
 

9 

Civil Engineering Dimension, Vol. 23, No. 1, March 2021, 9-19  DOI: 10.9744/CED.23.1.9-19 

ISSN 1410-9530 print / ISSN 1979-570X online 

 

Seismic Retrofitting of Irregular Pre-80s Low-rise Conventional 
RC Building Structures 

 
 

Han, A.L.1, Utomo, J.2*, Hu, H.T.3, and Lestari, L.T.1 

  
   

Abstract: A resilience and seismic safety evaluation method of under-qualified concrete 
structures designed based on codes prior to the introduction of earthquake provisions is presented. 
A numerical method for evaluating and improving a structure’s performance and resilience 
through jacketing and Carbon Fiber Reinforced Polymers (CFRP) retrofitting was developed. The 
model analyzed the structure’s existing condition, inadequate elements were identified, and 
segments that required strengthening were determined. Retrofitting and external reinforcing 
techniques were applied, and their effectiveness evaluated. Elements identified as insufficient 
were subjected to a strengthening iteration process to ensure that all qualifications were fulfilled. 
It was proven that the numerical simulation was accurate, cost-effective and time-saving in 
evaluating deficient structures and the effectiveness of their strengthening methods. The 
numerical model and analysis in conjunction with the technology of jacketing and CFRP 
retrofitting provide a fast and straightforward solution for older structures in ameliorating their 
resilience and overall performance. 
 
Keywords: Earthquake-resilience; retrofitting techniques; jacketing; Carbon Fiber Reinforced 
Polymers (CFRP). 
  

 

 

Introduction   
 

The well-known capacity design principle is the 

control of a structure’s inelastic responses through an 

engineered strength hierarchy. This concept was 

introduced in the 1980s. Buildings designed prior to 

the ’80s were not detailed to perform adequately 

under severe earthquakes. This condition was 

exacerbated by the presence of significant irregulari-
ties. The presence of asymmetrical infilled masonry 

walls or staircases located at corners of the building 

causes eccentricity in mass and stiffness distribu-

tions, leading to the possibility of significant damage 

to specific parts of the building [1]. A large existing 

stock of reinforced concrete buildings dated prior to 

1980 can be categorized as substandard and seis-
mically deficient [2,3]. These buildings require a 

comprehensive assessment of their seismic response. 

Seismic retrofitting is a cost-effective method for im-

proving the earthquake resilience of these structures.  
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Retrofitting strategies, methods of analysis and 

special-purpose software for seismic assessment and 

strengthening are available to speed up the retro-

fitting design of existing buildings [3,4]. A non-linear 

pushover analysis is used to investigate the weak 

components and deficiencies of buildings under 

various target structural performance levels [5,6]. 

The functionality of buildings is improved simul-

taneously by increasing the stiffness, strength, and 

deformation capacity of the structure. The expected 

impact of the retrofitting strategies is evaluated based 

on a sensitivity analysis of the vulnerability of various 

components of the buildings [7,8].  

 

This paper deals with the construction of a numerical 

model that can represent any existing concrete 

structure. The model was executed using non-linear 

material and geometric software; a typical three-story 

building was used for simulation purposes. The model 

was designed to identify the elements within the 

structure that are inadequate and therefore require 

enhancement through retrofitting. Considering the 

advantages of Carbon Fiber Reinforced Polymers 

(CFRP), this material was superimposed into the 

model to enhance, through external reinforcement, 

the performance of the member and the overall 

structure. At the next stage, the model is used to re-

evaluate the effectiveness of the retrofitting, and to 

evaluate the stress levels within the elements under 

consideration. The outcome presented a fast and 

satisfactory method to revitalize older buildings to 

meet the higher code demands. 
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Materials and Method 
 

Non-Linear Method and Knowledge of Struc-

tural Detailing 

 

Four different methods are proposed by the majority 

of codes and standards for determining the forces and 

corresponding deformations of the members in a 

structure due to the ground motion interrelated with 

the designed seismic hazard level. These procedures 

are as follows: 

 The Linear Static Procedure (LSP) is known in 

practice as equivalent static analysis. The effects 

of earthquakes are represented by static forces 

applied at floor levels. The static forces are 

calculated using the first mode of vibration. 

Because of the simplifying assumption, the LSP 

can only represent the dynamic behavior of 

regular structures. 

 The Linear Dynamic Procedure (LDP) is known as 

response spectrum analysis. The earthquake 

response spectrum is used to predict displace-

ments and internal forces in structures. The 

designer has the freedom to include only those 

modes of vibration that make a significant contri-

bution to the dynamic response of a structure. 

 The Non-linear Static Procedure (NSP) is pusho-

ver analysis. Constant gravity loads and monoto-

nically increased lateral forces are used to con-

struct the capacity curve of the structures. The 

capacity curve obtained from a pushover analysis 

represents the strength and deformation capaci-

ties of the structure. The capacities of the struc-

tures are then compared with the demands at 

each performance point of interest. 

 The Non-linear Dynamic Procedure (NDP) was 

developed to capture the dynamic response of the 

structures without simplifying assumptions. The 

non-linear load-deformation properties of each 

element are incorporated in the NDP. Earthquake 

accelerograms are used in the dynamic analysis to 

determine the design displacements of the struc-

tures directly. 

 

The resilience of buildings can be improved by 

increasing the structure’s strength, stiffness, and 

deformation capacity. The codes and the availability 

of knowledge of the buildings function as a guide to 

the linear and non-linear methods employed. Linear 

methods are not considered to be accurate and codes 

do not recommend their use for buildings with struc-

tural irregularity. However, it might be permitted in 

cases where in-depth knowledge of the structural con-

figuration is not available. Both the lack of good know-

ledge of a building’s status and the lack of accuracy 

in the analysis are compensated by safety factors.  

On the other hand, it is not permitted to employ 

advanced non-linear methods when the knowledge of 

the structure is poor. The linear methods, LSD and 

LDP, result in a less accurate outcome since the 

behavior of a concrete structure is highly non-linear. 

The NSP and NDP methods yield more realistic 

results, but an in-depth knowledge of the structure, 

including all elements’ configurations and details, is 

mandatory. The SeismoBuild [9] software is based on 

the NSP method, and both the NSP and NDP 

methods are supported by Seismo Struct [10], used in 

this research work. 

 

The software used in this paper, SeismoStruct, 

employs advanced non-linear dynamic analysis, and 

earthquake accelerograms are used in the dynamic 

analysis, yielding thorough outcomes. However, a 

pushover analysis option is available in SeismoStruct 

to ascertain the capacity curve of the structure used 

in this paper. Additionally, the pushover analysis 

imparts information on a range of response charac-

teristics that are not available when using the linear 

methods. It can be concluded that the pushover 

analysis is the most suitable approach for performing 

seismic assessment and analyzing the design for 

retrofitting.  

 

The retrofitted building analyzed in this work was 

modeled using computer software (Seismo Struct), 

while the seismic resistance was approached using 

the non-linear pushover method. Performance-based 

approaches developed by the Structural Engineers 

Association of California (SEAOC) Vision 2000 

Committee [11] will be employed in this work for the 

assessment and retrofitting of the building.  

 

The performance-based design utilizes a performance 

objective to conclude a satisfactory damage level for 

new as well as for revitalized, existing structures. 

These performance objectives of the structure and the 

non-structural elements can limit story drift and 

minimize component damage in order to fulfill the 

targeted performance level. The first step in perfor-

mance-based design is to establish the performance 

objectives, described as the combination of a 

performance level with expected levels of hazard (e.g. 

ground motion, and extreme wind). A performance 

level is a standard for the maximum damage level 

permitted on a building. Performance objectives, 

which are expressed as discrete points, such as 

limited damage, significant damage or near-collapse 

subsequent to a designed earthquake, are the 

benchmark in characterizing the state of the building. 

The outline of the method, including retrofitting 

design, evaluation and probable re-design for the 

retrofitting plan, is presented in Figure 1 [12].  
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Figure 1. Outline of Analysis and Retrofitting Method 

 

Retrofitting Strategies and Intervention 

 

Retrofitting is a method for improving the resistance 

and resilience of a building under the response of 

earthquake loads by optimizing the composite action 

between the old concrete and the retrofitting material 

and methods. Interventions are generally applied to 

specific parts of the building (e.g. a weak story). 

Retrofitting of small parts in a building is very 

efficient and economical while also minimizing the 

interference on the building. The strategy includes 

the collection of data on the reinforcement details of 

the as-built structure and material properties [13].  

 

Retrofitting becomes mandatory when the assess-

ment of structures results in an insufficient capacity 

to resist the forces of an expected intensity within the 

acceptable damage limits. The retrofitting goals 

include the following strategies: 

 The first strategy is seismic demand reduction of 

the members and the building’s structure as a 

unity. Adding concrete walls is an example of this 

strategy. Concrete walls can reduce the seismic 

demands throughout the building and are efficient 

in controlling global lateral drifts and damage to 

both structural and non-structural components 

[4]. To ensure the integrity of the system, new 

walls should be utilized with appropriately 

designed foundations. Another illustration of this 

strategy is the installation of dampers situated at 

a strategic location in the structures [14]. 

Dampers that can reduce the seismic demands on 

structures include friction, metallic or viscous 

dampers. Low-cost dampers, such as metallic 

dampers manufactured from steel pipes, are 

highly cost-effective in reducing seismic demand 

[15]. The use of base isolators is another alter-

native illustration of this strategy [15,16].   

 The second approach is to enhance the load-

carrying capacity of the individual members. 

Examples include strengthening beams and 

columns using steel jackets, concrete jackets, or 

CFRP wrappings [17–19]. The employment of 

concrete haunches at the beam-to-column connec-

tions is also a method associated with this 

approach [20,21].  

 

An effective way to overcome a low lateral force 

resistance and deficiencies of structures is to 

incorporate the two abovementioned strategies into 

one system. This method involves a combination of 

the addition of new members and the strengthening 

of existing members. Each building is specific and 

different approaches depending on the structural 

deficiencies are required. The results of the chosen 

retrofit techniques must fulfill the minimum 

requirements outlined in the building codes, such as 

element deformation capacity, strength, and 

detailing. The fact that the majority of existing 

buildings are inhabited creates a challenge for 

engineers in designing these interventions, and the 

proposed methods should accommodate their daily 

activities. The use of non-linear methods and a good 

knowledge of the condition of the building can be 

greatly advantageous, leading to significantly lighter 

interventions [13].  

 

Common Strengthening Techniques for 

Retrofitting Buildings 
 

The techniques for strengthening members are 

distinguished according to the primary material. 

Jacketing is a strengthening process where a part or 

a section of an existing structural concrete member is 

increased in size by capsuling or encasing using steel, 

concrete, or another suitable material, such as fiber. 

Three common strengthening techniques are: 

 Steel jacketing. In steel jacketing, the reinforced 

concrete section is enlarged using L-shaped steel 

sections situated with a gap of 2 to 3 mm to the 

concrete surface. This gap is filled with a grouting 

component. These L sections are connected with 

steel strips welded to the L profiles. This method 

is effective in enhancing the seismic performance 

of the elements but is costly, labor-intensive and 

involves anti-rust work. Due to the alterations in 

the section, this method also influences the 

stiffness of the elements. 

Assessment of structural vulnerability and 

safety (determine objective functions for 

retrofit problems)
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 CFRP jacketing. CFRP jacketing is one of the 

preferred options in terms of seismic retrofitting 

methods, which is primarily due to the many 

advantages of the CFRP composites compared 

with steel and concrete jacketing, such as ease and 

speed of installation, less labor required, minimal 

change to the cross-section, high strength-to-

weight ratio, and minimal impact on the usability 

of the building. However, it has disadvantages, 

such as premature debonding [18,19,22], high 

cost, and is sensitive to high temperatures or wet 

environments. CFRP is generally bonded exter-

nally to reinforced concrete columns using epoxy 

resins. Complete wrapping is used for strength-

ening columns subjected to uniaxial or biaxial 

bending [23]. Reinforced concrete columns retro-

fitted with external CFRP jacketing exhibit a 

stable flexural response, improved ductility and 

energy dissipation capacity by preventing brittle 

shear failure. Due to geometrical restrictions, 

complete wrapping may not always be possible for 

beams, in which case either three-sided U wrapp-

ing or two-sided bonding on the two opposite faces 

of the beams can be applied. 

 Concrete jacketing. Concrete jacketing is still the 

method of choice for seismic retrofitting of indi-

vidual concrete members, because it does not 

require highly sophisticated workmanship. How-

ever, it is labor-intensive and time-consuming due 

to the installation of formwork. A layer of 

reinforced concrete is cast, covering the outer 

perimeters of an existing member. The concrete 

jacket is very suitable for severely damaged 

members, and encapsulates members and joints, 

while providing structural continuity between the 

joint and adjoining members. The stiffness, 

strength, and deformation capacity of the existing 

members can be improved simultaneously. The 

thickness of the jacket is around 100 mm and can 

be reduced to 50 mm, allowing for the concrete 

casting. A thin jacket is produced using shotcrete 

or self-compacting concrete. If reinforced concrete 

jacketing is selected, it typically requires the 

strengthening of all or almost all the columns of 

the building, at least on the lower floors, to 

maintain the stiffness of these elements [13]. 

Alternatively, the strengthening can be desig-

nated for outdoor elements only, so that the 

usability of the structure is unaffected. 

 

Localized strengthening of beam–column joints using 

a joint panel is designed to avoid joint shear failure. 

Advanced studies are needed to quantify the benefits 

of this local strengthening technique for the overall 

seismic response [24]. A concrete jacket increases the 

moment resistance and stiffness of a column and can 

be extended to the joint, beyond the end of the column, 

providing continuity between the column and the 

joint and, at the same time, strengthening the joint 

itself [13]. A state-of-the-art review of different 

strengthening and repair techniques for reinforced 

concrete columns over the last two decades has been 

conducted [25]. Based on the review, it is believed that 

hybrid jacketing techniques, which combine the 

benefits of different materials/strengthening me-

thods, such as near-surface mounted CFRP bars and 

CFRP wrapping, and concrete jacketing can be the 

most effective strengthening methods. 

 

Retrofitting Asymmetric Reinforced Concrete 

Frame Buildings: A Worst-case Scenario 

 

Reinforced concrete frames with masonry infilled 

panels are very popular in tropical areas. The brick 

masonry is easily available and simple in construc-

tion. Masonry panels are cheap and provide good 

weather protection [2,26]. Masonry infilled panels act 

as separators among rooms with different func-

tionalities, provide additional stiffness to the RC 

frames and significantly increase the natural fre-

quency of the building [27]. As the natural frequency 

increases, the lateral displacement decreases. The 

presence of masonry infilled panels creates diagonal 

struts, which might not have been anticipated in the 

original design of the buildings. If the masonry panels 

are not attached properly to peripheral frame 

members, the panels could fail due to face loads 

(inertial forces due to an earthquake perpendicular to 

the panel) generated by strong earthquakes. The face 

loads also cause panels to be vulnerable to cyclic, out-

of-plane deformation. The mechanisms of the seismic 

response of confined masonry buildings for in- and 

out-of-plane seismic effects were explained 

thoroughly in the Seismic Design Guide for Low-Rise 

Confined Masonry Buildings [28]. Some retrofitting 

interventions might be required to strengthen 

masonry panels [29,30]. If not properly retrofitted, the 

repair costs for masonry infilled panels that do not 

have an adequate seismic strength can be significant 

[31]. There are three main failure mechanisms for 

infill panels: compression, shear, and diagonal 

tension. The Crisafulli model [32] is extensively used 

for masonry infilled panels and implemented in the 

SeismoStruct software used in this simulation. The 

RC beams in the buildings were assumed to be non-

corroded beams, so there was no need to replace the 

cracked concrete substrate with high-strength poly-

mer-modified cementitious mortar before streng-

thening [33].  

 

Analyses and Discussion 
 

Infilled panels alter the stiffness, strength, and 

ductility of a structure. Irregularities and a low lateral 

force resistance are normally present in substandard 

buildings designed and constructed prior to the 
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implementation of seismic design provisions. The 

seismic assessment of a building with a non-

engineered three-story irregular reinforced concrete 

frame and masonry infilled panels was carried out as 

a worst-case scenario. The results of the assessment 

were used to determine whether the building 

required retrofitting. The building represents a 

substandard reinforced concrete building built in the 

late ’80s. The plan view of the building is shown in 

Figure 2a and the 3-D view of the deformed shape of 

the building, with masonry infilled panels at the 

corners of the second and third stories, is shown in 

Figure 2b. 

 

 
(a) 

 
(b) 

 

Figure 2. The Building Plan and 3-D Model of the 

Investigated Building Before Retrofitting: (a) The First-floor 

Plan of the Building; (b) 3-D Deformed Shape of the Building 

 

The building plan consisted of 3 bays in the Y 

direction and 4 bays in the X direction. The span in 

each direction, as well as the floor height, was 3.0 

meters. The slab thickness of the building was 150 

mm, while the details of the beam and column cross-

sections are shown in Figure 2a. A superimposed 

dead load of 1.5 kPa and a live load of 2.0 kPa were 

applied in addition to the self-weight of the structure. 

The peak ground acceleration (PGA) for the earth-

quake design was taken to be 0.240 g. The concrete 

compression strength (f’c) was 16 MPa. This low 

strength is characteristic of older buildings when 

material technology was less advanced. The steel has 

a yield stress (fy) of 244 MPa, which also represents 

the materials commonly used in the late ’80s.  

 

The use of masonry infilled panels created a weak 

story, leading to failure at the soft first-story levels. 

The infilled panels are positioned near one of the 

corners to simulate the large lateral stiffness induced 

by a staircase [1,34]. The response of the building is 

defined by floor torsion at the stiff and strong corner 

of the building (Figure 3). Columns at the flexible side 

of the building develop large deformation demands 

that are not fulfilled by the capacity of the columns. 

During the simulation, the demand–capacity ratio, 

also known as the performance ratio, of these columns 

is larger than 1.0. 

 

 
Figure 3. Stiff and Strong Corner of a Building and the 

Rotational Deformation 

 

A seismic assessment was conducted using the 

Seismo Build and Seismo Struct software. This soft-

ware is able to carry out code definition checks. The 

Eurocode 8, Part 3 option was activated in Seismo 

Build for the seismic assessment. The axes of the 

building are shown in Figure 3. The building was 

more flexible in the Y direction; therefore, the eight 

user-defined load combinations, with a uniform load 

pattern, shown in Figure 4, were used in the non-

linear pushover analysis. 0.3X represents 30% of the 

earthquake load in the X direction, Y is 100% of the 

earthquake load in the Y direction, and eccX is the 

effect of 5% default accidental eccentricity in the X 

direction. The negative sign stands for the load 

working in the opposite direction. 
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Seismo Build does not have facilities to insert 

masonry infill panels. Seismo Build was used to 

define the load combinations and the model of all 

members except for the infill panels. The resulting 

project was exported to Seismo Struct, where the 

masonry infill panels were defined, prior to the 

seismic assessment. The results of the seismic 

assessment showed a serious structural problem: the 

lateral deformations and damage were concentrated 

in the first story, as shown in Figure 2b. Therefore, 

retrofitting was required to overcome the 

vulnerability of the existing building. 

 

The retrofitting options considered were: firstly, 

adding concrete walls to control the global lateral 

drifts and reduce damage to the frame and non-

structural elements; and secondly, increasing the 

capacity of the beams and columns. This option 

represents the second strategy discussed previously. 

The second strategy was chosen to retrofit the existing 

building. 

 

The analyses showed that the columns and beams of 

the existing building required strengthening due to 

the inadequate shear strength capacity of the 

members. The first retrofitting option of adding 

concrete walls from the bottom to the top of the 

building to absorb a significant amount of base shear 

at the ground level of the building could eliminate the 

need for intervention in other structural elements, 

provided that they have adequate strength and 

reinforcement. The second retrofitting option, the 

preferred option, potentially caused a serious 

disruption of the building’s use but had the advantage 

 

Figure 4. Eight User-defined Load Combinations (no. 49 to no. 56)  

 

  

Figure 5. SD Level Pushover Analysis Prior to Retrofitting at (0.3X + Y + eccX) Load Combination 
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of not notably altering the architecture and aesthetics 

of the building. This method was exclusively 

elaborated in this study. The code-based checks in the 

last step of the pushover analysis for the (0.3X + Y + 

eccX) load combination at the Significant Damage 

(SD) level indicated a failure of all first-story columns 

and of all beams on the first and second floors, as 

shown in Figure 5. Retrofitting was mandatory to 

eliminate these seismic deficiencies. 
 

To enhance the strength and load-carrying capacity of 

the first-story columns, the concrete jacketing method 

was favored. The concrete had a compression strength 

(f’c) of 27.5 MPa and a steel yield stress of (fy) of 413 

MPa. Jacketed columns with a thickness of 62.5 mm 

and additional longitudinal reinforcements, as shown 

in Figure 6, were used. For beam shear strength-

ening, the CFRP sheet could not be applied effectively 

because of the shallow web of the existing beams. 
 

The beam-column capacity was checked by the 

Seismostruct software. No critical joints were 

detected. The deformation, chord rotation, and shear 

capacity requirements demanded that each member 

of the building be checked against their capacities. 

More concrete jacketing of the remaining columns 

and beams was conducted to satisfy all code-based 

checks for all beams and columns. It was proven that 

 

Figure 6. Schematic Representation of the Retrofitting Solution 

 

                  
 (a)                                                                                                 (b) 

Figure 7. The First-floor plan and a 3-D Model of the Building after Retrofitting: (a) Strengthened Beams and Columns; (b) 

Large Shear Demand on the Bottom Story due to the (0.3X + Y + eccX) Load Combination 
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all jacketed columns and beams satisfied the lateral 

deformation, chord rotation, and shear capacity 

requirements, except for the first-story columns, 

where the demand for chord rotation exceeded the 

capacities of the columns. To increase the strength of 

these columns, CFRP wrapping of all jacketed 

columns was considered. The results of the seismic 

assessment shown in Figure 7b indicate large shear 

demands on all columns on the first story. The 

moments to balance these large shear forces at the 

first story pose large chord rotational demands at the 

ends of the columns, which were not met by the 

jacketed columns’ capacity (see Figure 7b). To 

overcome this problem, additional CFRP wrappings 

on the first-story columns were applied to increase the 

capacities of these columns. Figure 7 shows the final 

retrofitted building plan of the first floor and a 3-D 

view of the building. The retrofitted building has 

lateral deformations distributed well along the 

building height. No damage to the first-story columns 

and fewer failures in the other structural members 

were detected. Figure 8 shows the results of the last 

step of the pushover analysis of the existing building 

at the SD level, after retrofitting for the (0.3X + Y + 

eccX) load combination. The CFRP wrappings 

significantly increased the capacities of the first-story 

columns. The performance ratios of the first-story 

columns are well below the limit of 1. 

 

Figure 8. Results of the Last Step of the Pushover Analysis of the Existing Building at the Significant Damage Level, after 

Retrofitting for the (0.3X + Y + eccX) Load Combination 

 

 
Figure 9. Pushover Curves of the Investigated Building for the (0.3X + Y + eccX) Load Combination 
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The results of the pushover analyses for the (0.3X + Y 

+ eccX) load combination using the Significant 

Damage (SD) limit state for the retrofitted building 

resulted in a target displacement of 30.9 mm in 

combination with a maximum building load-carrying 

capacity of 2501 kN, as shown in Figure 9. Figure 9 

shows a significant increase in the maximum building 

load-carrying capacity of about 2501 kN/559.53 kN = 

4.47 times the initial load-carrying capacity of only 

559.53 kN. The targeted displacement considerably 

decreased from 52 mm to 31 mm and was only 31/52 

= 0.596 times the original lateral deformation. 
 

A detailed assessment of the building can indicate the 

real seismic deficiencies of the building and properly 

guide decisions relating to retrofitting strategies. The 

analyses also showed that the highest demand–

capacity ratios or performance ratios from the code-

based checks of the eight combinations were rated as 

follows:  
 

The shear capacity at near collapse, along with the 

performance ratios, for the eight load combinations 

used in the analyses are shown in Table 1. 

 
Table 1. Shear Capacity at Near Collapse 

Case 

number 

Load 

combination 

Performance  

ratio 
Remarks 

1. 0.3X + Y - eccX 0.654 < 1, ok 

2. 0.3X - Y + eccX 0.659 < 1, ok 

3. 0.3X - Y - eccX 0.795 < 1, ok 

4. - 0.3X + Y + eccX 0.795 < 1, ok 

5. - 0.3X + Y - eccX 0.655 < 1, ok 

6. - 0.3X - Y + eccX 0.659 < 1, ok 

7. - 0.3X - Y - eccX 0.786 < 1, ok 

8. 0.3X + Y + eccX 0.796 < 1, ok 

 

The chord rotation capacity at near collapse for the 

eight load combinations considered is shown in Table 

2. 
 

Table 2. Chord Rotation Capacity at Near Collapse 

Case 

number 

Load 

combination 

Performance  

ratio 
Remarks 

1.   0.3X + Y - eccX 0.922  < 1, ok 

2.   0.3X - Y + eccX 0.958 < 1, ok 

3.  0.3X - Y - eccX 0.903 < 1, ok 

4. - 0.3X + Y + eccX 0.996 < 1, ok 

5. - 0.3X + Y - eccX 0.922 < 1, ok 

6. - 0.3X - Y + eccX 1.009 ~ 1, ok 

7. - 0.3X - Y - eccX 0.786 < 1, ok 

8. 0.3X + Y + eccX 0.796 < 1, ok 

 

From these analyses, the demands were quantified 

along with the models of the capacity and seismic 

hazard. All values for the performance ratios in Table 

2 were less than one or very close to one. All the chord 

rotation capacities at near collapse for the eight load 

combinations passed the code-based checks. 

Performing these analyses showed the influence of 

the stiffness, strength, and deformation capacity on 

the building’s seismic performance [35]. After retro-

fitting, the earthquake resilience of the building 

improved significantly. The three target displacement 

points (Damage Limitation, Significant Damage, and 

Near Collapse) lie in the linear part of the capacity 

curve of the building after retrofitting (see Figure 9). 

 

By varying the input of the design earthquake, a 

different level of performance options can be offered to 

the owner of the building so that the owner can choose 

the performance objective that fits his/her means and 

intentions. Some owners might wish to avoid collapse 

under a predeterminate earthquake, while other 

owners might prefer the retrofitted building to 

achieve a higher performance objective. The cost of 

retrofitting depends on the amount of investment in 

the lateral stiffness, strength, and deformation capa-

city of the existing building. 

 

If one intends to expand the scope of the seismic 

assessment for similar structural systems, the 

Incremental Dynamic Analysis (IDA) can be used to 

develop fragility curves for each structure considered 

[36]. The IDA for a structure can be performed using 

SeismoStruct to generate performance data under an 

incrementally increasing seismic intensity of selected 

earthquake records. The fragility curves show the 

structural vulnerability at various performance 

levels. The fragility curves need to be developed for 

different seismic regions and used as probabilistic 

tools for estimating the damage of earthquakes using 

damage levels. 

 

Conclusion 
 

Changes in codes and regulations frequently result in 

an inadequate performance behavior of buildings 

designed and constructed prior to the changes in 

these codes. A method and numerical model were 

developed to analyze these structures through an 

assessment procedure that enables the identification 

of elements that are performing insufficiently based 

on the new regulations. A revitalization plan is 

designed based on the assessment outcome, to 

enhance the structure’s overall behavior according to 

the new codes. The outcome further functions as a 

guide for decisions regarding retrofitting to enhance 

the earthquake resilience of buildings. The revita-

lization in this work was focused on jacketing and 

external reinforcement using concrete and CFRP 

wraps. The CFRP material was intentionally favored 

due to its low maintenance cost after application, ease 

in application and its high strength. The basic theore-

tical approach was to improve the individual ele-

ments’ strength and stiffness by increasing the cross-

section and creating a confinement to the concrete. It 

was demonstrated that this method and model is a 
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practical tool to assess the behavior and performance 

of pre-80s RC buildings, especially when irregula-

rities in the plan and structural system are present.  

 
The cost of retrofitting depends on the amount of 

investment in the lateral stiffness, strength, and 
deformation capacity of the buildings. By varying the 

input of the earthquake design, a different level of 

performance options can be offered to the owner of the 

building so that the owner can choose the perfor-

mance objective that fits his/her means and inten-

tions. Some owners might wish to avoid collapse 

under a predetermined earthquake, while other 
owners might prefer the retrofitted building to 

achieve a higher performance objective. Broader rese-

arch on monitoring and evaluating the performance 

of old RC buildings in certain seismic regions can be 

conducted by developing fragility curves and using 

the curves as probabilistic tools to indicate whether 

the old RC buildings in those regions show higher 
probabilities of exceeding the Significant Damage or 

Near Collapse performance levels. In this way, 

retrofitting strategies for those buildings can be 

devised.  

 

A simulation of the method was presented using a 
three-story concrete building having extreme 

irregularities due to a non-regular floor plan and the 

presence of strong and stiff columns that induce a 

rotation on the building mass. The simulation follow-

ed the steps as planned in the method, identified the 

inadequate members and re-evaluated the improved 

structure. The outcome showed that concrete 
jacketing in combination with CFRP retrofitting is a 

practical yet effective manner to enhance the struc-

ture’s performance. 
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