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ABSTRACT: This paper is focused on a proposed retrofitting system (PRS) configured 

to enhance the performance of seismically vulnerable reinforced concrete (RC) buildings. 

The PRS is composed of a rectangular steel housing frame with chevron braces and a 

yielding shear link connected between the braces and the frame. The retrofitting system is 

installed within the bays of a RC building frame to enhance the stiffness, strength and 

ductility of the structure. The PRS and a conventional retrofitting system using squat 

infill shear panels (SISPs) are used in an existing school and an office building. Both 

systems are designed to dissipate earthquake input energy uniformly along the height of 

the building. Nonlinear time history analyses of the buildings in the original and 

retrofitted conditions are conducted for three different seismic performance levels to 

assess the efficiency of the PRS.  The analyses results revealed that the building 

retrofitted with the PRS has a more stable lateral force-deformation behaviour with 

enhanced energy dissipation capability than that of the one retrofitted with SISPs. For 

immediate occupancy performance level, the maximum inter-story drift of the building 

retrofitted with the PRS is comparable to that of the one retrofitted with SISPs. But for 

life safety and collapse prevention performance levels, the maximum inter-story drift of 

the building retrofitted with the PRS is considerably smaller than that of the one 

retrofitted with SISPs. Furthermore, compared with the building retrofitted with SISPs, 

the building retrofitted with the PRS experiences significantly less damage due to 

increased ductility capacity of the system at the life safety and collapse prevention 

performance levels. 

1 INTRODUCTION 

In large civil regions around the world, the reinforced concrete (RC) structures build as per obsolete 

codes providing insufficient protection against ground motions are potential hazards. In relation, these 

old structures should be strengthened to resist design level ground motion loads in compliance with 

the modern building design codes. There are many well known seismic retrofitting methods developed 

for RC structures. These methods are; (i) conventional techniques improving the strength, stiffness and 

ductility of the structures and, (ii) response modification techniques aimed at alleviating the effect of 

seismic forces on structures.  

Conventional methods include adding RC shear-walls or RC infill walls to the structural system and 

jacketing of RC columns (Rodriguez and Park, 1994).These methods have some technical and 

practical disadvantages. Strengthening the RC columns by jacketing and/or adding shear-walls results 

in an increase in the weight of the structure that produce larger earthquake forces.  

Innovative response modification methods on the other hand include techniques such as installing 

seismic isolation devices to the base of the building or hysteretic, frictional or fluid viscous dampers to 

the structural framing system of the building. Such methods are generally costly to implement (Moon 

et al. 2002). This makes them unfeasible for ordinary buildings. Most applications of response 

modification methods are therefore found in important government or historical buildings (Amin and 

Mokha, 1995). 

Consequently, a seismic retrofitting system that combines the advantages of both conventional and 
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modern retrofitting techniques is required. Accordingly, this study is focused on a proposed steel link-

brace retrofitting system configured to upgrade the performance of seismically vulnerable RC 

buildings by combining the advantages and eliminating some of the disadvantages of conventional and 

modern response modification retrofitting techniques for RC buildings.  

The efficiency of the proposed retrofitting system (PRS) is studied using two existing buildings; a two 

stories school building and a six stories office building.  These buildings are retrofitted using the PRS 

and a conventional system composed of squat infill shear panels (SISPs).  The seismic performance of 

the buildings retrofitted with the PRS is assessed in relation to those of the original buildings and the 

buildings retrofitted with the SISP.  

2 PROPOSED SEISMIC RETROFITTING SYSTEM 

Steel braces are often used for seismic retrofitting of RC buildings.  However, when subjected to 

strong ground motions, the buckling of the braces results in loss of lateral stiffness and strength of the 

structural system (Dicleli and Mehta, 2009). Thus, seismic retrofitting of RC buildings with braces 

that may potentially buckle does not seem to be a feasible retrofitting solution.  Hence, this research 

study is focused on a proposed braced retrofitting system that is capable of dissipating the earthquake 

input energy without buckling of the braces. The PRS is composed of chevron braces and an energy 

dissipating shear link connected between the braces and the beam (either a steel collector beam/frame 

connected to the RC frame or the RC beam itself). Fig. 1(a) shows a sketch of the proposed r system.  

Fig. 1(b) shows a photograph from a recent application of the proposed retrofitting system by the 

authors to an office building. The shear link is designed to yield in shear under the effect of the 

horizontal components of the brace axial forces before the compression brace buckles to prevent 

lateral strength and stiffness degradation associated with brace buckling. The link may be built either 

using a compact steel HP, a European HE or a web-stiffened W section. For the seismic retrofitting of 

RC buildings, the PRS is inserted into the bays of the RC frames to improve the stiffness, strength and 

energy dissipation capacity of the building as shown in Figs. 2(a), (b), (c). The PRS can be applied in 

various configurations where (i) the link and the braces are directly connected to the RC members via 

steel plates, bolts and epoxy grouting as shown in Fig. 2(a) (Configuration 1), (ii) the link is connected 

to a collector steel beam attached to the concrete beam and the rest of the members are connected to 

the RC members via steel plates as shown in Fig. 2(b) (Configuration 2),  (iii) the link and the braces 

are housed in a rectangular steel frame (housing frame) where the steel frame is connected to the RC 

members by bolts and epoxy grouting as shown in Fig.2(c) (Configuration 3).   

 

        (a)                     (b) 

Figure 1. (a) Sketch of the PRS. (b)A recent application of PRS 

 

                  (a)            (b)                                           (c) 

 

Figure 2. (a), (b) and (c) Various configurations of the PRS 
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3 CONFIGURATION SELECTION THROUGH FINITE ELEMENT ANALYSES 

In this section, 2-D and 3-D finite element models (FEMs) of a sample two-stories, one bay RC frame 

retrofitted using the three configurations introduced above are built and analysed. The FEMs of the RC 

frame with various retrofitting configurations are built in two different levels of complexity. The first 

set of models are 2-D while the second set are 3-D solid models. The 2-D models are built to observe 

the global distribution of flexural and shear stresses within the RC members of the frame and to assess 

the stiffness and strength of the RC frame on the verge of yielding of the shear link for the three 

retrofitting configurations (Figure 3). The more complicated 3-D solid models are used to observe the 

stress distributions and concentrations within the critical regions of the RC frame around the link and 

at the corners where the braces are connected to the frame. 

 

 

 

 

 

 

 

 

 

Figure 3. 2D finite element models and observed stress distributions for various configurations of the PRS. 

The results obtained from the 2-D finite element analyses and findings from the analyses of more 

refined 3-D solid models are in good agreement. The analyses results of 2-D FEMs are presented in 

Table 1. From the analyses results, the most structurally efficient configuration of the PRS is selected 

and used throughout this study.  It is expected that Configuration 3 will offer a structurally better 

seismic retrofitting solution for RC buildings. Accordingly, Configuration 3 (Fig.2(c) ) is selected for 

the retrofitting of the buildings used in this study. 

Table 1. 2-D finite element analyses results 

Configuration Stiffness  Base Shear  Displacement  Axial Stress  Shear Stress  

(kN/m) (kN) (mm) (MPa) (MPa) 

   Column Beam Column Beam 

1 32500 450 13.8 9.4 16.2 0.9 2 

2 40090 450 11.4 8.1 5.9 0.6 1.9 

3 50609 450 8.9 7.7 5.7 1 2.2 

4 DESCRIPTION OF THE BUILDINGS USED IN THIS STUDY 

The Two existing buildings are selected to study the structural performance of the proposed seismic 

retrofitting method. The first building is a two storey school building. A picture of the building and a 

typical floor plan are shown in Figs 4(a) and 4(b). The school was built in 1987 in compliance with the 

1975 Turkish Seismic Design Code (Ministry of Public Works, 1975) . The second building is a six 

storey RC office building. A picture of the building and a typical floor plan are shown in in Figs 4(c) 

and 4(d). The building was built in 1954. Therefore, the seismic capacities of the buildings are not 
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sufficient according to the current 2007 edition of the same code (Ministry of Public Works, 2007).  It 

is noteworthy that the Turkish seismic design code for buildings is very similar to the International 

Building Code (IBC, 2000). The school building is chosen to represent low-rise buildings while the 

office building is selected to represent mid-rise buildings.  The appropriate selection of the buildings 

enabled testing the efficiency of the PRS for the most widely used RC structure types in Turkey and 

other parts of the world. The buildings selected for seismic retrofitting have some common properties. 

These properties are; nearly symmetrical floor plans, a moment resisting frame system (i.e. no shear 

walls) and poorly detailed RC structural members.  

        

 

Figure 4. (a) Picture and (b) floor plans of the school building, (c) picture and (d) floor plan of the office 
building 

5 RESONSE SPECTRA COMPATIBLE GROUND MOTIONS 

Based on the requirements of the International Building Code (IBC, 2000) SSRS compatible ground 

motions are selected as follows. First, seven earthquake ground motions whose response spectra are 

compatible with the SSRS are selected from the PEER (Pacific Earthquake Engineering Research) 

strong motion database. Response spectra for the other earthquake levels and the office building are 

similar. Therefore, the same earthquake accelerograms, but scaled using different factors, were used in 

the seismic performance assessment of the two buildings.Details of the selected ground motions are 

given in Table 2. 
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Table 2. Details of the selected ground motions 

Earthquake Station/Component Soil Type ID No 

WHITTIER NARROWS 1987 90079 Downey - Birchdale/ 180 D 1 

IMPERIAL VALLEY 1979 6605 Delta/ 262 D 2 

COALINGA 1983 46314 Cantua Creek School/ 270 D 3 

LOMA PRIETA 1989 1656 Hollister Diff. Array/ 255 D 4 

IMPERIAL VALLEY  1979 2316, BONDS CORNER, 230 D 5 

IMPERIAL VALLEY 1940 117 El Centro Array #9/ 270 D 6 

Westmorland 1981 5169 Westmorland Fire Sta/90 D 7 

6 SEISMIC RETROFITTING DESIGN OF THE BUILDINGS 

A performance based design approach is used for the seismic retrofitting design of the buildings 

considered in this study. The performance based design approach is based on matching various 

probable earthquakes with target performance levels. Three target performance levels are used for the 

seismic retrofitting design of the buildings. These target performance levels can be summarized in a 

very simple manner as follows: (i) Immediate Occupancy (IO) performance level where no damage is 

expected for minor levels of earthquake excitations, (ii) Life Safety (LS) performance level where low 

or repairable structural and non-structural damage is expected for moderate earthquake excitations, 

(iii) Collapse Prevention (CP) performance level (PL)where irreparable or hardly reparable structural 

and non structural damage but no collapse is expected for major earthquake excitations. The rotation 

limit of the shear links used in the PRS is given as 0.1 radians (Kasai and Popov, 1986).Thus, the 

performance criteria for shear links are based on a maximum rotation of 0.1 rad. The analyses results 

which are not presented here due to page limitations showed that the rotation values of the shear links 

are smaller than 0.1 radians for all analyses cases. Moreover, shear force capacities all of the RC 

elements are checked and all elements with insufficient shear capacity are individually retrofitted 

against shear failure.  

The earthquake effects on the buildings are represented by SSRS obtained for each one of the 

aforementioned performance levels. In the retrofitting design procedure of the buildings, the drift 

limits (roof displacement limit) used in the design of the buildings for each performance level are 

obtained from NLSP analyses.  These drift limits are determined based on the RC member rotation 

limits given in FEMA 356 (Building Seismic Safety Council, 2000) for each performance level. Most 

of the existing ordinary buildings (e.g. school, residential and low to mid-rise office buildings) have 

fundamental vibration-periods that fall in the intermediate period range. In this period range, the 

energy dissipated by an elastic system can be assumed to be equal to an identical (nonlinear) system 

that yields at a certain lateral force level. The seismic retrofitting design methodology used for the RC 

buildings employed in this study is mainly based on this equal energy dissipation principle.  In the 

proposed methodology, the monotonic energy dissipation capacities of the buildings in the linear 

elastic range (based on the roof displacement obtained from RS and nonlinear inelastic cases were 

calculated and compared. The difference between the areas under the elastic and inelastic base shear 

force vs. roof displacement curves is the required additional energy that needs to be absorbed by the 

retrofitting system. The design procedure needs to be repeated for each PL. The PL that yields a 

retrofitting design with the largest lateral strength governs the design. For the retrofitting of school 

building, 12  steel link brace systems and 8 squat infill shear panels are used for each of the x and y 

directions. For the office building, 30 and 24 steel link brace systems and 10 and 12 squat infill shear 

panels are used in x and y directions, respectively. 
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7 SIMULATION OF NONLINEAR BEHAVIOR 

Nonlinear structural models of the buildings are built and analyzed in this study. The RC beams and 

columns as well as the steel components of the PRS are modeled using 3-D beam elements. SISPs are 

modeled using a combination of rigidly connected two horizontal and one vertical beam elements. The 

nonlinear behavior of the structural members are simulated by using nonlinear link/hinge elements 

connected at appropriate locations or at the ends of the beam elements. 

SISPs are structural elements where shear behavior is dominant. Hence, pinching behavior should be 

considered in the hysteretic models of the SISPs. In this study, the hysteretic shear force deformation 

behavior of SISPs was simulated with the pivot hysteresis model (Figure 5). The necessary parameters 

for the modelling of shear panels used in this study are obtained from the experimental 

studies(Kahn,1986; Hayashi, 1980). 

 

Figure 5. Pivot hysteretic model used in the modelling of SISPs. 

The hysteretic behavior of the shear links in the PRS are modeled by using the plastic Wen element in, 

which has an elasto-plastic shear force displacement hysteresis. The yield force and displacement of 

the link are used to define the plastic Wen element. 

8 NONLINEAR PUSHOVER ANALYSES RESULTS 

In this section, comparative performance evaluation of the original and seismically retrofitted 

buildings is performed using the NLSP analyses results. The NLSP analyses results in the x direction 

of the school building for the original and retrofitted conditions is shown in Fig. 6 (a) in terms of a 

base shear vs. roof displacement plot. The response in the y-direction is similar. From the figure, it is 

observed that the elastic lateral stiffness of the conventionally retrofitted structure using SISPs is 

smaller than the structure retrofitted with the PRS. This difference is attributed to the larger number of 

steel shear link-brace systems (PRS) required to achieve the same yield strength level as that of the 

SISPs. This, in turn resulted in a higher elastic stiffness for the building retrofitted using the proposed 

method. Thus, it is expected that the structure retrofitted with the PRS will have a smaller drift, and 

hence a more desirable performance (e.g. less non-structural damage) under the effect of small 

intensity earthquakes associated with the IO performance level. Fig. 6 (a) also demonstrates that the 

building retrofitted with the PRS produces a more stable lateral force-displacement relationship as 

compared to the building retrofitted with SISPs. The failure of the SISPs, which have limited drift 

capacities causes loss of lateral strength of the conventionally retrofitted school building as observed 

from Fig. 6 (a). This clearly shows that the PRS have a larger monotonic energy dissipating capacity 

compared to that of the building retrofitted with SISPs.  Compared to the original case, the building 

retrofitted with both PRS and SISPs exhibited a considerable increase in lateral stiffness and strength. 

This is indicative of a better seismic performance during a potential earthquake. Similar results are 

obtained for office building (Fig. 6 (b)). 
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              (a)            (b) 

Figure 6. The BSF vs. drift at the top story level in the x-direction,(a) school (b) office building 

9 NONLINEAR TIME HISTORY ANALYSES RESULTS 

Comparative performance evaluation of the original and seismically retrofitted buildings is performed 

using the NLTH analyses results. The analyses results in terms of the maximum inter-story drift and 

roof displacement are presented for each earthquake as well as using the average of the analyses 

results from the seven earthquakes. Each earthquake is assigned a number to facilitate the presentation 

of the analyses results for each earthquake.  Fig. 7 compares the average of the inter-story and roof 

drift demands in the x-direction from the seven earthquakes with the drift capacities respectively for 

the original building as well as the building retrofitted with the PRS and conventional (SISPs) 

methods. The response in the y-direction is similar. As observed from the figure, for the original 

unretrofitted building, the inter-story drift demands severely exceed the inter-story drift capacities for 

all the performance levels considered in the analyses. For the building retrofitted with the PRS 

however, the inter-story drift demands are smaller than the corresponding capacities for all the 

performance levels considered in the retrofitting design.  

 

 

Figure 7. Average inter-story and roof drifts for the school building in the x direction 

Nevertheless, this is not the case for the building retrofitted with SISPs. For this case, while the IO 

performance level is completely satisfied, the inter-story drift demands at the LS and CP performance 

levels for the first story are larger than the corresponding capacities. It is worth noting that for the case 

of the building retrofitted with SISPs, the inter-story drift demands are even larger than those of the 

original building at the CP performance level. The main reason for this type of behavior is the low 

ductility, heavy weight and considerable pinching in the hysteresis loops of the SISPs used in 

conventional retrofitting of the building. At the CP performance level, the large intensity of the ground 

motions results in large seismic forces acting on the structure. The added weight of the SISPs further 

amplifies the magnitude of these forces. Moreover, due to their low ductility, SISPs fail at small inter-

story drift levels rendering their stiffness and strength contribution ineffective during the earthquake. 

This sudden failure as well as larger structure weight due to the addition of SISPs results in amplified 

inter-story drift demands.  

10 CONCLUSIONS 

A seismic retrofitting system that combines the advantages of both conventional and modern 

retrofitting techniques is proposed. While the PRS can easily be designed and applied as in the case of 

conventional seismic retrofitting methods, it possesses a steel shear link that absorbs energy as in the 

case of response modification techniques (e.g. such as hysteretic dampers). Similar systems have also 
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been proposed by other researchers where the link-brace system was directly applied as a simple 

retrofitting solution. However, in this research study, the configuration of the proposed system in 

application to RC frames has been studied via 2-D and 3-D complex finite element analyses and a 

steel housing frame has been suggested for a more desirable structural performance. This study also 

offers a new performance based retrofitting design procedure that ensures a satisfactory performance 

of the retrofitted buildings using the proposed retrofitting system (PRS). In addition, this research 

presents a more realistic study based on actual buildings. Furthermore, in this research, the 

performance of the PRS is assessed in comparison to that of a conventional retrofitting system using 

squat infill shear panels (SISP) to demonstrate the more desirable performance of the PRS compared 

to existing systems. The efficiency of the PRS is tested via NLSP and NLTH analyses of a school and 

an office building. The NLSP and NLTH analyses results revealed that the PRS can efficiently 

alleviate the detrimental effects of earthquakes on the buildings. The buildings retrofitted with the PRS 

have a more stable lateral force-deformation behavior with enhanced energy dissipation capability 

than that of the one retrofitted with SISPs. For IO performance level the maximum inter-story drift of 

the building retrofitted with the PRS is comparable to that of the one retrofitted with SISPs. But, for 

LS and CP performance levels the maximum inter-story drift of the building retrofitted with the PRS is 

considerably smaller than that of the one retrofitted with SISPs.  
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