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1. Introduction 
 

Even though large earthquakes occasionally occur 

around the world and cause a lot of damage in structures, 

there still exist many structures which do not meet the 

current seismic code requirements and therefore need 

seismic retrofit. In many cases earthquake-induced damages 

are focused on low-rise reinforced concrete (RC) structures 

which have fundamental natural periods close to the 

dominant frequency of earthquakes. Different approaches 

have been proposed to alleviate structural responses and 

dissipate earthquake-induced energy (Kim 2019). Adding 

additional stiffness such as steel bracing are conventional 

and widely used seismic retrofit techniques (Park et al. 

2012, Maheri and Yazdani 2016, Mohammadi et al. 2020)). 

In addition, application of metallic energy dissipation 

devices such as slit dampers is considered to be another 

effective means of seismic design and retrofit of structures 

(Zhang et al. 2015, Lee and Kim 2017, Javidan and Kim 

2020, Dereje and Kim 2022).  

It was observed after well-known earthquakes that, even 

though the collapse prevention design objective was 

satisfied, significant economic loss could not be avoided 

due to major damage in structural elements. In this case 

applying multiple energy dissipation mechanism may 

provide an edge on achieving multiple design objectives in 

seismic design or retrofit of structures. To this end Lee and 

Kim (2015) and Nour Eldin et al. (2018) investigated the 

effectiveness of a hybrid retrofit system by combining steel  
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slit plate and friction devices which was effective both for 

small and large earthquakes. Naeem et al. (2017) and Nour 

Eldin et al. (2019) studied the seismic performance of a 

structure retrofitted using steel slit plate and shape memory 

alloy bars. Sorace and Terenzi (2012) and Naeem and Kim 

(2018) developed a seismic retrofit system by combining a 

viscous fluid damper and prestressed cable with self-

centering capability. Xu (2009) and Xu et al. (2012, 2016, 

2019) developed a new base isolation system combined 

with viscoelastic devices for seismic vibration mitigation of 

a structure. Recently Nour Eldin et al. (2020) investigated 

the seismic retrofit effect of a PC frame combined with 

friction dampers. These researches proved the advantage of 

hybrid systems in improving structural response against 

earthquakes compared with conventional systems, 

especially in multiple damage measures.  

 Main advantage of steel bracing or moment frame for 

seismic retrofit of building structures is the ease of 

prefabrication and installation. Another important advantage 

of those systems is that they do not increase the seismic 

mass of the structure significantly. Numerous experimental 

and analytical studies have been conducted to demonstrate 

the efficiency of steel bracing systems (Maheri and Sahebi 

1997, Maheri and Yazdani 2016)). Compared with bracing 

system, steel moment frame retrofit method provides 

reduced stiffness; however, it has advantage over bracing 

system in that more open space can be available inside of 

the frame for doors and windows. In addition, the large 

stress concentration in existing RC columns, which is 

inherent in the retrofit using steel bracing (Kang et al. 

2004), can be significantly reduced in steel moment frame 

retrofit method. Also instead of reduced stiffness and 

strength, more ductile behavior can be expected in the steel  
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moment frame retrofit method.  

In this study, a new seismic retrofit method for existing 

reinforced concrete (RC) building structures was developed 

by combining a steel moment frame and steel slit plates to 

be installed inside of an existing RC frame. In order to 

investigate the seismic performance of this retrofit system, 

it was installed inside of a reinforced concrete frame and 

tested under cyclic loading. Finite element analysis was 

carried out for validation of the test results, and an 

analytical model was developed to apply the retrofit system 

to a commercial software to be used for seismic retrofit 

design of an example structure. 

 

 

2. Analytical modeling of the steel frame with slit 
plate 

 

The overall configuration of the steel moment frame for 

seismic retrofit is depicted in Fig. 1, where typical steel 

frame composed of H shaped rolled sections is inserted 

inside of an existing RC moment frame to increase lateral 

load resisting capacity of the RC frame. A narrow and 

horizontally long steel plate with vertical slits is welded on 

the outer flange of the steel beam to mitigate stress 

concentration on the beam and for possible energy 

dissipation during earthquakes. This device is expected to 

have the energy dissipation capability of the slit plates with 

slight loss of stiffness compared to the conventional steel 

frame reinforcement method. 

 

2.1 Steel moment frame 
 

The moment strength of the steel frame can be 

calculated using Eq. (1): 

 

 

𝑀𝑛,𝑠 = 𝐹𝑦 × 𝑍𝑥,𝐻 (1) 

where Fy is the yield strength of the steel element, and Zx,H 

is the plastic section modulus of the H section. The overall 

moment strength of the combined system, M, can be 

obtained by adding that of the existing RC frame, Mn, and 

the reinforcement steel frame (Eq. (2)), and the resultant 

maximum shear force induced in the steel column can be 

calculated using Eq. (3): 

𝑀 = 𝑀𝑛 + 𝑀𝑛,𝑠 (2) 

𝑉 = 2𝑀

ℎ −
𝑑
2

⁄  
(3) 

where h is the height of the steel column and d is the depth 

of the H shaped steel section. The expected maximum 

horizontal force P can be calculated from Eq. (4). 

𝑃 = 𝑉𝑢𝑥 + 𝑉 (4) 

where Vux is the shear strength of the concrete column and V 

is the shear force acting on the steel column obtained above. 

 
2.2 Slit plate 

 

Slit dampers are generally used between upper and 

lower beams (Javidan et al. 2021) and at the beam-column 

joints (Shahri and Mousavi 2018, Lor et al. 2019). In this 

study the slit damper is installed between the existing RC 

beam and the added steel beam. Fig. 2 depicts the 

configuration of the steel slit plate welded at the flange of 

the steel beam and the stress distribution around the vertical 

slit when horizontal shear force is applied. The yield strain 

of the slit steel plate, ϵy, can be obtained as 

  
(a) Steel frame (b) Installation scheme 

Fig. 1 Configuration of the steel frame with horizontal slit plate 

 

  

(a) Dimensional parameters (b) Stress distribuiton 

Fig. 2 Steel slit plate 
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𝜖𝑦 =
𝐹𝑦

𝐸
⁄  (5) 

where E is the elastic modulus of steel.  

The flexural yield strength of the slit steel plate can be 

calculated from Eq. 6 based on the assumption that the steel 

columns have fixed boundary conditions: 

𝑃𝑦 =
𝑛𝐹𝑦𝑡𝑏2

2𝐿0
⁄  (6) 

where n is the number of strips, Fy is the yield stress of the 

steel, t is the thickness of the steel plate, b is the width of 

strips, and L0 is the length (height) of the strip. The 

geometrical moment of inertia of single slit is 𝑡𝑏3/12 and 

the stiffness of the slit damper is calculated as follows: 

𝑘𝑑 = 𝑛 12𝐸𝐼
𝐿0

3⁄ = 𝑛𝐸𝑡𝑏3/𝐿0
3  (7) 

when a deformation greater than the yield displacement 

occurs, both ends of the slit yield and the plastic moment is: 

𝑀𝑝 = 𝜎𝑦
𝑡𝑏3

4⁄  (8) 

where σy is the yield strength of the steel. Assuming that the 

lateral force and displacement are elastic, the following 

equation is established according to the law of conservation 

of energy. 

1
2⁄ 𝑃𝑦𝛿𝑝 = 𝑛𝑀𝑝𝜃𝑝 (9) 

The amount of plastic displacement (δp) for small strain 

can be assumed to be L0 θp. Therefore, the yield load (Py) of 

the slit is obtained as follows: 

𝑃𝑦 =
2𝑛𝑀𝑝

𝐿0
⁄ =

𝑛𝜎𝑦𝑡𝑏2

2𝐿0
⁄  (10) 

From the above relationship, the yield displacement of  

 

 

 

Fig. 4 Test setup for cyclic loading test 

 

 

the slit can be calculated as follows: 

𝛿𝑦 =
0.5 ∈𝑦 𝐿0

2

𝑏
⁄  (11) 

The post-yield stiffness of the slit plate was assumed to 

be 2% of the initial stiffness based on the previous research 

(Javidan et al. 2021). 

 

 

3. Cyclic loading tests of the structure before and 
after retrofit 

 
3.1 Specimen and test setup 

 

The details of the RC frame and the reinforcement steel 

frame to be tested are shown in Fig. 3. The steel frame is 

composed of the rolled shape H-125 × 125 × 6.5 × 9 (mm). 

Based on the three concrete cylinder tests and rebar tensile 

tests, the mean compressive strength of concrete and the 

mean tensile strength of rebar are 15.7 MPa and 577MPa, 

respectively. High-strength chemical bolts are used to 

connect the steel frame to the RC frame. The narrow  

 
 

(a) Size and rebar details of the bare frame (b) Details of the steel retrofit frame 

Fig. 3 RC test frame reinforced with steel frame with vertical slit plate 
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Fig. 5 History of the cyclic loading 

 

 

Fig. 6 Force-drift relationship of the bare RC frame 

obtained from cyclic loading test 

 

 

clearance between the steel flange and RC frame was filled 

with non-shrinkage mortar. The locations of strain gages for 

rebars are shown in Fig. 3(a), the gage locations for 

measuring strains of steel frame and slit strips are depicted 

in Fig. 3(b). In the experiment, a hydraulic actuator with a 

capacity of 2,000 KN was installed between the reaction 

wall and the test specimen to apply cyclic lateral load as 

shown in Fig. 4. In order to prevent torsional deformation 

during the loading and unloading process, the test specimen 

was restrained by a support frame. The displacement-

controlled loading protocol used in the experiment is shown 

in Fig. 5, where two cycles of identical displacements were 

repeated at each loading step. 

The load was measured by the load meter located inside 

of the actuator, and the displacement of the whole frame 

was measured by the linear variable displacement 

transducers (LVDTs) installed at the center of the beam. The 

rotation angles of the upper and lower columns were also 

measured by using the LVDTs, and strain gauges were 

installed to measure the deformation of the main rebar and 

the slit strips. 

 
3.2 Test results of the bare frame 

 

Cyclic loading tests were conducted on the RC frame 

following the displacement controlled loading protocol. It 

was observed that minute flexural cracks started to form at 

the bottom of columns at the drift ratio of around 0.3%, and 

diagonal shear cracks were visible at around 1% drift ratio.  

 
(a) Stiffness 

 
(b) Work 

Fig. 7 Variation of stiffness and work in RC bare frame 

 

 

The shear cracks propagated to the center of the 

columns and developed into major cracks at around 1.5% 

drift ratio. The relationship between the lateral load and the 

story drift are depicted in Fig. 6. It can be observed that the 

lateral load gradually increased up to 310 KN and then 

dropped after the maximum drift ratio of 1.5% was reached. 

The frame collapsed when the maximum drift reached 2.5 

% of the story height. 

Fig. 7 shows the change in stiffness and the work for 

increasing lateral drift at positive and negative loading 

directions. The work done at specific drift levels was 

calculated by multiplying the recorded displacement with 

its matching reaction force. The decrease in work after drift 

of 1.5% is due to the loss of stiffness and strength of the 

installed system.  

It can be observed that as the loading cycle and the 

lateral drift increased, the stiffness gradually decreased and 

the dissipated energy increased. However, after the lateral 

drift became larger than 1.5 % of the story height, the 

dissipated energy rather decreased due to formation of 

major shear cracks in the columns. Fig. 8 depicts the rebar 

strains measured by the strain gauges installed in the rebars 

of the bare RC frame. The names of each strain gage can be 

found in Fig. 3. Fig. 8(a) shows the strain of the column 

rebars, where it can be observed that at the 1.4% lateral drift 

the rebars at the bottom of the columns yielded. However 

the strains in the beam rebars depicted in Fig. 8(b) denote 

that the beam remained elastic all through the cyclic loading 

test. This implies that the RC frame shows the typical 

strong beam-weak column behavior, which is quite 

common in structures not designed for seismic load. Fig. 9 

depicts the crack formation in the RC columns at the final  
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stage of the test. It was observed that flexural cracks formed 

first at the bottom of RC columns at drift ratio of 0.35%, 

and that the final failure occurred due to the formation of 

major shear cracks in the columns. 

 
3.3 Test results of the retrofitted frame 
 

In the cyclic loading test of the RC frame reinforced  

 

 

with the steel frame with slit plate, crack propagation 

patterns similar to those of the bare frame test were 

observed. After formation of flexural cracks at early stage 

of the test, the shear cracks propagated to the center of the 

columns and developed into major cracks at around 1.5% 

drift ratio, and the strength started to decrease at this point. 

However, the strength decrease in the retrofitted frame did 

not lead to sudden failure of the frame as observed in the  

  

(a) Column (b) Beam 

Fig. 8 Measured strain in the rebar 

  

  
(a) Drift 0.35 (b) Drift 2% 

Fig. 9 Crack formation in the RC columns during the test 

 

  
(a) Hysteresis curve (b) Skeleton curve 

Fig. 10 Force-drift relationship of the RC frame retrofitted with the steel frame 
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bare frame test. 

Fig. 10(a) shows the force-drift relationship of the RC 

frame retrofitted by the steel frame. It was observed that the 

maximum strength reached 650 KN at the drift ratio of 

1.5%, which is about 110% increase compared with that of 

the bare structure. Fig. 10(b) depicts the envelop curves of 

the force-drift relationships before and after the retrofit, 

where it can be observed that the overall strength and 

ductility were significantly increased after the retrofit with 

the steel frame. 

Fig. 11 shows the variation of stiffness and work done  

 

 

as the applied displacement increases. It was observed that 

stiffness started to decrease at the drift ratio of 0.3% and 

continued to decrease until the end of the test. Both the 

stiffness and the work increased significantly in the 

structure after retrofit. 

Fig. 12 shows the rebar strain measured in the RC 

beams and columns of the retrofitted frame. Compared with 

the data obtained from the strain gages attached to the same 

rebars of the bare frame, the maximum strain in the RC 

column decreased after the retrofit, which is compatible 

with the overall behaviors of the specimens. Fig. 13 shows  

  

(a) Stiffness (b) Work 

Fig. 11 Variation of stiffness and work for increasing displacement 

  

  
(a) Column (b) Beam 

Fig. 12 Measured rebar strain in each loading step 

 

  

(a) Column (b) Slit plate 

Fig. 13 Measured strain in the steel frame 
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the strain measured by the stain gauge attached to the steel 

column (Fig. 13(a)) and the slit plate (Fig. 13(b)). The 

strains measured in the steel beams were less than those 

obtained from the steel columns, and according to the 

recorded strain data both steel beams and columns remained 

elastic during the test. However, the strain measured in the 

steel slit plate shows significant yield after lateral drift ratio 

of 2% as can be observed in Fig. 13(b). This result shows  

 

 

that the welded slit plate works to dissipate seismic energy 

as intended. 

Fig. 14 shows the photos of the retrofitted structure at 

the end of the cyclic loading test, where it can be observed 

that significant damage occurred in the RC columns. 

However, due to the contribution of the added steel frame, 

about 2/3 of the maximum strength still remained even after 

such a large damage in the columns. 

  

Fig. 14 Final damage state of the RC frame retrofitted with steel frame 

 

  

(a) Before retrofit (b) After retrofit 

Fig. 15 Finite element analysis model of the test structure 

 

  

(a) Bare structure (b) Retrofitted structure 

Fig. 16 Force-drift relationships of the test structures obtained from finite element analysis in comparison with those 

obtained from the tests 
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4. Simulation of the test results using FE analysis 

 
4.1 Finite element modeling 
 
To validate the results of the cyclic loading tests, finite 

element (FE) analyses of the test structures were carried out 

using the commercial finite element analysis code Ls-Dyna. 

Fig. 15 shows the FE model of the bare and the retrofitted 

frames. The concrete of the RC frame was modeled by the 

internal keyword BRITTLE DAMAGE (*MAT 096) with the 

ADD EROSION keyword for crack formation. The 

PIECEWISE LINEAR PLASTICITY (*MAT 024) was used 

to model the reinforcing rebars and the steel frame. The 

compatibility of the concrete and the rebar/anchor bolts 

interface was modeled by the LAGRANCE IN SOLID. The 

boundary conditions of the welded steel frame connections 

were modeled by the CONTACT TIED NODES TO 

SURFACE. The material strengths obtained from the 

material tests were used in the analysis, and the load was 

applied following the loading protocol shown in Fig. 5. 

Fig. 16 depicts the force-displacement relationships of 

the test specimens obtained from the FE analysis (solid 

curves), which are compared with the test results (dotted 

curves). It can be noticed that, even though there exists 

slight difference between the two results, the hysteresis 

curves obtained from the FE analysis and loading tests 

generally match well both in the bare and the retrofitted 

frames. 

The maximum strength of the bare structure obtained 

from the FE analysis is 308 KN in the positive loading 

direction, which is very close to 310 KN obtained from the 

experiment. In the negative direction, the maximum 

strength obtained from the FE analysis is 261 KN, which is 

smaller than the test result of 313 KN. The displacement at 

which the strength started to decrease is 30mm both in the 

analysis and test. In the retrofitted structure the maximum 

strength obtained from the FE analysis is 645 KN in the 

positive loading direction, which is close to 650 KN 

obtained from the experiment. Fig. 17 depicts the stress 

distribution in the test structures at the 14th loading cycle, 

which corresponds to a lateral displacement of 30 mm or a  

 

 

 

Fig. 18 Modeling of the structural elements and slit plate 

 

 

drift ratio of 1.5%. It can be observed that in the bare 

structure large stress is concentrated mostly in RC columns, 

whereas the column stress is shared by the steel frame in the 

retrofitted structure. Fig. 17(b) shows that, even though not 

clearly discernable in this scaled figure, the ends of the slit 

strips above and below the steel beams are subjected to 

much larger stress than the steel frame. It is observed that 

the slit plate welded to the upper steel beam is more 

stressed than the slit plate attached to the lower steel beam. 

This phenomenon can be confirmed by the strain gage data 

recorded in the cyclic loading test. 

 
4.2 Analytical model for the steel frame with slit plates 
 
For seismic analysis and design of structures retrofitted 

using the proposed steel frame with slit plates, an analytical 

model was developed using the commercial structural 

analysis software Midas-Gen. FEMA hinges available in the 

program were assigned to both beams and columns. Two 

main types of link elements were used to model the 

behavior of the structure in Midas-Gen. The Rigid Type 

Elastic Links were used to model the bolts connecting the 

steel frame and the concrete frame, and the Force-Type 

General Link was used for defining the nonlinear behavior 

of the slit plates as shown in Fig. 18. 

The hysteretic force (f) – displacement (d) relationship 

of the slit plates was mathematically modeled by the 

following formulas: 

  

(a) Before retrofit (b) After retrofit 

Fig. 17 Stress distribution in the test structures obtained from FE analysis 
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𝑓 = 𝑟 ∗ 𝐾 ∗ 𝑑 + (1 − 𝑟)𝐹𝑦 ∗ 𝑧 

Ż = 
𝐾

𝐹𝑦
 [1 − |𝑧|5{𝛼 ∗ 𝑠𝑖𝑔𝑛(𝑑 ∗ 𝑧)𝛽}𝑑 

(12) 

where K is the initial stiffness, Fy is the yield strength of the 

plate, r is the ratio of post-yield to elastic stiffness, s is the 

yielding exponent determining the shape of the yield 

strength transition region, z is a hysteretic parameter and α 

and β are the hysteretic loop parameters determining the 

shape of hysteretic curve. 

Fig. 20 depicts the lateral load - displacement 

relationships of the test frames obtained from the cyclic 

loading tests and the pushover analysis using the hysteresis 

model described above. In the bare and the retrofitted frame 

specimens, the analytical pushover curves were found to 

match the actual test results with reasonable accuracy in the 

conservative side. In both specimens the model predictions 

for the initial stiffness were quite accurate, and the 

predictions for the maximum strength were slightly smaller 

than those of the test results. In the bare structure, the 

residual strengths obtained from the test and the analysis are 

quite similar to each other; however, in the retrofitted 

structure the analytical model simulation for the residual 

strength is smaller than the actual test result. In bare frame 

test simulation, the analysis grabbed the response with good  

 

 

 

agreement till failure of concrete frame occurred. Since 

code based concentrated plastic hinge available in Midas 

program was used the results are conservative after that 

stage. This scenario is also shown in large displacement of 

retrofitted frame result. Therefore, the analysis results from 

the developed nonlinear model can be considered as 

conservative. 

 

 

5. Application to seismic retrofit of an example 
structure 

 

5.1 Design of the model structure 
 
To validate the seismic retrofit effect of the proposed 

system, a typical 5-story RC moment frame structure was 

designed only for gravity loads (dead load of 4.1 kN/m2 and 

live load of 2.5 kN/m2) using the concrete compressive 

strength of 21 MPa and rebar yield strength of 400 MPa 

based on the assumption that the structure was constructed 

before a seismic design code was applied. Figs. 21 and 22 

depicts the overall configuration and structural plan of the 

model structure, respectively, and Table 2 provides the size 

and reinforcements of the beams and the columns. It can be 

observed that the columns are slightly asymmetrically  

 

 

Fig. 19 Hysteretic behavior of the slit plates 

 

  

(a) Bare Frame (b) Retrofitted frame 

Fig. 20 Lateral load - displacement relationships of the test frames obtained from the cyclic loading tests and the pushover 

analysis 

Table 1 Nonlinear analysis parameters of the slit plates 

Strip Thickness 

(mm) 
No of Strips 

Stiffness, K  

(KN/mm) 

Yield 

Strength (Fy, KN) 

Plastic Stiffness 

(KN/mm) 

Post Yield 

Stiffness Ratio 

Yielding 

Exponent (s) 

6 51 1,463.1 240.4 29.3 0.02 2 

277



 

Hyungoo Kang, Michael Adane, Seungho Chun and Jinkoo Kim  

 
(a) Bare Frame 

 
(b) Retrofitted frame 

Fig. 21 Configuration of the case study structure 

 

 

located. The first story columns are fixed to the base and all 

column-beam connections are assumed to be rigid. The 

building is located on site class D soil with spectral 

acceleration coefficients SDS=0.75 and SD1=0.43 in the 

ASCE 7-16 format. The structural analysis and design 

software Midas-gen was used for the design, and the FEMA 

hinge properties available in the software were assigned to 

the members. 

 

5.2 Seismic performance evaluation of the model 
structure 

 

Non-linear dynamic seismic performance evaluation of 

the model structure was carried out using the seven far-field 

earthquake records obtained from the Pacific Engineering 

Research Center (PEER) NGA database (Ancheta et al. 

2014). Table 3 shows the basic information of the selected 

earthquakes.  

Each ground motion record was scaled in such a way 

that its square root of the sum of the squares (SRSS) 

spectrum does not fall below the maximum considered 

earthquake (MCE) spectrum between the period range of 

0.2T and 1.5T (ASCE-7 2016) where T is the fundamental 

period of the structure. Fig. 23 shows MCE response 

spectrum and the scaled ground motion records. Time 

history analysis of the model structure was performed using 

a modal damping ratio of 5% of the critical damping to 

obtain the maximum inter-story drift ratio of the structure 

averaged over the seven analysis results. The target 

performance limit state of the model structure is given to be 

the maximum inter-story drift ratio smaller than 1% when 

subjected to the MCE ground motions. 

The model structure was analyzed using the seven 

earthquakes in both directions, and the SRSS maximum 

inter-story drift ratios of the model structure and their mean 

values are plotted in Fig. 23. Fig. 24(a) shows the inter-

story drifts of the bare structure, where it can be observed  

 

Fig. 22 Structural plan of the analysis model structure 

 

 

Fig. 23 MCE spectrum and SRSS spectra of the earthquake 

ground motions used in the analysis 

 

Table 2 Member sizes and rebar details of the model 

structure 

 B01 B02 B03 

Sectional 

Dimension 
250 × 400 250 × 400 250 × 400 

Longitudinal 

reinforcement 

Top 2 ø 19 Top 3 ø 25 Top 2 ø 16 

Bottom 3 ø 19 Bottom 3 ø 25 Bottom 3 ø 16 

Transverse 

reinforcement 
ø 10, c/c 300 ø 10, c/c 250 ø 10, c/c 300 

(a) Bemas 

(b) Columns  

 

 

that the maximum inter-story drift ratios of the unretrofitted 

model structure far exceed not only the target performance 

point of 1% drift ratio but also the collapse prevention 

performance level of 2.5% drift ratio. This implies that 

significant damage will occur in the model structure when it 

is subjected to MCE level seismic load. To enhance the  

 B01 B02 B03 

Sectional 

Dimension 
400 × 400 400 × 400 400 × 400 

Longitudinal 

reinforcement 
8 ø 16 

Middle- 2 ø 16 Middle- 2 ø 16 

Corner- 4 ø 19 Corner- 4 ø 19 

Transverse 

reinforcement 
ø 10, c/c 300 ø 10, c/c 250 ø 10, c/c 300 
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seismic performance of the structure, the proposed steel 

frame with slit plates were added to the exterior frames of 

the model structure from 1st to 4th story as depicted in Fig. 

21(b). The retrofitted structure was then analyzed for the 

seven earthquake ground motions used previously, and the 

maximum and the average drift ratios are depicted in Fig. 

24(b). It can be observed that there is a significant reduction 

in the inter-story drift ratios enough to satisfy the given 

limit state of 1% drift ratio. 

 

 

6. Conclusions 
 

In this research, the efficiency of a seismic retrofit 

system consisting of a steel moment frame and slit plates 

was evaluated through theoretical formulation, cyclic 

loading test, and application to an analysis model structure. 

The cyclic loading test of a RC frame before and after 

retrofit showed that the proposed system improved both the 

maximum strength and ductility of the RC frame. After 

installation of the steel frame the overall strength of the test 

specimen increased more than twice. The slit plates were 

under larger stress and dissipated seismic energy when the 

test specimen was subjected to the lateral load. The force-

displacement relationships of the test specimens turned out 

to be properly predicted by the FE analysis. An analytical 

model was developed to apply the retrofit system for 

seismic retrofit design of a 5-story RC example structure.  

 

 

 

According to the analysis results, the proposed system 

turned out to be effective in decreasing the seismic response 

of the model structure below the given target limit state. It 

was observed that the maximum inter-story drifts of the 

model structure subjected to the seven selected earthquakes 

exceeded 2.5% drift ratios, whereas they decreased below 

1% drift ratio after four steel frames were installed in each 

story. Based on the experimental and analytical studies, it 

was concluded that the proposed seismic retrofit steel frame 

incorporated with steel slit plates can provide additional 

strength and energy dissipation capabilities to existing 

structures.  
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