC frame and
SF. The numerical models are calibrated against the quasi-static cyclic
loading tests conducted by Sutcu et.al. [44]. In these tests, a series of RC
frame specimens with and without BRBs and SFs were cyclically loaded,
representing a single perimeter bay from the 1st story of a school
building that is symmetric in plan. Fig. 3a shows the test setup of the RC
frame specimen retrofitted with a SF and BRB (denoted “RSB spe-
cimen”). Fig. 3b shows the details of the RSB specimen and cross-sec-
tions of the RC beams and columns. The centerline height and span of
the RC frame are 2,251 mm and 3,550 mm, respectively. The com-
pressive strength of the concrete (σc) is 20 MPa and the yield stress of
the steel rebar is 420 MPa. Gravity load from the upper stories was
included by applying a constant vertical load of 250 kN at the top of
each column, which is equivalent to 15% of the column axial force
capacity.

The performance of the existing RC frame (denoted “R specimen”)
was compared to the RC frame with a SF (denoted “RS specimen”) in
order to investigate the composite behavior between the RC frame and

SF. Test results have shown that SF remained elastic for the RS and also
RSB specimens up to 0.67% drift (1/150 rad. story drift). During the
initial design, this may be confirmed by modelling the SF alone, and
checking that the moment demand is less than the yield moment ca-
pacity of selected the SF section within the target story drift SDRtar
range. In these tests, the SF (H-175 × 175 × 7.5 × 11 mm) was fab-
ricated using structural steel with a yield stress of 402 MPa. Out-of-
plane restraints were arranged to prevent out-of-plane displacements
during testing. In real buildings, existing RC slabs (i.e., rigid floor
diaphragms) serve the same purpose. Although Fig. 3b shows that the
SF was placed at the rear face of the RC members, which introduces
eccentricity, this did not have a significant impact on the overall be-
havior. In [44], the test results indicated that because of the composite
behavior, the combined lateral stiffness of the RC frame and SF is higher
than the arithmetic total of RC frame and SF stiffness.

Fig. 3b illustrates the connection zone details between the RC frame
and SF. Steel studs (13 mm diameter) were welded to the web of the SF,
and chemical anchors (16 mm diameter) were embedded into the RC
frame member to a depth of 145 mm. The steel studs and chemical
anchors were uniformly distributed with a spacing of 150 mm, and
installed in a staggered arrangement. Ladder stirrups were placed to
control cracking, and the space between the SF member and RC frame
was then filled with high strength mortar (80 MPa compressive
strength).

The BRB in the RSB specimen is composed of a steel core made of
LYP225 steel (235 MPa yield stress) and a square restrainer made of
HSS 175 × 175 × 4 mm with STKR400 grade steel and infill mortar.
The cross-sectional areas of the BRB in the elastic (Ae) and plastic (Ap)
segments are 3,672 and 600 mm2, respectively. This gives an axial yield
force (Ny) of 141 kN. The length of the plastic segment (Lp) is 2,020 mm
and each elastic (Le) segment is 522 mm. The axial stiffness of the BRB
(KBRB = 54.8 kN/mm) may be calculated using Equation (1), where
E = 200,000 MPa is the elastic modulus of the core.

= +K L
A E

L
A E

1 2
BRB

e

e

p

p (1)

These sub-assemblage frames were modelled in ETABS to in-
vestigate the effect of composite behavior between RC frame and SF,
with the two-dimensional RSB model shown in Fig. 4. The test results
[44] were used to validate the accuracy of the numerical models. The
RC beam, columns, and the SF members are modeled by using line
elements, while the composite behavior of the connection between the
SF and RC frame is simplified and modelled using multi-linear plastic
(MLP) links. The spacing of each MLP link was set as 150 mm to match
each spacing of the chemical anchors. Fixed supports are assigned at the
base. It should be noted that the out-of-plane eccentricity between the
RC members and SF was not considered since it had negligible effect on
the experimental seismic performance [44].

The moment–curvature relationship of the RC beams and columns
was modelled obtained using the “Section Designer” tool in ETABS

Fig. 4. Numerical model in ETABS.
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[58]. Fig. 5a, 5b, and 5c show the stress and strain relationships for the
concrete (Mander concrete model [59]), rebar, and SF, respectively.
Stiffness reduction factors of 0.35 and 0.70 are assigned to the RC beam
and RC columns, respectively, to represent the effective stiffness of the
cracked section [60]. Each MLP link represents the composite behavior
between the RC frame and SF within each spacing of the chemical
anchors. Tensile “pullout” forces are resisted by the chemical anchors,
while compressive forces are taken by the high strength mortar within
the effective area. Based on the above assumptions, the properties of the
MLP link can be defined in the following. The compressive stiffness of
the mortar block (KC = 4,400 kN/mm), as shown in Fig. 6a, is calcu-
lated as EmAm/Lm, where Em is the elastic modulus (23,000 MPa), Am is
the contact interface area between mortar block and RC frame
(150 mm× 175 mm= 26,250 mm2), and Lm (136 mm) is the length of
the high-strength mortar. As the compressive strength of the high
strength mortar is higher than that the existing RC members, the
compressive force capacity of the MLP link (FC = 525 kN) is evaluated
directly from the concrete strength as σcAm where σc is 20 MPa. Con-
versely, the tensile stiffness of the MLP link (KT) is determined using an
effective length equivalent to half of the embedded length (La).
Therefore, the KT is 555 kN/mm (KT = 2EaAa/La, where
Ea = 200,000 MPa is the elastic modulus of anchor material and
Aa = 201 mm2 is the cross-section area of the chemical anchor). The
tensile capacity of the MLP link is represented by the tensile yield force
of the chemical anchor FT (=σaAa = 98.5 kN, where σa = 490 MPa is
the yield stress of the chemical anchor material).

The shear stiffness of the MLP link (Ks= 1930 kN/mm), as shown in
Fig. 6b, is represented by the shear stiffness of the high strength mortar
within each chemical anchor spacing and is calculated by GmAm/Lm,
where Gm is the shear modulus of mortar (10,000 MPa). The shear
strength of the MLP link (54.5 kN) is taken as the smaller of the anchor’s
shear capacity determined by steel strength (Qa1 = 0.7σaAa = 69 kN)
and bearing strength of the adjacent concrete
(Qa2 = 0.4(Emσc)0.5Aa = 54.5 kN) [61]. As Qa2 is smaller than Qa1, the

concrete near the anchor is expected to crack and lose its shear force
capacity first. The axial and shear force to deformation relationships of
the MLP link are shown in Fig. 6a and 6b, respectively. The MLP link
element in ETABS is also used to model the BRB behavior in the RSB
model. The axial stiffness and axial yield deformation of the BRB link
are KBRB and δdy,θ, respectively. The post-yield stiffness is assigned as
2% of the elastic stiffness, producing the axial force–deformation re-
lationship shown in Fig. 6c. Cyclic nonlinear pushover analysis was
performed on the numerical models. Fig. 7 compares the base shear to
story drift response of the analyses and test results. The slight difference
in the initial stiffness and strength may be attributed to the simplified
material modeling and the complex nonlinear behavior of the connec-
tion zone. The effect of composite behavior is clearly reflected by these
models and the accuracy is sufficient for the purposes of this in-
vestigation. Therefore, the numerical modelling method introduced in
this section is used to account for the effect of composite behavior in the
following sections.

4. Investigation of the composite behavior

This section introduces an evaluation approach to estimate the
composite behavior between the RC frame and SF, and implements this
approach in the CD method. The relationships of the stiffness amplifi-
cation due to the composite behavior and the SF member section are
provided. The evaluated composite behavior is then incorporated into
the proposed design method in order to reduce the required BRB stiff-
ness. A four-story RC school building located in Chiang Rai province in
Thailand is used as a benchmark model to investigate the effect of
composite behavior on seismic performance.

4.1. Definition of composite stiffness parameters

Two non-dimensional parameters (namely, γcf,i and γcp,i) are defined
to indicate the elastic stiffness amplification due to the composite

Fig. 5. Stress and strain relationships of materials.

Fig. 6. Force and displacement relationships of the MLP links representing the connection zone and BRB.
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behavior. The fully composite stiffness amplification ratio (γcf,i) is de-
fined as follows:

=
+

K
K K

1cf i
Ieq i

RC i SF i
,

,

, , (2)

where KIeq,i is the ith story stiffness of the retrofitted structure when RC
and SF are fully composite, KRC,i and KSF,i are lateral stiffness provided
by the retrofitted bay of the RC frame and SF, respectively. The value of
(KRC,i + KSF,i) represents the lateral stiffness provided by the RC frame
and SF in the retrofitted bay acting independently (with no composite
behavior). The value of KIeq,i is calculated as follows:

= + + +K
H

EI
H l

EI
H l

EI
H

EI
1

( 2)
12( )

( 2)
24( )

( 2)
24( )

( 2)
12( )Ieq i

Ieq

eqc l

Ieq Ieq

eqb p

Ieq Ieq

eqb n

Ieq

eqc r
,

3

,

2

,

2

,

3

,

(3)

where (EI)eqc,l and (EI)eqc,r are the equivalent flexural rigidities of the
left and right RC columns with the SF. (EI)eqb,p and (EI)eqb,n are the
equivalent flexural rigidities of the RC beam and SF under positive and
negative bending, as shown in Fig. 8a. It should be noted that when the
structure deforms toward the right (Fig. 8a), the outer surface of the left
RC column is in tension and the outer surface of the left SF column
member is in compression, and vice versa for the right RC and SF col-
umns. Thus, (EI)eqc,l and (EI)eqc,r have opposite signs. HIeq is the cen-
terline distance between the neutral axes of the top and bottom com-
posite beams in the relevant story. lIeq is the centerline distance between
the neutral axes of the left and right composite columns. The bare RC
frame stiffness KRC,i may be calculated as follows:

= + + +K H
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H l
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(4)

where (EI)cc,l and (EI)cc,r are the flexural rigidities of the left and right

RC columns, respectively. (EI)cb,p and (EI)cb,n are the flexural rigidities
of the RC beam deform in positive and negative bending. The centerline
story height (HRC) and beam span (lRC) of the RC members are shown in
Fig. 8b. The steel frame stiffness KSF,i is calculated as follows:

= + +K H
EI

H l
EI

H
EI

1 ( 2)
12( )

( 2)
12( )

( 2)
12( )SF i

SF

SFc l

SF SF

SFb

SF
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,

3

,

2 3
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where (EI)SFc,l and (EI)SFc,r are the flexural rigidities of the left and right
SF columns, while (EI)SFb is the flexural rigidity of the SF beam. The
centerline story height (HSF) and beam span (lSF) of the SF members are
shown in Fig. 8b. Therefore, the fully composite stiffness amplification
ratio γcf,imay be calculated analytically without a finite element model.
Conversely, the partially composite stiffness amplification ratio (γcp,i) is
defined as follows:

=
+

K
K K

1cp i
RS i

RC i SF i
,

,

, , (6)

where KRS,i is the ith story stiffness obtained from the pushover analysis
of the RC frame retrofitted with a SF only (RS model), including the
MLP link introduced in Section 3. The value of γcp,i indicates the stiff-
ness amplification at the ith story. The minimum possible value of γcp,i is
1.0, which indicates that there is no or insignificant composite behavior
between the RC frame and SF.

4.2. Introduction of the numerical building model

A typical four-story RC school building located in Chiang Rai pro-
vince in Thailand is taken as a representative example building for this
study. A three-dimensional model was constructed using ETABS. Fig. 9a
and 9b show the elevation and structural plan of the RC building model,
respectively. Fig. 9c shows the cross-section details of the RC beams and
columns. The compressive strength of the concrete and the yield

Fig. 7. Comparison of shear force and story drift ratio from experiments and analyses.

Fig. 8. Illustration of the analytical model for computing the elastic stiffness.
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strength of the rebar are 24 and 300 MPa, respectively. The seismic
mass is 184 tons for the 1st to 3rd stories and 171 tons for the 4th story.
The RC concrete slab thickness is 100 mm at each story. Based on the
modal analysis, the first three modes have periods of 1.249 sec (long-
itudinal translation), 0.871 sec (torsion), and 0.830 sec (transverse
translation).

Fig. 10a and 10b depict the 5% damped design acceleration and
displacement spectra for Thailand (Chiang Rai province) [62], where
SDS and SD1 are the design spectral accelerations at 0.2 sec and 1.0 sec,
respectively. It is expected that the retrofit of the school building will
improve the seismic performance to a level that is equivalent to im-
mediate occupancy performance. Therefore, the maximum allowable
story drift ratio of the retrofitted building is limited to 1/200 rad. (0.5%
rad.).

The seismic performance of the existing RC building is evaluated
using the CD method [41,42] using the SDOFRC model, with the
Heq= 10 m (73.5% of building height) andMeq= 577 tons (80% of the
total mass). The lateral stiffness of the SDOFRC model in the long-
itudinal (Kf,l) and transverse (Kf,t) directions are 14.6 and 33.1 kN/mm,
respectively. Based on the design displacement spectrum (Fig. 10b), the
spectral displacements of the SDOFRC model are 7.6 cm in the long-
itudinal (δd,l) direction and 4.8 cm in the transverse (δd,t) directions. As
mentioned in Section 2, the CD method assumes that all MDOF inter-
story drifts equal the SDOF drift. The maximum story drift ratios
(SDRmax) in the longitudinal and transverse directions before retrofit
are 0.76% (=δd,l/Heq) and 0.48% rad. (δd,t/Heq), respectively. As the
transverse SDRmax (0.48% rad.) is smaller than the target 0.5% rad.,
retrofit is only required in the longitudinal direction in the plan, with

Fig. 9. Details of the four-story RC school building.

Fig. 10. Design spectra of Chiang Rai province in Thailand.
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candidate retrofit locations shown in Fig. 9b. The perimeter locations
are selected to minimize torsional effects and simplify installation,
enabling most of the building to remain occupied and operational (i.e.,
no downtime) during the retrofit.

A single retrofitted bay is used to study the composite behavior
between the RC frame and SF. Fig. 11 shows the two-dimensional four-
story numerical RS model. It is assumed that the connection details
between the RC frame and SF in the four-story retrofitted RC building,
including the steel studs, chemical anchors, high strength mortar, and
ladder stirrups, are consistent with the single-story test specimen pre-
sented in Section 2. Therefore, it is anticipated that the composite be-
havior in the four-story retrofitted RC building would be similar to the
single-story RS specimen explained previously. It should be noted that
the number of MLP links depends on the story height as the link spacing
is fixed at 150 mm so the number of MLP links differs between the test
specimen and stories of the example building.

The relationship between γcp,i and γcf,i with different SF section sizes
are investigated. Table 1 shows the list of the SF member sections. The
fully composite parameter (γcf,i) is calculated using Eqs. (2)–(5), while
the partially composite parameter (γcp,i) is obtained using pushover
analysis and Equations (4)–(6). The results shown in Table 1 indicate
that the value of γcf,i range from 4.7 to 7.6 and the value of γcp,i range
from 1.3 to 3.9 for the given case study.

Fig. 12 shows the linear-like relationship between γcf,i and γcp,i for
each story according to Table 1 and also the case of no composite be-
havior (where, γcf,i = γcp,i = 1). The results indicate that the effect of
composite behavior in the 1st story is greater than the upper stories.
This is because the 1st story primarily experiences shear deformation
due to the stiffer fixed column base, improving the composite behavior.
As a result, the trend-line of the plot is proposed for two separate groups
(the 1st story and upper stories). Based on the analysis results, the re-
lationship of γcf,i and γcp,i is expressed as γcp,1 = 0.45γcf,1 + 0.55 for the
1st story and γcp,i = 0.25 γcf,i + 0.75 for upper stories. Table 2 shows
that the key parameters obtained from the single-story RS specimen test
results fit with the proposed relation in Fig. 12.

4.3. Design recommendations

When the composite behavior is considered, the required BRB
stiffness can be decreased when compared to the results obtained by the
conventional CD method. Based on the previous section, the additional
stiffness contribution of composite behavior can be evaluated as (γcp,i-1)
(KRC,i + KSF,i). Eq. (7) shows the required BRB stiffness including the
composite behavior between RC frame and SF for ith story (Kdc,i). When
there is no composite behavior (RC frame and SF act independently),
the values of γcp,1 and γcp,i becomes 1 as the Kdc,i will be equal to Kd,i. By
substituting the proposed relationship between γcf,i and γcp,i. Equation
(7) is defined as follows:

= +
= +
= +
= + >

K K K K
K K K

K K K K
K K K i

( 1)( )
0. 45( 1)( ) 0
( 1)( )
0. 25( 1)( ) 0 for 1

dc d cp RC SF

d cf RC SF

dc i d i cp i RC i SF i

d i cf i RC i SF i

,1 ,1 ,1 ,1 ,1

,1 ,1 ,1 ,1

, , , , ,

, , , , (7)

According to the ASCE-SEI 41-17 [60] soft-story provisions, no story
may have a stiffness less than 70% of the story above. This is expressed
by Equation (8), where KR,i and KR,i+1 are the ith and the (i + 1)th

retrofitted story stiffness obtained from the pushover analysis including
additional composite behavior. If the stiffness of the ith story is less than
70% of the (i + 1)th story, Kdc,i should be replaced by K’dc,i to mitigate
the risk of soft-story formation, producing Eq. (9).

+

K
K

0.7R i

R i

,

, 1 (8)
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= + ++ + +
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if 0.7,

0. 7( )
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The recommended retrofit design is summarized in the following
steps:

Fig. 11. The four-story numerical RS model.
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1. Perform the pushover analysis to obtain Kf,i.
2. Calculate Kd,i based on Kf,i from the preliminary design.
3. Select the SF section and calculate KSF,i from Equation (5) so that
KSF,i is either equal or slightly greater than 5% of Kd,i.

4. Obtain KRC,i for each retrofitted frame using Equation (4) or by
performing pushover analysis.

5. Calculate the Kdc,i from Equation (7) that satisfies the required
stiffness, considering the composite behavior between the RC frame
and SF.

6. Design the BRBs with lateral stiffness equal to or greater than Kdc,i.
The lateral yielding deformation (δdy) may be determined from the
maximum allowable elastic story drift.

7. Obtain the retrofitted story stiffness (KR,i) by performing pushover
analysis of the retrofitted building. If a soft-story occurs in the ith

story, Kdc,i should be replaced by K’dc,i from Equation (9).

5. Retrofit examples and analysis results

Table 3 shows the design results of the retrofitted four-story RC
school building. Kf,i is obtained by performing pushover analysis for the
three-dimensional model of the existing building (3D-R model). Kd,i is
calculated following the procedure mentioned in Section 2. Based on
this preliminary design, the lateral stiffness of the 4th story BRBs (Kd,4)
required to achieve the design requirement of SDRtar of 0.5% rad. is less
than 0, and so there is no need to install BRBs in the 4th story. This will
be confirmed using NLRHA in the following sections. The selected SF
section sizes for all models are 175 × 175 × 7.5 × 11 mm for the 1st
and 3rd stories, and 200 × 200 × 8 × 12 mm for the 2nd story, which
are selected based on Kd,i. KSF,i is calculated based on Equation (5). The
ith story stiffness of the retrofitted RC frame (KRC,i) is obtained from
Equation (4) and compared to the pushover results in Table 3. The axial
stiffness of the BRBs in the ith story (KBRB,i) may be determined from
Kdc,i. As shown in Table 3, the required BRB stiffness considering
composite behavior (Kdc,i) is smaller than those when composite be-
havior is neglected (Kd,i). The strength of the BRB may be determined

from the BRB axial yield deformation and KBRB,i. The BRB lateral yield
deformation (δdy) is calculated as follows:

=
+A A L L L L

A A
L( )( ) ( ) 1

( ) cosdy
e p BRB p BRB p

e p

BRB y

BRB (10)

where LBRB is the BRB work-point to work-point length, εy (0.12%,
SN400B steel grade) is the yield strain of the BRB steel core material,
and θBRB is the inclination angle of the BRB. In this retrofit design ex-
ample, the ratios of Ae/Ap and Lp/LBRB are 4 and 0.5, which are re-
presentative of conventional BRB designs [42]. Furthermore, by
maintaining constant Ae/Ap and Lp/LBRB ratios, the yield deformation
δdy remains unchanged when replacing Kd,i with Kdc,i.

Fig. 13 and Table 4 show the BRB designs where each BRB is named
by the numerical model type and story number. For example, the BRB
sizes and yield capacities where composite behavior is neglected are
denoted RSB1, RSB2, and RSB3 for the 1st, 2nd, and 3rd stories. Si-
milarly, designs considering composite behavior is denoted RSCB1,
RSCB2 and RSCB3. All the BRB steel cores are made of SN400B grade
steel with a yield strength of 235 MPa. The restrainers are made by
using an HSS square tube made of STKR400 steel and infill mortar with
a compressive strength of 55 MPa. It should be noted that the proposed
design method including composite behavior provides a realistic com-
bined lateral stiffness of the RC frame and SF. Therefore, the required
BRB stiffness is more precisely estimated, and the design economy is
improved. The required weights of BRBs (WBRB) are calculated by the
total steel weight of the elastic, plastic, and restrainer segments. If the
WBRB in the 3D-RSCB model is compared to theWBRB in 3D-RSB model,
theWBRB can be reduced by 28%, 16% and 11% in the 1st, 2nd and 3rd
stories, respectively. This is a significant outcome of the proposed
method in terms of economy.

To confirm the seismic performance of the retrofitted building, three
numerical models were developed, with the existing building model
(3D-R) used as a benchmark. The performance of the retrofitted models
designed using the conventional CD method neglecting composite

Table 1
Key parameters of composite behavior with different SF member section.

SF member section (mm) KIeq,i (kN/mm) γcf,i KRS,i (kN/mm) γcp,i

1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th

100× 100×6×8 17.5 17.5 17.5 20.8 5.1 5.1 5.1 4.7 9.3 6.7 6.3 7.1 2.7 2.0 1.9 1.6
125×125×6.5× 9 22.3 22.3 22.3 25.5 6.1 6.1 6.1 5.4 11.6 8.4 7.9 8.4 3.2 2.3 2.2 1.8
150×150×7×10 27.9 27.9 27.9 30.9 6.9 6.9 6.9 5.8 14.4 10.5 9.7 10.0 3.5 2.6 2.4 1.9
175×175×7.5× 11 34.5 34.5 34.5 37.6 7.4 7.4 7.4 6.1 18.0 13.1 12.2 12.0 3.9 2.8 2.6 1.9
200×200×8×12 42.4 42.4 42.4 45.6 7.6 7.6 7.6 6.2 21.8 15.7 14.2 13.9 3.9 2.8 2.5 1.9
200×250×9×14 60.8 60.8 60.8 60.5 7.1 7.1 7.1 5.2 31.7 22.9 20.5 18.5 3.7 2.7 2.4 1.6
200×300×9×15 80.7 80.7 80.7 84.0 6.2 6.2 6.2 4.7 44.1 30.9 27.6 23.6 3.4 2.4 2.1 1.3

Fig. 12. Relationship between γcf,i and γcp,i.
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behavior (3D-RSB) and including composite behavior (3D-RSCB) are
then compared to the unretrofitted benchmark model. The mechanical
properties of the MLP links for the 3D-RSB and 3D-RSCB models are
identical to the RS model introduced in Section 4.2. Fig. 14a and 14b
show the analysis model and a perimeter elevation.

5.1. Modal analysis

Fig. 15a shows the periods of the first three longitudinal transla-
tional modes. The modal analysis indicates that the fundamental per-
iods decrease from 1.249 sec (3D-R) to 0.78 sec for the 3D-RSB model
and to 0.82 sec for the 3D-RSCB model. The modal analysis suggests

that there are only minor differences in the fundamental mode shapes
(Fig. 15b) between the three models. This supports the initial as-
sumption that the change in the mode shape after retrofit is insignif-
icant.

5.2. Modal pushover analysis (MPA)

Modal pushover analysis (MPA) is performed for each model using
the respective fundamental mode shapes to obtain the elastic story
stiffness and force–deformation relationships. The elastic story stiffness
is shown in Table 5 for each model, and the story shear forces and
deformation relationships are shown in Fig. 16a, 16b and 16c for the

Table 2
Key parameters obtained from the experiments on the single-story RS specimen.

KRC (kN/mm)
(Equation (4))

KSF (kN/mm)
(Equation (5))

KIeq (kN/mm)
(Equation (3))

γcf
(Equation (2))

KRS* (kN/mm)
(Pushover analysis)

γcp
(Equation (6))

8.46 5.51 89.52 6.41 45.24 3.24

KRS* is obtained from the experiment.

Table 3
Design results.

Story Before retrofit CD method Proposed method

Kf,i
(kN/mm)

Kd,i
(kN/mm)

KRC,i
(kN/mm)

δdy,i
(mm)

KSF,i
(kN/mm)

Kdc,i
(kN/mm)

Pushover analysis [41,42] (Equation (4)) Pushover analysis (Equation (10)) (Equation (5)) (Equation (7))

4th 39.6 – 4.1 3.7 – – –
3rd 32.2 34.8 3.2 3.0 3.5 2.0 26.5
2nd 32.1 65.4 3.2 3.1 3.5 3.8 53.9
1st 45.3 43.7 3.2 4.3 3.5 2.0 28.7

Fig. 13. Profile of the BRB member.

Table 4
Design details of the BRB members.

BRB member Axial force Plastic segment Elastic segment Restrainer segment Weight

Ny
(kN)

tp
(mm)

Bp
(mm)

Ap
(mm2)

Lp
(mm)

Be
(mm)

Ae
(mm2)

Le
(mm)

Lsc
(mm)

D
(mm)

Dt
(mm)

WBRB

(kgf)

RSB1 133.95 10 57 570 2534 119 2280 1267 3801 150 3.2 113
RSB2 199.75 10 85 850 2517 175 3400 1258 3775 200 4.5 188
RSB3 108.1 10 46 460 2534 97 1840 1267 3801 120 6 127
RSCB1 82.25 10 35 350 2534 75 1400 1267 3801 125 3.2 81
RSCB2 159.8 10 68 680 2517 141 2720 1258 3775 175 4.5 158
RSCB3 75.2 10 32 320 2534 69 1280 1267 3801 120 6 113
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3D-R, 3D-RSB and 3D-RSCB models, respectively. The results show that
the elastic story stiffness of the retrofit models (3D-RSB and 3D-RSCB
models) has increased. In addition, the story stiffness of all adjacent
stories satisfy the soft-story requirements (Equation (8)).

5.3. Nonlinear response history analysis (NLRHA)

Nonlinear response history analysis (NLRHA) is also performed for
the 3D-R, 3D-RSB, and 3D-RSCB models using a suite of eleven ground
motions to investigate the seismic response and validate the proposed
retrofit design method. The seismic performance of each model is
evaluated using the mean and mean plus one standard deviation (SD) of
the analysis results for different ground motion records.

5.3.1. Ground motions for NLRHA
The suite of eleven records is selected from the PEER NGA West 2

ground motion database [63]. Only the first horizontal component is
used as only the response in the retrofitted longitudinal direction is of
interest to the section and the torsional response is low. The selected
ground motions are shown in Table 6 and the scaled spectra are shown
in Fig. 17. Amplitude scaling is conducted over a target period range of
0.2 T1 and 1.5 T1, which follows the ASCE 7–16 [55] requirements,
where T1 (1.249 sec) is the fundamental period of the 3D-R model,
resulting in a target period range of 0.250 to 1.874 sec. The records are
limited to strike-slip events with magnitudes of 6 ≤ Mw ≤ 7.5 within
20 km, which is consistent with the dominant seismic hazard of the
Chiang Rai province in Thailand, where the target building is located.
Records were further limited to soil class D (180 ≤ Vs,30 ≤ 360 m/s),
which matches the local site conditions. The record scale factors vary
from 0.68 to 1.89, and the average spectrum is at least 90% of the
design spectrum over the target period range.

5.3.2. Maximum inter-story drift ratio
The maximum mean and mean plus one standard deviation inter-

story drift ratio (SDRmax), for each ground motion, for the 3D-R, 3D-
RSB, and 3D-RSCB models are shown in Fig. 18a, 18b, and 18c, re-
spectively. Fig. 18a shows the SDRmax of the building without retrofit.
The SDRmax in the 1st to 3rd stories exceeds the SDRtar (0.5% rad.) for
all ground motions. This confirms the previous conclusion from Table 3
that no BRBs are required in the 4th story. Fig. 18b shows the SDRmax of
the 3D-RSB model, which was designed neglecting the composite

Fig. 14. The retrofitted RC building model.

Fig. 15. Modal analysis results for longitudinal direction (retrofit direction).

Table 5
Elastic story stiffness (kN/mm).

Story (i) 3D-R (Kf,i) 3D-RSB 3D-RSCB (KR,i) KR,i/KR,i+1

4th 39.6 51.8 50.7 1.49
3rd 32.2 81.7 75.5 1.32
2nd 32.1 109.3 99.7 1.13
1st 45.3 126.1 112.4 –
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behavior (conventional CD method). Fig. 18c shows the SDRmax of the
3D-RSCB model, which was designed using the proposed method in-
cluding the composite behavior (modified CD method). The analysis
results indicate that the BRB stiffness designed using both methods
efficiently limit the drift responses to less than the target of 0.5% rad.
where the average drift result of the proposed design method is slightly
closer to the target limit. On the other hand, both models implement the
same SF sections and the 3D-RSCB model achieves the SDRtar limit
using less BRB stiffness compared to the 3D-RSB model. This may be
attributed to the fact that the SF member sizes were not changed in
conjunction with the reduced BRB stiffness in the proposed design
method.

5.3.3. Residual story drift ratio
The residual story drift ratio (SDRre) is closely related to post-

earthquake damage assessment [64]. The permissible residual de-
formation levels consider building functionality, construction toler-
ances, and safety, and is taken as 0.005 rad. (0.5% rad.) following [65].

Schools are essential public places, and some countries use school
buildings as post-disaster shelters. Therefore, these buildings are typi-
cally designed to a higher importance factor and ideally should be
capable of returning to full operational capacity immediately after an
earthquake event. In this study, the residual drift was obtained after 60
sec of free vibration at the end of each ground motion data. The mean
and mean plus one standard deviation SDRre of the 3D-R, 3D-RSB, and
3D-RSCB models are shown in Fig. 19a, 19b, and 19c, respectively.
SDRre is efficiently reduced for the RC building retrofitted with BRBs
(3D-RSB and 3D-RSCB models) when compared to the existing RC
building (3D-R model). The analysis results indicate that the SDRre are
limited to less than 0.1% for the 3D-RSB and 3D-RSCB models, which
are much smaller than the target value of 0.005 rad. This result shows
that proposed retrofit has the effect of reducing both structural and
nonstructural damage in the 3D-RSB and 3D-RSCB models, and in-
creases the likelihood of the retrofitted buildings returning to opera-
tional capacity immediately after the earthquake event.

5.3.4. Energy dissipation performance of BRBs
The ductility demand and energy dissipation performance are key

considerations for BRBs. These are indicated by the BRB displacement
ductility (μd), which is calculated as the ratio of the maximum axial
work-point deformation to the yield deformation, and the energy dis-
sipation ratio (RE = Ed / EI), where Ed is the hysteretic energy dis-
sipated by the BRBs and EI is the total input energy. Yielding and plastic
energy dissipation occur for µd greater than 1. Fig. 20a and 20b show
the NLRHA ductility demands for all ground motions, which ranged
from µd= 2.01 to 3.22 for the 3D-RSB model and µd= 2.13 to 3.27 for
the 3D-RSCB model. Fig. 21 shows the energy dissipation ratio RE

Fig. 16. Relationship between story shear and inter-story drift ratio.

Table 6
Ground motions used for NLRHA.

Ground motion (GM) ID Earthquake Name Year Station Name Magnitude Scaling factor

1 Imperial Valley-06 1979 Delta 6.5 0.85
2 Imperial Valley-06 1979 El Centro Array #13 6.5 1.89
3 Superstition Hills-02 1987 Plaster City 6.5 1.69
4 Superstition Hills-02 1987 Westmorland Fire Sta 6.5 1.11
5 Landers 1992 Desert Hot Springs 7.3 1.34
6 Landers 1992 North Palm Springs 7.3 1.57
7 Kobe_Japan 1995 Sakai 6.9 1.32
8 El Mayor-Cucapah_ Mexico 2010 Bonds Corner 7.2 1.16
9 El Mayor-Cucapah_ Mexico 2010 Calexico Fire Station 7.2 0.91
10 El Mayor-Cucapah_ Mexico 2010 Holtville Post Office 7.2 1.20
11 Darfield_ New Zealand 2010 DFHS 7.0 0.68

Fig. 17. The 5% damped response spectra of the scaled ground motions and the
design acceleration spectrum.
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Fig. 18. Maximum inter-story drift ratio.

Fig. 19. Residual story drift ratio.

Fig. 20. Ductility of BRB.

Fig. 21. Ratio of energy dissipated by the BRBs to the total input energy.

Fig. 22. Maximum roof acceleration.
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obtain from the NLRHA of all ground motions for the 3D-RSB and 3D-
RSCB models. The six BRBs (1st story to the 3rd story, two frame ele-
vations) dissipated around 20% of the total input energy. As shown in
Fig. 21, the RE ratios of 3D-RSCB models are generally smaller than the
3D-RSB models. This occurs because the BRBs in the 3D-RSCB model
are less stiff than those in the 3D-RSB model given equal BRB yield
drifts and maximum drifts.

5.3.5. Maximum roof acceleration
The additional stiffness introduced by the BRBs may increase the

maximum roof acceleration (Amax) in the retrofitted buildings, fol-
lowing the acceleration design spectrum. However, a reduction in Amax
is also expected due to the energy dissipated by the BRBs, and so net
effect should be confirmed after retrofitting a building with BRBs.
Fig. 22 shows Amax for the 3D-R, 3D-RSB, and 3D-RSCB models from the
NLRHA. The variability in the response may be attributed to the dif-
ferent ground motion characteristics. Based on the analysis results, only
minor differences were observed in the maximum roof acceleration
before and after retrofitting the building.

5.3.6. Seismic demand on columns
The existing strength of the RC columns may be a concern when a

retrofit increases the lateral force demand or redirects axial load into
the existing columns. The combined axial and bending moment inter-
actions (P-M interaction) of the RC columns are used to confirm the
columns' capacities following the retrofit. Fig. 23 superimposes the
peak bending moment (M) and simultaneous axial force (P) demands
experienced by the 14 × C1, 2 × C2, 12 × C3, and 2 × C4 columns
(Fig. 9b) with their P-M capacity diagrams, considering compressive
forces as positive. The analysis results show that the bending moment
demands are significantly reduced in the retrofitted models (3D-RSB
and 3D-RSCB models) due to the smaller SDRmax. It should be noted
that although the C2 bending moment demands are reduced following
retrofit, these remain slightly larger than their capacities even after
retrofit (Fig. 23b), and so strengthening is required. The greater re-
duction in P-M demand is achieved for the C1 columns adjacent to the
retrofitted bays, as the bending moment demand is reduced due to the
smaller drift, while the increased axial force due to composite behavior
remains a small fraction of the axial force capacity. As shown in
Fig. 23a, tensile forces are observed in the columns adjacent to the
retrofitted bay. However, these columns should exhibit stable lateral
stiffness and strength when acting together with the SF columns. Based
on the NLRHA results, it may be concluded that the effects of the

additional seismic demands on the original RC structure implementing
the proposed retrofit may be mitigated.

5.4. Summary

According to the analysis results, the seismic performance of the RC
building was efficiently improved using a retrofit scheme consisting of
BRBs and steel frames (SF). The relative seismic performance of the
example retrofitted buildings indicate that comparable performance
may be achieved with smaller BRBs if composite behavior between the
SF and RC frame is considered. This suggests that there is a significant
advantage in including composite behavior when designing BRB and SF
retrofits of RC buildings. In this case study, including the composite
behavior reduced the required BRB steel tonnageWBRB by around 20%.

6. Conclusions

This study investigated the influence of composite behavior be-
tween an existing RC frame and new steel frame (SF) on the seismic
performance of the BRB retrofitting scheme. Based on the analysis re-
sults of detailed numerical models, an improved design method was
proposed, along with recommendations to estimate the composite be-
havior. The following conclusions may be drawn:

(1) When retrofitting existing RC buildings using a SF, the composite
behavior activated by the connection between the RC frame and SF
may significantly increase the combined lateral stiffness.

(2) The composite behavior between the RC frame and SF was modeled
using MLP links in ETABS, and equations proposed to quantify the
link properties. The obtained analysis results are in good agreement
with the experimental results of single-story specimens under cyclic
loading.

(3) An approximate equation for estimating the stiffness contribution of
the composite behavior is proposed according to the relationship
between fully and partially composite stiffness amplification ratios.
This relationship is proposed based on a series of pushover analysis
results and a single-story specimen test result. It is found that 1st
story generally exhibits greater composite behavior than the upper
stories due to the fixed columns providing a stronger boundary
condition.

(4) The reduction of BRB stiffness is evaluated by the additional stiff-
ness contribution due to the composite behavior. The BRB design
can be more economic when composite behavior is considered

Fig. 23. P-M interaction diagrams and the maximum bending and axial force demands for the columns.
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according to the RC school building case study. Based on the ex-
ample building, the BRBs steel tonnage can be reduced by 20%
compared to a retrofit design that does not consider composite
behavior.
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