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Abstract.  This paper presents an analytical study aimed at evaluating the seismic performance of steel 

moment resisting frames (MRFs) retrofitted with different approaches. For this, 3, 6 and 12 storey MRFs 

having four equal bays of 5 m were selected as the case study models. The models were designed with 

lateral stiffness insufficient to satisfy code drift and hinge limitations in zones with high seismic hazard. 

Three different retrofit strategies including traditional diagonal bracing system and energy dissipation 

devices such as buckling restrained braces and viscoelastic dampers were used for seismic upgrading of the 

existing structures. In the nonlinear time history analysis, a set of ground motions representative of the 

design earthquake with 10% exceedance probability in fifty years was taken into consideration. Considering 

the local and global deformations, the results in terms of inter-storey drift index, global damage index, 

plastic hinge formations, base shear demand and roof drift time history were compared. It was observed that 

both buckling-restrained braces and viscoelastic dampers allowed for an efficient reduction in the demands 

of the upgraded frames as compared to traditional braces. 
 

Keywords:  buckling-restrained brace; conventional brace; earthquake; viscoelastic damper; structural 

response; performance characteristics 

 

 

1. Introduction 
 

During the lifetime of a structure, many severe events such as earthquakes and winds that might 

influence to a structural system may impact the structural performance and cause potential damage 

(Bitaraf et al. 2012). To mitigate the structural vibration and damages during these extreme events, 

new and innovative concepts of energy dissipation devices for use as part of structural protection 

systems have been employed at various design stages (Yang et al. 2010). These energy dissipation 

systems can be classified into two main parts, namely, active and passive. Passive dissipation 

devices use displacement (rate-independent) or velocity (velocity dependent) between attachment 

points to generate control forces or energy dissipation. Rate-independent devices including 

metallic yielding and friction components provide initial stiffness but energy does not dissipate 

until yielding or slip. Velocity-dependent devices include viscous fluid and viscoelastic solid 

devices. These devices can provide high levels of motion, but do not possess the same energy  
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exhibit buckling deformation when loaded under large axial force and typically exhibit substantial 
strength deterioration and transmit very high forces to connections and foundations. Hence, 
connections and foundations require frequent strengthening. On the other hand, the application of 
the energy dissipation devices (i.e., BRBs and VDs) can be considered as a viable alternative with 
respect to the traditional systems. In this regard, especially for the seismic retrofitting purposes, 
further analytical researches are still needed to better understand the performance and 
effectiveness of using different retrofitting strategies. 

The main goal of this research is to investigate the structural performance of the existing 
moment resisting frames before or after retrofitting with three different techniques, namely, 
traditional braces, buckling restrained braces, and viscoelastic dampers. To achieve this objective, 
the influence of the retrofitting methods on 3, 6, and 12 storey steel framed residential buildings 
was assessed. Nonlinear time history analyses were carried out with three different earthquakes to 
examine the dynamic responses of the structures. Seismic demands on the bare and upgraded 
frames were estimated in terms of plastification, maximum inter-storey drift indices, height-wise 
distribution of lateral drifts, and base shear. The case study provided in this paper allows for a 
better understanding of the rational retrofitting situations in terms of structural performance and 
efficiency for the steel moment resisting frames.  

 
 

2. Description of structural models 
 
The structural models selected for this study were 3, 6 and 12 storey steel moment resisting 

frames. The steel moment resisting frames were designed according to UBC (1997) with lateral 
stiffness insufficient to satisfy code drift and hinge limitations in zones with high seismic hazard. 
They have the same floor plan (4×4 bays) with 5 m bay spacing, whereas the height is 4.2 m at the 
ground storey and 3.2 m at the remaining floors. The building height is 10.6, 20.2, and 39.4 m for 
3, 6, 12 storey structures, respectively. The design dead load and the live load for the storey slabs 
was taken as 4.2 kN/m2 and 2.0 kN/m2; whereas for the roof slab they were taken as 3.6 kN/m2 and 
0.5 kN/m2, respectively. The frames were assumed to have uniform mass distributions. Steel 
having nominal yield strength equal to 345 MPa and modulus of elasticity 200 GPa were used for 
the structural steel members. Fig. 4 shows the elevation views of all structures. The fundamental 
period of vibration obtained by eigen value analysis for 3, 6 and 12 storey frames were obtained 
as, 0.74, 1.25, 2.15 s, respectively.  

For upgrading the seismic behavior, three types of the retrofitting approaches including 
conventional braces (CBs), buckling-restrained braces (BRBs), and viscoelastic dampers (VDs) 
were considered by inserting such devices diagonally in two middle bays of unbraced frame (UBF) 
as seen in Fig. 5. For conventional braces, square hollow sections of 6”×6”×3/16”, 8”×8”×3/16” 
and 10”×10”×3/16” were used in 3, 6 and 12 storey frames, respectively. In order to compare the 
efficiency of conventional and buckling restrained braces, the BRBs were designed for the same 
capacity with the conventional braces in tension. Two dimensional analytical models of the frames 
were developed by using SAP 2000 Nonlinear version 14.0, which is a general purpose structural 
analysis program (CSI 2009). In the analytical models, the columns and beams were modeled with 
frame elements whereas the braces were modeled as truss elements. For modeling the material 
nonlinearities of the structural members, the lumped plasticity approach, which is characterized by 
addition of discrete nonlinear hinges at predetermined locations, was followed. Accordingly the 
nonlinear behavior of the beam and column members was defined at concentrated plastic hinges. 
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In this equation, u1 and u2 are the peak displacements at two consecutive time periods, ߞ is the 
effective damping ratio. In the computer program, by altering the damping coefficient c of VDs, 
the effective damping ratio ߞ is altered likewise. The damping coefficients and the corresponding 
effective damping ratios obtained for each frame are summarized in Table 1. 
 
 
3. Ground motion records 

 
For the nonlinear dynamic analysis of the frames, a set of ground motions (1984 Morgan Hill, 

1992 Erzincan, and 1999 Hector Mine) with different intensities and characteristics were  
 
 

Table 2 Properties of the earthquake ground motion records 

Earthquake 
Record 

Station 
Magnitude 

(Mw) 
Rrup

*  
(km)

Vs30
**  

(m/s)
PGA  
(g)

PGV  
(m/s) 

PGD  
(m) 

Scale 
Factor

Erzincan Erzincan 6.7 4.4 274.5 0.48 0.52 0.19 1.5 

Morgan Hill Agnews State Hospital 6.2 24.5 239.7 0.38 0.58 0.26 1.9 

Hector Mine Beverly Hills Pac Bell Bsmt 7.1 191.4 301 0.51 0.92 0.78 2.0 

*Restrict range of closest distance to rupture plane 
**Average shear wave velocity of top 30 m of the site 

 

(a) (b) 

(c) 

Fig. 7 Earthquake ground motion records used for the analysis: (a) Erzincan, (b) Morgan Hill, and (c) Hector 
Mine 
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Fig. 8 Code spectrum and average acceleration spectrum of the scaled earthquake ground motions  
 
 

considered. As seismic hazard level, the acceleration spectrum defined in Turkish Earthquake 
Code (TEC 2007) for 10% probability of exceedance in 50 yrs was taken into account to assess the 
earthquake performance of the existing and retrofitted structures. Scaled earthquake records in 
order to match this target spectrum mainly in a range of periods from 0.2T to 1.5T (where T is the 
first natural period of the building) were obtained from PEER ground motion database (PEER 
2011). Fig. 7 shows the earthquake acceleration time histories used for the analysis. The 5% 
damped average acceleration spectrum of the ground motions used, and the elastic code spectrum 
is given in Fig. 8. Furthermore, Table 2 lists the scale factor and characteristic of the earthquake 
ground motion records considered in this study.  

 
 

4. Results and discussion 
 
Considering the structural models and excitations described in this study, a comparison 

between different retrofitting strategies was made. The primary response parameters considered 
are plastic hinge formations, maximum inter-storey drift ratio, maximum roof drift, base shear 
demand, and roof drift time history. For this, a series of nonlinear dynamic analysis was performed 
using three different ground motion records for 18 different cases. These cases cover three storey, 
six storey, and twelve storey unbraced frames (UBFs), conventional braced frames (CBFs), 
buckling-restrained braced frames (BRBFs), and viscoelastically damped frames (VDFs) with 
three different damping coefficients of 1000, 2500, and 10000 kNs/m. 

In order to address the local deformations of the structural members, the plastifications of the 
structural members were investigated. Plastic hinge formations and their performance levels for 
the 6 storey frames considered in this study are shown in Figs. 9-14. The notations IO, LS, and CP 
stand for immediate occupancy, life safety, and collapse prevention performance levels, 
respectively. The results revealed that especially the buckling restrained braces and the viscoelastic 
dampers with high damping coefficients are effective in decreasing the plastification demand of 
the unbraced frames (UBFs). It was also observed that, depending on the earthquake acceleration, 
the plastification demand of the UBFs changed. For instance, for the 6 storey UBF, Morgan Hill 
and Hector Mine earthquake accelerations impose larger plastic hinge formation demand 
compared to Erzincan earthquake acceleration. As seen in Fig. 9, under the effect of Morgan Hill 
and Hector Mine earthquake accelerations, four columns at the fourth storey reached the collapse 
stage whereas under the effect of Erzincan earthquake acceleration, the frame was in the elastic 
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Seismic upgrading of structures with different retrofitting methods 

Among the passive energy dissipation systems utilized, the BRBs and VDs with damping 
coefficient of c=10000 kNs/m appear to be very effective in reducing the displacement demand of 
the UBFs. For example, with the addition of BRBs, a significant reduction in inter-storey drift 
index values was obtained especially when subjected to Hector Mine and Morgan Hill 
earthquakes. The average reduction obtained in the inter-storey drift index with respect to the 
original frame is 60.7% and 66.4% by the use of BRBs and VDs with damping coefficient of 
c=10000 kNs/m, respectively. While the reduction of global damage index with respect to the 
original frame on average equal to 52.4% and 55.8% for BRBFs and VDFs with damping 
coefficient of c=10000 kNs/m, respectively. 

Figs. 16 to 18 provide roof drift time-history response of the 3, 6 and 12 storey frames before 
and after addition of traditional and innovative systems when subjected to Hector Mine, Morgan 
Hill, and Erzincan earthquake accelerations. The results of the drift response histories confirm the 
beneficial effects of using innovative energy dissipation systems especially BRBs and VDs with 
high damping coefficient, in reducing the lateral displacements. On contrary, the traditional 
bracing systems and the VDs with low damping coefficient (c=1000 kNs/m) were not as efficient 
as the other systems. For instance, under Morgan Hill earthquake acceleration, the residual roof 
drift obtained for 6 storey CBF and VDF with damping coefficient of c=1000 kNs/m is 0.693% 
and 0.391%, respectively. While the corresponding residual drifts for BRBFs and VDFs with 
damping coefficient of c=10000 kNs/m are 0.01% and 0%, respectively. On the other hand, when 
the 6 storey VDFs were compared with each other, the residual drifts are 0.386%, 0.129%, and 0% 
for VDFs with damping coefficient of 1000, 2500 and 10000 kNs/m, respectively. Consequently, it 
can be said that as the damping coefficient of the VDs and the total effective damping ratio of the 
frame increases, the roof residual roof drift decreases. It should be noted that each record was 
fictitiously lengthened by 5 seconds at zero acceleration in order to consider 5 seconds of free 
vibrations after the final post-quake configuration, which are essential to determine the residual 
drifts from the nonlinear time history analyses. Furthermore, when the time of the maximum 
response of the frames were compared, it was observed that the maximum response of the frames 
did not occur at the same time. The maximum roof drift for 6 storey frames under Morgan Hill 
record occurred at 37.75 s and 24.1 s for CBF and BRBF, respectively; while the maximum roof 
drift occurred at 32.1 s, 32.05 s, and 31.95 s for VDFs with damping coefficients of 1000 kNs/m, 
2500 kNs/m, 10000 kNs/m, respectively. The performed comparative analysis of the roof drift 
demand exhibited that both BRBs and VD with damping coefficient of c=10000 kNs/m are the 
most effective controlling systems. They result in average reduction of the maximum roof drift by 
51% and 52%, respectively. 

Only the inter-storey drift index is not sufficient to fully understand the demands on the 
structural systems. One must also evaluate the distribution of the drift demands over the height of 
the structure (Barroso et al. 2002). Figs. 19 to 21 show the height-wise distribution of the 
maximum inter-storey drift demands of the original and upgraded frames when subjected to 
ground excitations of Hector Mine, Morgan Hill, and Erzincan. Moreover, in the present study, 
four structural performance levels (i.e., operational (OP), occupiable (OC), life safety (LS) and 
near collapse (NC) limit states) were considered for the structural assessment carried out. These 
limit states were determined in compliance with the SEAOC provision (SEAOC 1999); and the 
relationship between seismic performance limit states and maximum transient drift ratios 
according to this provision is summarized in Table 3. The limit inter-storey drift ratios for the OC, 
LS and CP performance levels have been also included in these plots as benchmarks. 
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(a) 

(b) 

(c) 

Fig. 16 Roof drift history for 3 storey frames under (a) Hector Mine, (b) Morgan Hill, and (c) Erzincan 
earthquakes 
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(a) 

(b) 

(c) 

Fig. 17 Roof drift history for 6 storey frames under (a) Hector Mine, (b) Morgan Hill, and (c) Erzincan 
earthquakes 
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(a) 

(b) 

(c) 

Fig. 18 Roof drift history for 12 storey frames under (a) Hector Mine, (b) Morgan Hill, and (c) Erzincan 
earthquakes 
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(a) 

(b) 

(c) 

Fig. 19 Height-wise distribution of peak storey drifts for 3 storey frames under (a) Hector Mine, (b) Morgan 
Hill, and (c) Erzincan earthquakes 
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(a) 

(b) 

(c) 

Fig. 20 Height-wise distribution of peak storey drifts for 6 storey frames under (a) Hector Mine, (b) Morgan
Hill, and (c) Erzincan earthquakes 

 

0

1

2

3

4

5

6

0 2 4

St
o
re
y 
N
o
.

Inter‐Storey Drift Ratio (%)

UBF

CBF

BRBF

Occupiable

Life Safety

Near
Collapse

0

1

2

3

4

5

6

0 2 4

St
o
re
y 
N
o
.

Inter‐Storey Drift Ratio (%)

UBF

VDF‐ζ=10.9%

VDF‐ζ=17.5%

VDF‐ζ=33.6%

Occupiable

Life Safety

0

1

2

3

4

5

6

0 2 4

St
o
re
y 
N
o
.

Inter‐Storey Drift Ratio (%)

UBF

CBF

BRBF

Occupiable

Life Safety

Near
Collapse

0

1

2

3

4

5

6

0 2 4

St
o
re
y 
N
o
.

Inter‐Storey Drift Ratio (%)

UBF

VDF‐ζ=10.9%

VDF‐ζ=17.5%

VDF‐ζ=33.6%

Occupiable

Life Safety

0

1

2

3

4

5

6

0 2 4

St
o
re
y 
N
o
.

Inter‐Storey Drift Ratio (%)

UBF

CBF

BRBF

Occupiable

Life Safety

Near
Collapse

0

1

2

3

4

5

6

0 2 4

St
o
re
y 
N
o
.

Inter‐Storey Drift Ratio (%)

UBF

VDF‐ζ=10.9%

VDF‐ζ=17.5%

VDF‐ζ=33.6%

Occupiable

Life Safety

606



 
 
 
 
 
 

Seismic upgrading of structures with different retrofitting methods 

(a) 

(b) 

(c) 

Fig. 21 Height-wise distribution of peak storey drifts for 12 storey frames under (a) Hector Mine, (b) 
Morgan Hill, and (c) Erzincan earthquakes 
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In particular, BRBs provide a uniform distribution of the inter-storey drift demand throughout 
the height of the structure and lead to inter-storey drift demands that are below OC limit state 
except the 12 storey frame of which inter-storey drift ratio reached to 1.55%. In the CBFs, there is 
a concentration of large deformation in one or more storeys of the frame such that there were 
abrupt changes in the first and second floors of 3 storey CBF under Morgan Hill record as seen 
from Fig. 19(b), and in the first and fourth floors of the 6 storey CBF under Morgan Hill ground 
motion record as shown in Fig. 20(b). Similarly, in the 12 storey CBFs, as seen from Figs. 21(a) 
and 21(b) that inter-storey drift demand has exceeded the LS limit state and there is a  

 
 

Table 3 Structural performance levels (SEAOC 1999) 

Performance level Qualitative Damage type Recommended value 

SP-1 Operational Negligible 0.5% 

SP-2 Occupiable Light 1.5% 

SP-3 Life safety Moderate 2.5% 

SP-4 Near collapse Severe 3.8% 

 

(a) (b) 

(c) 

Fig. 22 Comparison of the maximum base shear for (a) 3 storey, (b) 6 storey, and (c) 12 storey frames 
retrofitted with different methods 
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concentration of large deformation in the third and eight floors under Erzincan and in the sixth 
floor under Morgan Hill earthquakes. 

Examination of the maximum inter-storey drift throughout the height of the viscoelastic 
damped frames shows that the drift demand in all storeys is controlled effectively for the case with 
a damping coefficient of c=10000 kNs/m. In which, a uniform distribution of inter-storey drift 
over the height are provided and inter-storey drift demands are below OC limit state. However, it 
was found that there is a concentration of large deformation for the VDFs with damping 
coefficients of c=1000 kNs/m and c=2500 kNs/m. As it was the case for 6-storey VDF with 
damping coefficient of c=1000 kNs/m under Morgan Hill record, the inter-storey drift demand in 
the second, third, and fourth floors is appreciably higher (by a factor of about 2) than first, fifth 
and sixth floors. Similarly, for 6 storey VDF with a damping coefficient of c=2500 kNs/m 
subjected to Morgan Hill ground motion, the peak inter-storey drift in the mid floors is 1.3 and 2.1 
times higher than the lower and upper floors, respectively. Thus, with the increase in the damping 
coefficient of VDs, more uniform distribution of the drift was obtained. 

The base shear demand of the UBFs, CBFs, BRBFs and VDFs subjected to this set of ground 
motion is given in Fig. 22. The outcome of the analysis demonstrates that the use of viscoelastic 
dampers does not have considerable effect on the base shear demand. On contrary, the additions of 
the conventional and buckling restrained braces resulted in a significant increase in the base shear 
demand of the original frame. 

 
 
5. Conclusions 
 

This study aimed to investigate the seismic performance of steel moment resisting frame 
buildings equipped with diagonal conventional braces (CBs), buckling restrained braces (BRBs), 
and viscoelastic dampers (VDs) subjected to a set of spectrum compatible natural earthquake 
accelerations. Depending on analysis results, the following conclusions are be drawn: 

• Use of VDs with appropriate damping coefficient and BRBs resulted in decrease in 
displacement demands and enhanced the performance state of the structure and/or avoid the 
interruption of its functionality. 

• As the damping coefficient of the viscoelastic damper increased, the performance of the 
building structures was superior in terms of local and global deformation demands. 

• Additions of VDs reduced the global deformations with providing base shear demand close to 
the original frame. On contrary, the results of the performed inelastic analyses demonstrate that the 
use of conventional or buckling restrained bracing systems increased the base shear demand with 
respect to original frame. 

• The behaviour of the frames with BRBs is comparable and often better than that associated 
with conventional concentric braced frames. The average reductions in the inter-storey drift index 
were 60.7% and 21.6% for BRBs and CBs, respectively. The reduction of global damage index 
with respect to the original frames was on average equal to 52.4% and 25.1% for BRBs and CBs, 
respectively. 

• In general, it was evident that frames equipped with VDs with a damping coefficient of 
c=10000 kNs/m and BRBs kept it in the elastic range of deformation. In the case of the frames 
with BRBs, the plastification was concentrated in the braces which might be replaced easily after 
the earthquake. 

• Both VDs and BRBs minimize the roof residual drifts significantly, and that is due to the fact 
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that addition of such controlling systems reduces the plastic hinge formations in the structural 
members.  

• During large and damaging earthquakes, the use of VDs and BRBs as a retrofitting strategy is 
expected to be a viable solution. They provide a uniform distribution of the storey drifts 
throughout the height of the structure. However, addition of CBs may result in sudden change in 
drift pattern and concentration of large deformation in one storey due to the buckling deformation 
of CBs in that storey prior to others. 
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