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ABSTRACT 

 
Design of seismic resistant structures is based on the assumption that real structures yield when 

subjected to design level ground acceleration. Assessment of seismic vulnerability of reinforced 

concrete buildings in the earthquake prone regions is a challenging task. The traditional approach 

to seismic design of a building is a force-based design. In this approach, there is no measure of the 

deformation capability of a member or of a building. Structural failures of soft-storey structures in 

recent earthquake have exposed the weakness of current design procedures and shown the need 

for new concepts and methodologies for building performance evaluation to enable necessary 

retrofit measures.  

Pushover-based seismic evaluation is now able to directly calculate the nonlinear seismic demand 

and evaluate its consequences on the structures. Applied Technology Council-40 (ATC-40), 1996 

and Federal Emergency Management Agency (FEMA), 2002 proposed a simplified nonlinear 

static analysis (Pushover Analysis) procedure. The central focus of the simplified nonlinear 

procedure is the generation of the “Pushover” or Capacity curve. The nonlinear static (Pushover) 

analysis has become increasingly popular in structural applications around the world. Numerical 

tools like SAP 2000 developed by Computers and Structures Inc., which can perform the 

pushover analysis.  

In this thesis the main focus is to evaluate the seismic performance of soft storey structures 

retrofitted with FRP wrap in the plastic hinge region. Structural deficiencies of the soft storey 

buildings have been determined to demonstrate how their performance can be improved under 

seismic action. Eight Soft-Storey Building models located at Dhaka city are studied by pushover 

analysis using SAP 2000. The results obtained from analysis show that all the structures contain 

seismic deficiencies and require seismic retrofitting. 

Fiber reinforced polymer (FRP) composites have found increasingly wide applications in civil 

engineering due to their high strength-to-weight ratio and high corrosion resistance. One 

important application of FRP composites is as wraps or jackets for the confinement of reinforced 

concrete (RC) columns for enhanced strength and ductility.  

In this thesis, GFRP (Glass Fiber reinforced polymer) is considered for FRP wraps which is quite 

expensive. However, additional cost involvement are estimated as per standard rates and found 

within 0.49% to 3.75% of the total project cost for getting desired level of seismic performance as 

per ATC 40 and FEMA 356. 
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C h a p t e r - 1  

INTRODUCTION 

1.1 General 

Multi-storey buildings are becoming increasingly common in a developing 

country like Bangladesh. Many of these buildings do not have masonry infill at 

ground floor level to increase the flexibility of the space for recreational use, 

parking or commercial use. These buildings which possess open ground storey are 

significantly weaker or more flexible than adjacent storeys are known as soft 

storey buildings. Under significant ground shaking these structures experience 

damage concentrated at the soft storey and the columns which must resist the full 

axial gravity loading also being forced to deform laterally. 

The inadequately-braced soft-storey level is relatively less stiff than the upper 

floors to lateral earthquake motion, so a disproportionate amount of the building's 

overall side-to-side drift is focused in the ground floor. Subject to 

disproportionate lateral stress, and less able to withstand the stress, the floor 

becomes a weak point that usually suffer structural damage or complete failure, 

which in turn results in the collapse of the entire building under earthquakes of 

high magnitude. Open ground storey buildings have consistently shown poor 

performance during past earthquakes across the world (for example during 1999 

Turkey, 1999 Taiwan, 2001 Bhuj earthquake and 2003 Algeria earthquakes); a 

significant number of them have collapsed. Therefore, the existing stock of open 

ground storey buildings need to be retrofitted suitably so as to prevent them from 

collapsing during strong earthquake shaking. 

Seismic retrofitting is the process of strengthening the earthquake deficient 

buildings in order to make them earthquake resistant. Though it is almost 

impossible to make earthquake-proof structure, but seismic performance of a 

deficient building can be greatly enhanced through retrofitting. 

Many seismic retrofit strategies have been developed in the past few decades 

following the introduction of new seismic provisions and the availability of 

advanced materials such as FRP (Fiber-Reinforced Polymer).  
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1.2 Background and present state of the problem 

In our country it is a common practice among structural engineers to model 

reinforced concrete buildings as bare frame structure mainly due to simplicity of 

the analysis. In-fills are used as partition wall in buildings. In almost all cases 

masonry is used as in-fill material. Although in-fill causes to the additional lateral 

stiffness, the effect of the infill is ignored in the analysis of bare frame model of 

building structure. (Fig. 1) This may lead to substantial inaccuracy in predicting 

the lateral stiffness, strength and ductility of the structure. In addition to 

functioning as partitions, the infill also served structurally to brace the frame 

against horizontal loading. It is well recognized (Smith and Coul, 1991, Smith 

1962) that this infill contributes to the lateral resistance mechanism of the 

building that is seldom considered in design practice. But in conventional building 

analysis system practiced in Bangladesh these effects of infill are not generally 

considered in design. This implies that often the structural system is not designed 

as an effective earthquake resistant system taking into account the behavior of the 

whole building. Therefore, bare frame analysis may lead to significantly 

inappropriate building design with regard to earthquake resistance. This can have 

even serious consequences for the soft storey building under earthquake 

force.[e.g. Bhuje, Kobe Earthquake] 

 

Fig.1.1: Design assumption of soft storey building 

For building functionality soft storey may not be always completely avoidable but 

special design and construction measures may be effective in the reduction of 
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vulnerability. Nonlinear static analysis of the building could provide significant 

insight in the design of new building as well as in the retrofitting of existing 

deficient building. Although Applied Technology Council-40 (ATC-40), 1996 

and Federal Emergency Management Agency (FEMA), 2002 proposed a 

simplified nonlinear static analysis (pushover analysis) procedure, it is not yet 

used extensively by the designers. The central focus of the simplified nonlinear 

procedure is the generation of the “pushover” or capacity curve. This represents 

the lateral displacement as a function of the force applied to the structure. There 

are established numerical tools like SAP 2000, ETABS 9.6 developed by 

Computers and Structures Inc., 1995; which can perform the pushover analysis 

accurately. 

In recent times several small to moderate earthquakes hit Bangladesh and there 

are growing concerns that earthquakes of higher magnitude are likely to occur in 

near future. Still in every month numerous new buildings with soft-storey are 

constructed, while the basic principles of earthquake resistant design and 

specifications of the building codes are not often followed properly. The reason is 

unawareness, inconvenience and absence of proper knowledge. As a result, the 

earthquake risk continues to increase unnecessarily. Especially the medium-rise 

soft-storey apartment buildings in Dhaka city developed by real estate companies 

are needed to be evaluated from the perspective of seismic resistance 

requirements as per code. To this end, this present study is aimed to evaluate the 

seismic deficiencies of soft-storey buildings and establish an appropriate 

retrofitting scheme for the existing seismic deficient soft-storey buildings in 

Bangladesh. 

 

1.3  Objective with specific aims 

Earthquakes are unavoidable and the existing buildings with soft-storey can not 

be demolished to construct new buildings there. On the other hand, earthquakes 

cause immense economic as well as life losses. Reducing disaster risk is a top 

priority for all concerned. So, the behavior of soft-storey buildings under the 

influence of seismic load has been a major concern in our country for quite some 

time. 
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The principal objectives of the present study are: 

      i. To model the plastic hinge behavior of RC section wrapped with FRP. 

ii. To evaluate the seismic performance of soft storey structures retrofitted with 

FRP wrap in the plastic hinge region of the column. 

 iii. To recommend for the enhancement of seismic performance of soft storey 

structures using FRP wraps in the plastic hinge region.  

 

1.4 Outline of the Methodology 

In order to achieve the above selected objectives, the research work is initiated by 

extensively studying the seismic provisions of Bangladesh National Building 

Code (BNBC), 1993 and the Seismic Evaluation , Retrofit of Concrete Buildings 

Report by Applied Technology Council (ATC)-40, 1996 and FEMA, 2002. 

The study will be conducted by modeling some medium rise buildings with soft 

ground storey assumed to be located at Dhaka city. Simplified nonlinear static 

analysis (pushover analysis) based on the procedure of ATC-40, 1996 and FEMA, 

2002 have been performed for all the buildings. Modeling, structural analysis, 

design and pushover analysis will be done by SAP 2000. The pushover analysis 

includes observation of progressive damage of structural members when the 

structure is subjected to gradual lateral displacement. The resulting capacity 

curves obtained from non-linear pushover analysis would represent the structure’s 

performance showing progressive yielding of members and ductility demand of 

those structures. Earthquake demand for the structures can thus be established as 

per site condition and the BNBC specified site coefficient for Dhaka. Available 

member ductility is then compared with the acceptable limits of ATC-40, 1996 

for evaluating the structural seismic response and to assess as to what level of 

safety they conform to.  

Afterwards, pushover analysis is performed on the same models with enhanced 

concrete property resulting from FRP confinement, in the plastic hinge region of 

the beam and column connections belonging to soft storey. The properties of 

confined concrete are simulated using the constitutive model proposed by Teng 

and Lam (2004). 
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1.5 Layout of the Thesis  

The general background, objective of the study and methodology of the work are 

presented in Chapter 1, to give basic idea of the work being done under the 

research. Chapter 2 reflects on literature review. In Chapter 3, retrofitting 

procedure of structural member by FRP wraps is described. In Chapter 4, seismic 

concept of seismic performance evaluation of structures and procedure of push-

over analysis are described. Seismic demand and basic modeling parameters are 

detailed in Chapter 5. Comparisons and evaluations of seismic performances of 

soft-storey and retrofitted structure are presented in Chapter 6. Conclusion derived 

from the present study and recommendations for future work are presented in 

Chapter 7.  
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C h a p t e r  2  

LITERATURE REVIEW 

2.1 General 

Open first storey is a typical feature in the modern multistory constructions in urban 

Bangladesh. Such features are highly undesirable in buildings built in seismically 

active areas; this has been verified in numerous experiences of strong shaking 

during the past earthquakes around the world. This paper highlights the seismic 

deficiencies present in the open first storey of buildings. This paper reflects on 

retrofit measures by FRP wraps to improve the seismic performance of buildings 

with soft-storey. 

 

2.2       Definition and Problem of Soft Ground Storey 

Definition and behavior of Soft storey 

An open ground storey building, having only columns in the ground storey and both 

partition walls and columns in the upper storey is relatively flexible in the ground 

storey. The relative horizontal displacement it undergoes in the ground storey is 

much larger than what each of the storey above it does. This flexible ground storey 

is generally called soft storey. 

The presence of walls in upper storeys makes them much stiffer than the open 

ground storey. Thus, the upper storeys move almost together as a single block, and 

most of the horizontal displacement of the building occurs in the soft ground storey 

itself. In common language, this type of buildings can be explained as a building on 

chopsticks. Thus, such buildings swing back-and-forth like inverted pendulums 

during earthquake shaking (Fig. 2.1a), and the columns in the open ground storey 

are severely stressed (Fig. 2.1b). 
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Different building code defines Soft Storey in different ways. Building codes of 

Bangladesh, India and USA uses stiffness criteria to define Soft storey; whereas 

Turkey, Indonesia and New Zealand building code uses other approaches to define 

Soft Storey.  

a) Bangladesh National Building Code, Bangladesh (1993) 

Soft storey is one in which lateral stiffness is less than 70 percent of that in the 

storey above or less than 80 percent of the average stiffness of the three storeys 

above. 

b) Criteria for Earthquake Design of Structures, India (5th Edition, 2002) 

i. Stiffness Irregularity- Soft Storey 

A Soft storey is one in which lateral stiffness is less than 70 percent of that in the 

storey above or less than 80 percent of the average stiffness of the three storeys 

above. 

ii. Stiffness Irregularity- Extreme Soft Storey.  

 Fig.2.1: Pendulum Behavior of Soft Storey buildings under                 
Earthquake Force 
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An Extreme Soft storey is one in which lateral stiffness is less than 60 percent of 

that in the storey above or less than 70 percent of the average stiffness of the three 

storeys above. 

c) ASCE7 Minimum Design Codes for Building and Other Structures, USA 

(2002) 

i. Soft Storey 

A Soft storey is one in which lateral stiffness is less than 70 percent of that in the 

storey above or less than 80percent of the average stiffness of the three storeys 

above. 

ii. Extreme Soft Storey 

An Extreme Soft storey is one in which lateral stiffness is less than 60 percent of 

that in the storey above or less than 70 percent of the average stiffness of the three 

storeys above. 

d) Specification for Structures to be Built in Disaster Area, Turkey (1998) 

The case where stiffness Irregularity factor in each of the two orthogonal earthquake 

directions is greater than 1.5 is considered as Soft Storey. 

Stiffness Irregularity factor is defined as a ration of the average storey drift at any 

storey to average storey drift at the storey immediately above 

d) Indonesian Earthquake Code, Indonesia (1983) 

The ration of floor mass to the stiffness of a particular storey shall not differ by 

more than 50 percent of the average for the structure. Otherwise it will be 

considered as soft-storey building. 

e) General Structural Design and Design Loading for Buildings, New Zealand 
    (NZS4203: 1992) 

A storey where the ratio of inter-storey deflection divided by product of the storey 

shear and storey height exceeds 1.4 times the corresponding ration for the storey 

immediately above this level. 
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 Problem of Soft Ground Storey 

The most frequent failure mode of reinforced concrete (R.C.) moment frame 

buildings is the so called “soft storey” mechanism. It consists in a localization of 

buildings’ seismic deformations and rupture in the bottom storey of the building 

(Fig.2.2). This phenomenon is caused by the fact that the overall shear force applied 

to the building by an earthquake is higher at the base. (From Wikipedia, the free 

encyclopedia) 

 

Fig.2.2: Soft Storey Mechanism 

Open ground storey buildings are inherently poor systems with sudden drop in 

stiffness and strength in the ground storey. Whereas the total seismic base shear as 

experienced by a building during an earthquake is dependent on its natural period, 

the seismic force distribution is dependent on the distribution of stiffness and mass 

along the height. In buildings with soft first storey, the upper storeys being stiff, 

undergo smaller inter-storey drifts. However, the inter-storey drift in the soft first 

storey is large. The strength demands on the columns in the first storey are also 

large, as the shear in the first storey is maximum and the columns in this part are 

forced by the quake more than the ones in the other parts of the building. (Fig.2.3) 
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Fig.2.3: Behavior of soft storey to Earthquake 

Open ground storey buildings have consistently shown poor performance during 

past earthquakes across the world. During an earthquake, significant moment and 

shear demand on the columns and walls in the ground floors than the one in the 

upper storeys. If the walls that exist in other storeys do not exist in the ground floor, 

these columns are forced more than those in other storeys and subsequently collapse 

under higher magnitude of earthquake. (Fig.2.4) 

 

 

 

 

 

Fig.2.4: Typical Soft Storey Failure Mechanism for earthquake 

Many earthquakes in the past, e.g., San Fernando 1971, Northridge 1994, Kobe 

1995, Jabalpur 1997 and Izmit (Turkey) 1999, 2001 Bhuj earthquake, 2004 Niigata, 

Japan earthquake and very recent 2009, L’Aquila, Italy earthquake have 

demonstrated the potential hazard associated with such buildings. Recent which is 

considered as moderate size event; damages have observed in buildings with soft 

story among other factors. Some examples of damages of existing soft storey 

buildings in recent earthquakes are shown in Fig.2.5. 
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a) Collapse of Hotel Degli Abruzzi in Aquila and damage of three storey RC frame 
in Pettino with soft- storey at Italy, 2009 earthquake                                  

     

                 

b)  Damage to soft storey for Izmit Earthquake (Yalova-Gölcük),1999. 

              

       c) Soft-story apartment collapsed due to the Northridge earthquake, 1994 



 12 

             

d) Soft-story building in 2001 Bhuj Earthquake 

Fig.2.5: Consequences of open ground storeys in RC frame buildings 

 

2.3       Retrofit Schemes 

Seismic retrofitting is the modification of existing structures to make them more 

resistant to seismic activity, ground motion, or soil failure due to earthquakes. With 

better understanding of seismic demand on structures and with our recent 

experiences with large earthquakes near urban centers, the need of seismic 

retrofitting is well acknowledged. Seismic retrofitting is predominantly concerned 

with structural improvements to reduce the seismic hazard of the structures, it is 

equally essential to reduce the hazards and losses from the damage of the non-

structural elements. It is also important to keep in mind that there is no such thing as 

an earthquake-proof structure, although seismic performance can be greatly 

enhanced through proper initial design or subsequent modifications. 

Many seismic retrofit (or rehabilitation) strategies have been developed in the past 

few decades following the introduction of new seismic provisions and the 

availability of advanced materials (e.g. fiber-reinforced polymers, FRP, fiber 

reinforced concrete and high strength steel). Retrofit strategies are different from 

retrofit techniques, where the former is the basic approach to achieve an overall 

retrofit performance objective, such as increasing strength, increasing deformability, 

reducing deformation demands while the latter is the technical methods to achieve 

that strategy. Seismic retrofit strategies may have the following forms: 
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 Increasing the global capacity (strengthening). This is typically done by the 

addition of cross braces or new structural walls. 

 Reduction of the seismic demand by means of supplementary damping and/or 

use of base isolation systems. 

 Increasing the local capacity of structural elements. This strategy recognizes the 

inherent capacity within the existing structures, and therefore adopt a more cost-

effective approach to selectively upgrade local capacity (deformation/ductility, 

strength or stiffness) of individual structural components. 

 Selective weakening retrofit. This is a counter intuitive strategy to change the 

inelastic mechanism of the structure, whilst recognizing the inherent capacity of 

the structure.  

Seismic retrofit becomes necessary not only in soft story buildings but in any 

building if it is shown that, through a seismic performance evaluation, the building 

does not meet minimum requirements up to the current building code and may 

suffer severe damage or even collapse during a seismic event. 

Common Seismic Retrofit Techniques  

Seismic retrofit techniques depends on to its relative ease ,and lower overall project  

and most importantly effectiveness compared to other techniques for a specific  

project. For a given project more than one technique can also be suitable and 

sometimes it could be just one solution available to fulfill the purpose properly. 

Some of the commonly used seismic retrofit techniques are given below.    

 

 External Post-tensioning 

 Base isolators 
 Supplementary Dampers 

 Tuned mass dampers 
 Active Control System 

 Adhoc Addition of Structural Support/Reinforcement 
 Exterior concrete columns 

 Infill shear trusses 
 Massive exterior structure 
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 Seismic Jacketing 
o Steel Jacketing 

o FRP Jacketing 
 

Some examples of retrofitting are given below. 

                    

            Coupled steel plate shear walls, Seattle                           Base isolator  

 

                    

           

 

 

 

Exterior Shear Truss in University           
of California dormitory, Berkeley. 

 Confinement with FRP 
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              Fig.2.6: Retrofitting procedure of existing structures 

 

2.4      Summary 

Diffrenet description of Soft Storey as per various national design codes have been 

studied in this chapter. The problem of soft storey buildings is discussed and their 

performances during past earthquakes have been noted. Seismic retrofit strategy and 

common forms of seismic retrofitting techniques are also reflected here. Among 

many retrofitting techniques, the selection of FRP and its advantages are to be 

studied in the next chapter. After defining the FRP Confined Concrete Model, 

pushover analysis will be performed based on that model for the purpose of 

improved seismic performances of buildings.  

 

 

 

X-braced friction damper in Harry 
Stevens building, Canada. 

External bracing of an existing   
reinforced concrete parking 
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C h a p t e r  3  

RETROFITTING BY FRP WRAPS 

 

3.1 General 

FRP is the short form of Fiber Reinforced Polymer (also fibre-reinforced plastic),a 

composite material made of a polymer matrix reinforced with fibres. The fibers are 

usually fiberglass, carbon, or aramid, while the polymer is usually an epoxy, 

vinylester or polyester thermosetting plastic. FRPs are commonly used in the 

aerospace, automotive, marine, and construction industries.  

The fibers constituting the reinforcement elements having high strength properties 

and determining the mechanical behavior of composites, while, the matrix have the 

function of bonding the fiber and to guarantee the adhesion between the 

reinforcement and the support and, consequently, the transmission of the stress from 

the support to the reinforcement. The resulting material a combination of  high 

strength and stiffness characteristics with excellent characteristics of lightness and 

durability. 

 

 

 

 
 

 

Fig.3.1: Typical composition of FRP materials. 

  

 

 

 

 
 

Fig.3.2: FRP Sheets 
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Fig.3.3: Implementation of the sheet with polymer 

There are basically two types of commonly used FRP; CFRP (Carbon Fiber 

Reinforced Polymer) and GFRP (Glass Fiber Reinforced Polymer). Each of these 

two has its own advantages and disadvantages over the others and can be used 

extensively based on their properties for various structural requirements. 

CFRP confined concrete can achieve more strength but ductility is more improved 

by GFRP wraps. This fact has been confirmed by many laboratory tests and leading 

manufacturer like BASF of Germany also confirms through their experiment. 

 

Fig.3.4: Comparison between the behaviors of different types of FRP 
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3.1.1   Advantages of FRP for retrofitting 

Fiber reinforced polymer (FRP) composites have found increasingly wide 

applications in civil engineering due to their high strength-to-weight ratio and high 

corrosion resistance. One important application of FRP composites is as wraps or 

jackets for the confinement of reinforced concrete (RC) columns for enhanced 

strength and ductility. In FRP-confined concrete, the FRP is principally loaded in 

hoop tension while the concrete is loaded in triaxial compression, so that both 

materials are used to their best advantages. Both the strength and the ultimate strain 

of concrete can be greatly enhanced as a result of FRP confinement, while the high 

tensile strength of FRP can be fully utilized. Instead of the brittle behavior exhibited 

by both materials, FRP-confined concrete possesses greatly enhanced ductility. 

From the seismic standpoint, FRP strengthening could be regarded as a selective 

intervention technique that could allow: 

a) Increasing the flexural capacity of deficient members, through the application of 

composites with the fibers placed parallel to the element axis 

b) Increasing the shear strength through the application of composites with the 

fibers placed transversely to the element axis 

c) Increasing the ductility of critical zones of beams and columns through FRP 

wrapping (confinement); 

e) Preventing buckling of longitudinal rebars under compression through FRP 

wrapping. 

f) Increasing the tensile strength of the panels of partially confined beam-column 

joints through the application of composites with the fibers placed along the 

principal tensile stresses. 

The driving principles of the FRP intervention strategies should be: 

a) All potential brittle collapse mechanisms should be eliminated: failures such as 

shear, loss lap splice, bar buckling and joint shear should be prevented 

b) The global deformation capacity of the structure should be enhanced by 

confining adequately through an FRP wrapping in the relevant regions of potential 

plastic hinge formation. 



 19 

Compared to conventional techniques, retrofitting by FRP has many advantages. It 

is easier and quicker to implement, adds virtually no weight to the existing 

structure, has minimal aesthetic impact and is corrosion-resistant. 

Many effective retrofit systems such as Braced friction damper, External bracing, 

Exterior Shear Truss or even Coupled steel plate shear walls require additional 

space and moreover these interfere largely on the aesthetic of existing building as 

shown in Fig. 2.6 at Chapter-2. These systems also impose considerably large 

amount of weight on the foundation of existing structure. On the other hand FRP 

jackets or wraps do not have this kind of problems and furthermore FRP materials 

are relatively thin in their application and hence ideal for areas with limited access, 

such as applications above drop ceilings or within floor slabs. They are relatively 

easy to install with minimal invasive modifications to the existing structures. In the 

figure below shows FRP Jacketing in some structures for the purpose of seismic 

performance enhancement. 

        

                 Barnes, India                                 Office Building Koohe-Noor, Iran  

Fig.3.5: Application of FRP Wraps for seismic retrofitting 

 

3.2      FRP Confined Concrete Model 

Although FRP retrofitting has many advantages, in practical applications, reliable 

design of FRP jackets is only possible if the stress–strain behavior of FRP-confined 

concrete is well understood and accurately modeled. In early studies of FRP retrofit 

of RC columns, the stress–strain model of Mander et al. (1988) for steel-confined 

concrete was directly used in the analysis of FRP-confined concrete columns. 
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Subsequent studies however showed that this direct use is inappropriate. This is 

because in Mander et al.’s (1988) model, a constant confining pressure is assumed, 

which is the case for steel-confined concrete when the steel is in plastic flow, but 

not the case for FRP-confined concrete. Consequently, many studies have been 

carried out on FRP-confined concrete in the past few years, resulting in a large 

number of stress–strain models of different levels of sophistication. Nevertheless, 

existing work on FRP-confined concrete in rectangular sections is still limited, as 

most work has been concerned with concrete in FRP-confined circular sections 

where confinement is uniform when the concrete is subject to axial compression 

alone. 

For FRP-confined rectangular sections, Lam and Teng’s stress–strain model for 

FRP-confined concrete appears to be the very suitable model for use in design, as it 

takes a simple form but captures the main characteristics of the stress–strain 

behavior of concrete confined by different types of FRP. Also among many other 

FRP-Confined concrete models this model tend to be the more accurate in 

comparison to practical specimen test.  

To assess the performance of existing analysis-oriented stress– strain models, their 

predictions are compared with results from tests of GFRP-wrapped concrete 

cylinders (152 mm in diameter 3305 mm in height) recently conducted by the Lam 

and Teng which is shown in Fig.3.6, where the test data are shown as light solid 

lines. This test was carefully conducted with hoop strains measured at eight points 

around a circumference (Lam and Teng, 2004). The hoop strains used for 

comparison here were averaged from strains measured outside the 150 mm 

overlapping zone. These test results have not been used in developing any of the 

existing stress–strain models, so they provide an independent assessment of their 

performance. From the figure it is understandable that among many other models 

Lam & Teng’s model for confined concrete is one of the most accurate with respect 

to the test data.  
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Fig.3.6: Performance of design-oriented models using test fiber reinforced polymer 
hoop rupture strain (Lam and Teng 2004). 
 

This model also considers shape factors very effectively. This model is a simple 

modification of Lam and Teng’s stress–strain model for FRP-confined concrete in 

circular sections. In Lam and Teng’s model (Fig.3.7), the stress–strain curve of 

FRP-confined concrete is approximated using a parabolic first portion and a linear 

second portion, as described by the following equations:  

                        휎 = 퐸 ε − ( )ε       For     0 ≤ ε ≤ ε  

And 

휎 = 푓′ + 퐸 ε                                     For    ε ≤ ε ≤ ε  

Where, 

퐸 = ( )        

                         ε =
( )
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Here σc and εc   are the axial (compressive) stress and strain of confined concrete; 

Ec and f’co are the initial elastic modulus and the compressive strength of 

unconfined concrete, respectively; E2 is the slope of the straight line that intercepts 

the stress axis at   f’c = f’co   (Fig. 3.7);    is the axial strain of concrete at which the 

parabolic first portion meets the linear second portion with a smooth transition. 

 

Fig.3.7: Lam and Teng’s stress–strain model for FRP-confined concrete 

 

In equation,  f’cc  and εcu are the compressive strength and ultimate compressive 

strain of FRP-confined concrete according this model can be obtained from the 

following equations. 

= 1+ 3.3ks1  

= 1.75+ 12ks2   ( , ) .  

In the above mentioned equations, εcu is the axial strain at peak stress of unconfined 

concrete, taken as 0.002, is the FRP hoop rupture strain; f’1 is the equivalent 

confining pressure, defined as follows; and ks1 and ks2 are the shape factors for 

strength and ultimate strain, respectively. 

In circular cross-sections, the confining pressure is uniform around the 

circumference. Conversely, in rectangular sections, the confining pressure is non-
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uniform and is larger in the corner regions, so that only a portion of the section is 

effectively confined (Fig.3.8). The equivalent confining pressure of the FRP jacket 

for a rectangular cross-section of dimensions B and D (Where, D>B) is defined as 

the confining pressure provided by an FRP jacket of the same thickness to a circular 

section with an equivalent diameter. 

 

Fig.3.8: Confinement action in rectangular columns. 

This equivalent diameter is taken as the length of the diagonal of the rectangular 

section, i.e.  √(D2 + B2).  The equivalent confining pressure, f’1 is then given by 

푓 = ,

√
  

Here, Efrp is the elastic modulus of the FRP. 

The shape factors, ks1 and ks2, are to account for the effect of the cross-sectional 

shape on the compressive strength and ultimate compressive strain of confined 

concrete. The shape factor for strength, ks1 and the shape factor for strain, ks2 is 

given by  

         퐾 = ( )   

         퐾 = ( ) .   

 

Where Ae is the area of the effectively-confined concrete and Ac is the total area of 

concrete enclosed by the FRP jacket. In Lam and Teng’s model, Ae is the area 
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contained by four second degree parabolas as shown in Fig. 3.7. These parabolas 

have the initial tangents coinciding with the adjacent diagonal lines, rather than 

having them at a fixed angle of 45 degree to the section sides. Consequently, the 

effective confinement area ratio, Ae/Ac, is expressed by 

=
( ) ( )

  

Where Ag is the gross area of the section, psc is the cross-sectional area ratio of 

longitudinal steel and Rc is the radius of the rounded corners. Corner rounding is 

generally required for the FRP jacketing of rectangular columns to reduce the 

detrimental effect of a sharp corner on the tensile rupture strength of the FRP and to 

improve the effectiveness of confinement. 

It should be noted that this model of Lam and Teng is valid only if the FRP jacket 

provided ensures that,   ks1 f’co / f’co ≥ 0.07 ; otherwise no strength enhancement 

should be assumed. 

 

3.3 Calculation of the property of FRP Confined Concrete  

A sample calculation using Lam and Teng’s Model for  FRP confined concrete is shown 
below. 

 Input (Variables): 

Short Length of Member, B= 500mm 

Long Length of Member, D= 300mm 

Radius of Rounded Corners, Rc= 50mm 

Cross-sectional area ratio of longitudinal steel, psc = 0.002 

Axial strain at peak stress of unconfined concrete, εco = 0.002 

Compressive strength of unconfined concrete,  f’co = 28 N/mm2 

Elastic modulus of the FRP, Efrp = 250000 N/mm2 

FRP hoop rupture strain, εh,rup = 0.00913 

FRP Layer thickness, t =  2.5mm 
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 The FRP Confined Concrete Properties are defined as follows: 

The shape factor for strength, ks1= 0.2297 

The shape factor for strain, ks2= 0.823 

Gross concrete cross-sectional area, Ag= 150000 mm2 

Effective confinement area ratio, Ae /Ac = 0.638 

Equivalent confining pressure, f1 = 22.825 N/mm2 

Ratio of axial strain of FRP confined & unconfined concrete, εcu 

/ εco = 
57.61  

Ratio of compressive strength of  FRP confined & unconfined 
concrete, f’cc / f’co = 1.618  

Axial strain of FRP confined concrete, εcu = 0.115 

Compressive strength FRP confined concrete,  f’cc= 45.30 N/mm2 

 

From the above calculation by using Lam and Teng’s stress–strain model for FRP-

confined concrete, it has been found that for a column section of 300mm by 

500mm having unconfined concrete axial strain of 0.002 and concrete 

compressive strength of 28 N/mm2 can be increased to concrete axial strain of  

0.115 and compressive strength of  45.30 N/mm2 for the same given section by 

using FRP wraps.  

The increased FRP confined concrete stress and strain are used to model the FRP 

confined concrete to be applied in columns for predicting the seismic behavior of 

retrofitted structure.  
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C h a p t e r  4  

CONCEPT OF SEISMIC PERFORMANCE EVALUATION OF STRUCTURES 

4.1 Introduction 

The essence of virtually all seismic evaluation procedures is a comparison between 

some measures of the “demand” that earthquake place on structure to a measure of 

the “Capacity” of the building to resist. Traditional design procedures characterize 

demand and capacity as forces. Base shear (total horizontal force at the lowest level 

of the building) is the normal parameter that is used for this purpose. The engineer 

calculates the base shear demand that would be generated by a given earthquake, or 

intensity of ground motion, and compares this to the base shear capacity of the 

building. The capacity of the building is an estimate of a base shear that would be 

“acceptable.” If the building were subjected to a force equal to its base shear 

capacity some deformation and yielding might occur in some structural elements, 

but the building would not collapse or reach an otherwise undesirable overall level 

of damage. If the demand generated by the earthquake is less that the capacity then 

the design is deemed acceptable. 

The first formal seismic design procedures recognized that the earthquake 

accelerations would generate forces proportional to the weight of the building. Over 

the years, empirical knowledge about the actual behavior of real structures in 

earthquakes and theoretical understanding of structural dynamics advanced. The 

basic procedure was modified to reflect the fact that the demand generated by the 

earthquake accelerations was also a function of the stiffness of the structure.  

Engineers also began to recognize the inherently better behavior of some buildings 

over others. Consequently, that reduced seismic demand based on the characteristics 

of the basic structural material and system. The motivation to reduce seismic 

demand for design came because engineers could not rationalize theoretically how 

structures resisted the forces generated by earthquakes. This was partially the result 

of their fundamental assumption that structures resisted loads linearly without 

yielding or permanent structural deformation. 
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An important measure-the capacity of a structure to resist seismic demand- is a 

property known as ductility. Ductility is the ability to deform after yielding without 

failing abruptly. A ductile system deforms permanently way beyond its initial yield. 

This property is a critical component of structural capacity for structure subjected to 

earthquake load. 

Instead of comparing forces, nonlinear static procedures use displacements to 

compare seismic demand to the capacity of a structure. This approach included 

consideration of the ductility of the structure on an element by element basis. The 

inelastic capacity of a building is then a measure of its ability to dissipate 

earthquake energy. The current trend in seismic analysis is toward these simplified 

inelastic procedures. 

The recommended central methodology is on the formulation of inelastic capacity 

curve for the structure. This curve is a plot of the horizontal movement of a 

structure as it is pushed to one side. Initially the plot is a straight line as the structure 

moves linearly. As the parts of the structure yield the plot begins to curve as the 

structure softens. The engineers generate this curve by building a model of the 

entire structure from nonlinear representations of all of its elements and 

components. Most often this is accomplished with a computer and structural 

analysis software. The engineer specifies forces and displacement characteristics for 

each piece of the structure resisting the earthquake demand. These pieces are 

assembled geometrically to represent the complete lateral load resisting system. The 

resulting model is subjected to increasing increment of load in a pattern determined 

by its dynamic properties. The corresponding displacements define the inelastic 

capacity curve of the building. The generation of the capacity curve defines the 

capacity of the building uniquely and independently of any specific seismic 

demand. In this sense it replaces the base shear capacity of conventional procedures. 

When an earthquake displace the building laterally, its response is represented by a 

point on this curve. A point on the curve defines a specific damage state of the 

building, since the deformation of its entire components can related to the global 

displacement of the structure.   

The capacity of a particular building and the demand imposed upon it by a given 

earthquake motion are not independent. One source of this mutual dependence is 

evident from the capacity curve itself. As the demand increases the structure 
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eventually yields and, as its stiffness decreases, its period lengthens. Since the 

seismic accelerations depend on period, demand also changes as the structure 

yields. Another source of mutual dependence between capacity and demand is 

effective damping. As building yields in response to seismic demand, it dissipates 

energy with hysteretic damping. Building that have large, stable hysteretic loops 

during cyclic yielding dissipate more than those with pinched loops cause by 

degradation of strength and stiffness. Since the energy that is dissipated need not be 

stored in the structure, the damping has the effect of diminishing displacement 

demand.  

4.2 Structural Performance Levels and Ranges 

Building performances can be described qualitatively in terms of the safety afforded 

by the building to the occupants during and after the event; the cost and feasibility 

of restoring the building to pre-earthquake condition; the length of time the building 

is removed from service to effect repairs; and economic, architectural, or historic 

impacts on the larger community. These performance characteristics are directly 

related to the extent of damage that would be sustained by the building. 

The Federal Emergency Management Agency in its report ‘Pre-standard and 

Commentary for the Seismic Rehabilitation of Buildings(FEMA-356, 2002) defines 

the structural performance level of a building to be selected from four discrete 

structural performance levels and two intermediate structural performance ranges. 

The discrete Structural Performance Levels are  

 Immediate Occupancy (S-1),  

 Life Safety (S-3),  

 Collapse Prevention (S-5), and  

 Not Considered (S-6).  

The intermediate Structural Performance Ranges are the  

 Damage Control Range (S-2) and the  

 Limited Safety Range (S-4) 

The definition of these performance ranges are given by FEMA( FEMA-356, 2002).  

Acceptance criteria for performance within the Damage Control Structural 

Performance Range may be obtained by interpolating the acceptance criteria 

provided for the Immediate Occupancy and Life Safety Structural Performance 



 29

Levels. Acceptance criteria for performance within the Limited Safety Structural 

Performance Range may be obtained by interpolating the acceptance criteria 

provided for the Life Safety and Collapse Prevention Structural Performance 

Levels. The performance levels and ranges are, as per FEMA(FEMA-356,2002), are 

described is the sections that follow. 

4.2.1 Immediate Occupancy Structural Performance Level(S-1) 

Structural Performance Level S-1, Immediate Occupancy, may be defined as the 

post-earthquake damage state of a structure that remains safe to occupy, essentially 

retains the pre-earthquake design strength and stiffness of the structure, and is in 

compliance with the acceptance criteria specified in this standard for this Structural 

Performance Levels defined in Table 4.1 to Table 4.3 

Structural Performance Level S-1, Immediate Occupancy, means the post-

earthquake damage state in which only very limited structural damage has occurred. 

The basic vertical- and lateral-force-resisting systems of the building retain nearly 

all of their pre-earthquake strength and stiffness. The risk of life-threatening injury 

as a result of structural damage is very low, and although some minor structural 

repairs may be appropriate, these would generally not be required prior to re-

occupancy. 

4.2.2 Damage Control Structural Performance Range (S-2) 

Structural Performance Range S-2, Damage Control, may be defined as the 

continuous range of damage states between the Life Safety Structural Performance 

Level (S-3) and the Immediate Occupancy Structural Performance Level (S-1) 

defined in Table 4.1 to Table 4.3. 

Design for the Damage Control Structural Performance Range may be desirable to 

minimize repair time and operation interruption, as a partial means of protecting 

valuable equipment and contents, or to preserve important historic features when 

the cost of design for immediate occupancy is excessive. 

4.2.3 Life Safety Structural Performance Level (S-3) 

Structural Performance Level S-3, Life Safety, may be defined as the post-

earthquake damage state that includes damage to structural components but retains a 

margin against onset of partial or total collapse in compliance with the acceptance 
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criteria specified in FEMA(FEMA-356, 2002) for this Structural Performance Level 

defined in Table 4.1 to Table 4.3. 

Structural Performance Level S-3, Life Safety, means the post-earthquake damage 

state in which significant damage to the structure has occurred, but some margin 

against either partial or total structural collapse remains. Some structural elements 

and components are severely damaged, but this has not resulted in large falling 

debris hazards, either within or outside the building. Injuries may occur during the 

earthquake; however, the overall risk of life-threatening injury as a result of 

structural damage is expected to be low. It should be possible to repair the structure; 

however, for economic reasons this may not be practical. While the damaged 

structure is not an imminent collapse risk, it would be prudent to implement 

structural repairs or install temporary bracing prior to re-occupancy. 

4.2.4 Limited Safety Structural Performance Range (S-4) 

Structural Performance Range S-4, Limited Safety, may be defined as the 

continuous range of damage states between the Life Safety Structural Performance 

Level (S-3) and the Collapse Prevention Structural Performance Level (S-5) defined 

in Table 4.1 to Table 4.3. 

4.2.5 Collapse Prevention Structural Performance Level (S-5) 

Structural Performance Level S-5, Collapse Prevention, may be defined as the post-

earthquake damage state that includes damage to structural components such that 

the structure continues to support gravity loads but retains no margin against 

collapse in compliance with the acceptance criteria specified FEMA(FEMA-356, 

2002) for this Structural Performance Level defined in Table 4.1 to Table 4.3. 

Structural Performance Level S-5, Collapse Prevention, means the post-earthquake 

damage state in which the building is on the verge of partial or total collapse. 

Substantial damage to the structure has occurred, potentially including significant 

degradation in the stiffness and strength of the lateral-force resisting system, large 

permanent lateral deformation of the structure, and—to a more limited extent—

degradation in vertical-load-carrying capacity. However, all significant components 

of the gravity load resisting system must continue to carry their gravity load 

demands. Significant risk of injury due to falling hazards from structural debris may 
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exist. The structure may not be technically practical to repair and is not safe for re-

occupancy, as aftershock activity could induce collapse. 

4.3 Target Building Performance Levels 

Building performance is a combination of the both structural and nonstructural 

components. Tables 4.1, Table 4.2 and Table 4.3 (FEMA-356, 2002) describe the 

approximate limiting levels of structural damage that may be expected of building 

evaluated to the levels defined for a target seismic demand. These tables represent 

the physical states of mathematical calculation of different performance levels.  

Table 4.1: Damage Control and Building Performance Levels (FEMA-356, 2002)  

 Target Building Performance Levels 
Collapse Prevention 
Performance Level      

Life Safety  Performance 
Level 

 

Immediate Occupancy 
Performance Level      

Operational Performance 
Level 

 
Overall Damage Severe Moderate Light Very Light 
General Little residual stiffness 

and strength, but load-
bearing columns and 
walls function. Large 
permanent drifts. Some 
exits blocked. Infills and 
unbraced parapets failed 
or at incipient failure. 
Building is near collapse 

Some residual strength 
and stiffness left in all 
stories. Gravity-load-
bearing elements 
function. No out-of-plane 
failure of walls or tipping 
of parapets. Some 
permanent drift. Damage 
to partitions. Building 
may be beyond 
economical repair. 

No permanent drift. 
Structure substantially 
retains original strength 
and stiffness. Minor 
cracking of facades, 
partitions, and ceilings as 
well as structural 
elements. Elevators can 
be restarted. Fire 
protection operable. 

No permanent drift. 
Structure substantially 
retains original strength 
and stiffness. Minor 
cracking of facades, 
partitions, and ceilings as 
well as structural 
elements. All systems 
important to normal 
operation are functional. 

Nonstructural 
components 

Extensive damage Falling hazards mitigated 
but many architectural, 
mechanical and electrical 
systems are damaged. 

Equipment and contents 
are generally secure, but 
may not operate due to 
mechanical failure or 
lack of utilities. 

Negligible damage 
occurs. Power and other 
utilities as available, 
possibly from standby 
sources. 

Comparison 
with 
performance 
intended for 
buildings 
designed under 
the NEHRP 
Provisions, for 
the Design 
Earthquake 

Significantly more 
damage and greater risk. 

Somewhat more damage 
and slightly higher risk. 

Less damage and lower 
risk. 

Much less damage and 
lower risk. 

 
Table 4.2: Structural Performance Levels and Damage1.2.3 – Vertical Elements (FEMA-356, 
2002) 

 Structural Performance Levels 
  Collapse Prevention Life Safety  Immediate Occupancy 
Elements Type S-5 S-3 S-1 
Concrete Frames Primary Extensive cracking and 

hinge formation in 
ductile elements. Limited 
cracking and/or splice 
failure in some non-
ductile columns. Severe 
damage in short columns 

Extensive damage to 
beams. Spalling of cover 
and shear cracking 
(<1/8” width) for ductile 
columns. Minor spalling 
in non-ductile columns. 
Joint cracks <1/8” wide. 

Minor hairline cracking. 
Limited yielding possible 
at a few locations. No 
crushing (strains below 
0.003). 

 Secondary Extensive spalling in 
columns (limited 
shortening) and beams. 
Severe joint damage. 
Some reinforcing 
buckled 

Extensive cracking and 
hinge formation in 
ductile elements. Limited 
cracking and/or splice 
failure in some 
nonductile columns. 
Severe damage in short 

Minor spalling in non-
ductile columns and 
beams. Flexural cracking 
in beams and columns. 
Shear cracking in Joint 
<1/6” width. 
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 Structural Performance Levels 
  Collapse Prevention Life Safety  Immediate Occupancy 
Elements Type S-5 S-3 S-1 

columns 
 Drift 4% transient or 

permanent 
2% transient; 1% 
permanent` 

1% transient; negligible 
permanent 

Steel Moment 
Frames 

Primary Extensive distortion of 
beams and column 
panels. Many fractures at 
moment connections, but 
shear connections remain 
intact 

Hinges form. Local 
bucking of some beam 
elements. Severe joint 
distortion; isolated 
moment connection 
fractures, but shear 
connections remain 
intact. A few elements 
may intact. A few 
elements may experience 
partial fracture. 

Minor or local yielding at 
a few places. No 
fractures. Minor buckling 
or observable permanent 
distortion of members. 

 Secondary Same as primary Extensive distortion of 
beams and column 
panels. Many fractures at 
moment connections, but 
shear connections remain 
intact 

Same as primary 

 Drift 5% transient or 
permanent 

2.5% transient; 1% 
permanent 

0.7% transient; negligible 
permanent 

Braced Steel 
Frames 

Primary Extensive yielding and 
buckling of braces. Many 
braces and their 
connections may fail. 

Many braces yield or 
buckle but do not totally 
fail. Many connections 
may fail 

Minor yielding or 
buckling of braces. 

 Secondary Same as primary Same as primary Same as primary 
 Drift 2% transient or 

permanent 
1.5% transient; 0.5% 
permanent 

0.5% transient; negligible 
permanent 

Concrete Walls Primary Major flexural and shear 
cracks and voids. Sliding 
at joints. Extensive 
crushing and buckling of 
reinforcement. Failure 
around openings. Severe 
boundary element 
damage. Coupling beams 
shattered and virtually 
disintegrated. 

Some boundary element 
stress, including limited 
buckling of 
reinforcement. Some 
sliding at joints. Damage 
around openings. Some 
crushing and flexural 
cracking. Coupling 
beams: extensive shear 
and flexural cracks; some 
crushing, but concrete 
generally remains in 
place. 

Minor hairline cracking 
of walls, <1/16” wide. 
Coupling beams 
experience cracking 
<1/8” width. 

 Secondary Panels shattered and 
virtually disintegrated 

Major flexural and shear 
cracks. Sliding at joints. 
Extensive crushing. 
failure around openings. 
Severe boundary element 
damage. Coupling beams 
shattered and virtually 
disintegrated. 

Minor hairline cracking 
of walls. Some evidence 
of sliding at construction 
joints. Coupling beams 
experience cracks <1/8” 
width. Minor spalling. 

 Drift 2% transient or 
permanent 

1% transient; 0.5% 
permanent 

0.5% transient; negligible 
permanent 

Un-reinforced 
Masonry Infill 
Walls 

Primary Extensive cracking and 
crushing; portions of face 
course shed 

Extensive cracking and 
some crushing but wall 
remains in place. No 
falling units. Extensive 
crushing and spalling of 
veneers at corners of 
openings. 

Minor (<1/8” width) 
cracking of masonry 
infills and veneers. Minor 
spalling in veneers at a 
few corner openings. 

 Secondary Extensive crushing and 
shattering; some walls 
dislodge. 

Same as primary Same as primary 

 Drift 0.6% transient or 
permanent 

0.5% transient; 0.3% 
permanent 

0.1% transient; negligible 
permanent 

Un-reinforced 
Masonry 
(Noninfill) 
Walls 

Primary Extensive cracking; face 
course and veneer may 
peel off. Noticeable in 
plane and out-of-plane 
offsets 

Extensive cracking. 
Noticeable in-plane 
offsets of masonry and 
minor out-of-plane 
offsets 

Minor (<1/8” width) 
cracking of veneers. 
Minor spalling in veneers 
at a few corner openings. 
No observable out-of-
plane offsets. 

 Secondary Nonbearing panels Same as primary Same as primary 
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 Structural Performance Levels 
  Collapse Prevention Life Safety  Immediate Occupancy 
Elements Type S-5 S-3 S-1 

dislodge 
 Drift 1% transient or 

permanent 
0.6% transient; 0.6% 
permanent 

0.3% transient; 0.3% 
permanent 

Reinforced 
Masonry Walls 

Primary Crushing; extensive 
cracking. Damage around 
openings and at corners. 
Some fallen units 

Extensive cracking 
(<1/4”) distributed 
throughout wall. Some 
isolated crushing 

Minor (<1/8” width) 
cracking. No  out-of-
plane offsets. 

 Secondary Panels shattered and 
virtually disintegrated 

Crushing; extensive 
cracking. Damage around 
openings and at corners. 
Some fallen units 

Same as primary 

 Drift 1.5% transient or 
permanent 

0.6% transient; 
0.6% permanent 

0.2% transient; 
0.2% permanent 

Wood Stud 
Walls 

Primary Connections loose. Nails 
partially withdrawn. 
Some splitting of 
members and panels. 
Veneers dislodged 

Moderate loosening of 
connections and minor 
splitting of members 

Distributed minor 
hairline cracking of 
gypsum and plaster 
veneers. 

 Secondary Sheathing sheared off. 
Let in braces fractured 
and buckled. Framing 
split and fractured 

Connections loose. Nails 
partially withdrawn. 
SOme splitting of 
members and panels. 

Same as primary 

 Drift 3% transient or 
permanent 

2% transient; 
1% permanent 

1% transient;8 
0.25% permanent 

Precast Concrete 
Connections 

Primary Some connection failures 
but no elements 
dislodged 

Local crushing and 
spalling at connections, 
but no gross failure of 
connections. 

Minor working at 
connections; cracks 
<1/16” width at 
connections. 

 Secondary Same as primary Some connection failures 
but no elements 
dislodged 

Minor crushing and 
spalling at connections 

Foundations General Major settlement and 
tilting 

Total settlements <6” and 
differential settlements 
<1/2” in 30ft. 

Minor settlement and 
negligible tilting. 

 
1. Damage states indicated in this table are provided to allow an understanding of the severity of damage that may be 

sustained by various structural elements when present in structures meeting the definitions of the Structural 
Performance Levels. These damage states are not intended for use in post-earthquake evaluation of damage or for 
judging the safety of, or required level of repair to, a structure following an earthquake. 

 
2. Drift values, differential settlements, crack widths, and similar quantities indicated in these tables are not intended to 

be used as acceptance criteria for evaluating the acceptability of a rehabilitation design in accordance with the 
analysis procedures provided in this standard; rather, they are indicative of the range of drift that typical structures 
containing the indicated structural elements may undergo when responding within the various Structural Performance 
Levels. Drift control of a rehabilitated structure may often be governed by the requirements to protect nonstructural 
components. Acceptable levels of foundation settlement or movement are highly dependent on the construction of the 
superstructure. The values indicated are intended to be qualitative descriptions of the approximate behavior of 
structures meeting the indicated levels. 

 
3. For limiting damage to frame elements of in-filled frames, refer to the rows for concrete or steel frames. 

 
Table 4.3: Structural Performance Levels and Damage1.2 – Horizontal Elements(FEMA-356, 2002) 

 Structural Performance Levels 
 Collapse Prevention Life Safety Immediate Occupancy 
Elements S-5 S-3 S-1 
Metal Deck 
Diaphragms 

Large distortion with buckling of 
some units and tearing of many 
welds and seam attachments 

Some localized failure of welded 
connections of deck to framing and 
between panels. Minor local buckling 
of deck 

Connections between deck 
units and framing intact. 
Minor distortions. 

Wood 
Diaphragms 

Large permanent distortion with 
partial withdrawal of nails and 
extensive splitting of elements 

Some splitting at connections. 
Loosening of sheathing. Observable 
withdrawal of fasteners. Splitting of 
framing and sheathing. 

No observable loosening or 
withdrawal of fasteners. No 
splitting of sheathing or 
framing. 

Concrete 
Diaphragms 

Extensive crushing and observable 
offset across many cracks. 

Extensive cracking (<1/4” width). 
Local crushing and spalling 

Distributed hairline cracking. 
Some minor cracks of larger 
size (<1/8” width). 

Precast 
Diaphragms 

Connections between units fail. 
Units shift relative to each other. 
Crushing and spalling at joints. 

Extensive cracking (<1/4” width). 
Local crushing and spalling. 

Some minor cracking along 
joints. 
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1. Damage states indicated in this table are provided to allow an understanding of the severity of damage that may be 
sustained by various structural elements when present in structures meeting the definitions of the Structural 
Performance Levels. These damage states are not intended for use in post-earthquake evaluation of damage or for 
judging the safety of, or required level of repair to, a structure following an earthquake. 

 
2. Drift values, differential settlements, crack widths, and similar quantities indicated in these tables are not intended to 

be used as acceptance criteria for evaluating the acceptability of a rehabilitation design in accordance with the 
analysis procedures provided in this standard; rather, they are indicative of the range of drift that typical structures 
containing the indicated structural elements may undergo when responding within the various Structural Performance 
Levels. Drift control of a rehabilitated structure may often be governed by the requirements to protect nonstructural 
components. Acceptable levels of foundation settlement or movement are highly dependent on the construction of the 
superstructure. The values indicated are intended to be qualitative descriptions of the approximate behavior of 
structures meeting the indicated levels. 

 

4.4 Response Limit 

To determine whether a building meets a specified performance objective, response 

quantities from a nonlinear analysis are compared with limits given for appropriate 

performance levels (ATC-40, 1996 and FEMA-356, 2002). The response limits fall 

into two categories: 

4.4.1 Global building acceptability limits 

These response limits include requirements for the vertical load capacity, lateral 

load resistance, and lateral drift. Table 4.4 gives the limiting values for different 

performance level. 

a. Gravity Loads 

The gravity load capacity of the building structure must remain intact for acceptable 

performance at any level. Where an element or component loses capacity to support 

gravity loads, the structure must be capable to redistributing its load to other 

elements or components of the existing system. 

b. Lateral Loads 

Some components types are subjected to degrading over multiple load cycles. If a 

significant number of components degrade, the overall lateral force resistance of the 

building may be affected. The lateral load resistance of the building system, 

including resistance to the effects of gravity loads acting through lateral 

displacements, should not degrade by more than 20 percent of the maximum 

resistance of the structure for the extreme case. 

Two effects can lead to loss of lateral load resistance with increasing displacement. 

The first is gravity loads acting through lateral displacements, known as the P- 

effect. The P- effect is most prominent for flexible structures with little 

redundancy and low lateral load strength relative to the structure weight. The 
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second effect is degradation in resistance of individual components of the structure 

under the action of reversed deformation cycles. When lateral load resistance of the 

building degrades with increasing displacement, there is a tendency for 

displacements to accumulate in one direction. This tendency is especially important 

for long-duration events. The following table presents deformation limits of various 

performance levels. Maximum total drift is defined as the inter-story drift at the 

performance point displacement. Maximum inelastic drift is defined as the portion 

of the maximum total drift beyond the effective yield point. For Structural Stability, 

the maximum total drift in story i at the performance point should not exceed the 

quantity 
i

i

P
V

33.0 , where Vi is the total calculated shear force in story i and Pi is the 

total gravity load(i.e. dead plus likely live load) at story i(ATC-40, 1996). 

Table 4.4: Deformation Limits (ATC-40, 1996) 

 Performance Level 

Inter-story Drift Limit Immediate 
Occupancy 

Damage 
Control 

Life Safety Structural 
Stability 

Maximum total drift 0.01 0.01 ~0.02 0.02 

i

i

P
V

33.0  

Maximum inelastic drift 0.005 0.005~0.015 No limit No limit 
 
4.4.2 Element and Component Acceptability Limit 

a. Deformation and Force Controlled Actions 

b

Lateral Deformation
Type 1 curve

a
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l L

oa
d 

go

Q

Q


1
y



Type 3 curve
e d o

3

Type 2 curve
g e

a

 o g 

1,2,3

2

Q

1

2,3

Q

 
Fig. 4.1: Component Force versus Deformation Curves(FEMA-356, 2000) 

 

All structural actions may be classified as either deformation controlled or force-

controlled using the component force versus deformation curves shown in Fig. 4.1. 

The Type 1 curve depicted in Fig. 4.1 is representative of ductile behavior where 

there is an elastic range (point 0 to point 1 on the curve) followed by a plastic range 
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(points 1 to 3) with non-negligible residual strength and ability to support gravity 

loads at point 3. The plastic range includes a strain hardening or softening range 

(points 1 to 2) and a strength-degraded range (points 2 to 3). Primary component 

actions exhibiting this behavior shall be classified as deformation-controlled if the 

strain-hardening or strain-softening range is such that e > 2g; otherwise, they shall 

be classified as force controlled. Secondary component actions exhibiting Type 1 

behavior shall be classified as deformation-controlled for any e/g ratio. The Type 2 

curve depicted in Fig. 4.1 is representative of ductile behavior where there is an 

elastic range (point 0 to point 1 on the curve) and a plastic range (points 1 to 2) 

followed by loss of strength and loss of ability to support gravity loads beyond point 

2. Primary and secondary component actions exhibiting this type of behavior shall 

be classified as deformation-controlled if the plastic range is such that e >2g; 

otherwise, they shall be classified as force controlled. The Type 3 curve depicted in 

Fig. 4.1. is representative of a brittle or non-ductile behavior where there is an 

elastic range (point 0 to point 1 on the curve) followed by loss of strength and loss 

of ability to support gravity loads beyond point 1. Primary and secondary 

component actions displaying Type 3 behavior shall be classified as force-

controlled (FEMA-356, 2000). 

b. Deformation-Controlled and Force- Controlled Behavior 

Acceptance criteria for primary components that exhibit Type 1 behavior are 

typically within the elastic or plastic ranges between points 0 and 2, depending on 

the performance level. Acceptance criteria for secondary elements that exhibit Type 

1 behavior can be within any of the performance ranges. Acceptance criteria for 

primary and secondary components exhibiting Type 2 behavior will be within the 

elastic or plastic ranges, depending on the performance level. Acceptance criteria 

for primary and secondary components exhibiting Type 3 behavior will always be 

within the elastic range. Table 4.5 provides some examples of possible deformation- 

and force-controlled actions in common framing systems.  
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Table 4.5: Examples of Possible Deformation-Controlled and Force-Controlled 
Actions (FEMA-356, 2000) 
Component Deformation-

Controlled Action 
Force-Controlled 
Action 

Moment Frames 
Beam 
Columns 
Joints 

 
Moment (M) 
M 
- 

 
Shear (V) 
Axial load (P), V 
V1 

Shear Walls M, V P 
Braced Frames 
Braces 
Beams 
Columns 
Shear Link 

 
P 
-- 
-- 
V 

 
-- 
P 
P 
P, M 

Connections P, V, M3 P, V, M 
Diaphragms M, V2 P, V, M 
1. Shear may be a deformation-controlled action in steel moment frame 

connection 
2. If the diaphragm carries lateral loads from vertical seismic resisting 

elements above the diaphragm level, then M and V shall be considered 
force-controlled actions. 

3. Axial, shear, and moment may be deformation-controlled actions for certain 
steel and wood connections. 

 

4.5 Acceptability Limit 

A given component may have a combination of both force- and deformation-

controlled actions. Each element must be checked to determine whether its 

individual components satisfy acceptability requirements under performance point 

forces and deformations. Together with the global requirements, acceptability limits 

for individual components are the main criteria for assessing the calculated building 

response.  

 

 

 

 

 

 

Fig. 4.2: Force-deformation action and acceptance criteria 
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The Fig.4.2 (ATC-40, 1996) shows a generalized load – deformation relation 

appropriate for most concrete components. The relation is described by linear 

response from A (unloaded component) to an effective yield point B, linear response 

at reduced stiffness from B to C, sudden deduction in lateral load resistance to D, 

response at reduced resistance to E, and final loss of resistance thereafter. The 

following main points relate to the depicted load-deformation relation: 

 Point A corresponds to the unloaded condition. The analysis must recognize that 

gravity loads may induce initial forces and deformations that should be 

accounted for in the model. Therefore, lateral loading may commence at a point 

other than the origin of the load-deformation relation. 

 Point B has resistance equal to the nominal yield strength. The slope from B to 

C, ignoring the effects of gravity loads acting through lateral displacements, is 

usually taken as between 5% and 10% of the initial slope. This strain hardening, 

which is observed for most reinforce concrete component, may have an 

important effect on the redistribution of internal forces among adjacent 

components. 

 The abscissa at C corresponding to the deformation at which significant strength 

degradation begins. 

 The drop in resistance from C to D represents initial failure of the component.  

 The residual resistance from D to E may be non-zero in some cases and may be 

effectively zero in others. Where specific information is not available, the 

residual resistance usually may be assumed to be equal to 20% of the nominal 

strength. 

 Point E is a point defining the maximum deformation capacity. Deformation 

beyond that limit is not permitted because gravity load can no longer be 

sustained. 

Table 4.6 to Table 4.12 give the acceptance criteria for Nonlinear Procedures for the 

individual components (ATC-40, 1996) used in prepare acceptance model of 

individual structural elements of a structure that is to be evaluated for finding 

seismic performance under this thesis. 
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 Table 4.6: Numerical Acceptance Criteria for Plastic Hinge Rotations in 
Reinforced Concrete Beams, in radians (ATC-40, 1996) 

 

 Performance Level3 

Primary Secondary 
Component Type IO LS SS LS SS 
1. Beams Controlled by Flexure1 

bal
 

 
Transverse 

Reinforcement2 
4

cw fdb
V


 

     

0.0 C 3 0.005 0.020 0.025 0.020 0.050 
0.0 C 6 0.005 0.010 0.020 0.020 0.040 
0.5 C 3 0.005 0.010 0.020 0.020 0.030 
0.5 C 6 0.005 0.005 0.015 0.015 0.020 
0.0 NC 3 0.005 0.010 0.020 0.020 0.030 
0.0 NC 6 0.000 0.005 0.010 0.010 0.015 
0.5 NC 3 0.005 0.010 0.010 0.010 0.015 
0.5 NC 6 0.000 0.005 0.005 0.005 0.010 

2. Beams controlled by shear1 

Stirrup spacing  d/2 0.0 0.0 0.0 0.010 0.02 
Stirrup spacing > d/2 0.0 0.0 0.0 0.005 0.01 
3. Beams controlled by inadequate development or splicing along the span1 

Stirrup spacing  d/2 0.0 0.0 0.0 0.010 0.02 
Stirrup spacing > d/2 0.0 0.0 0.0 0.005 0.01 
4. Beams controlled by inadequate embedment into beam-column joint1 

 0.0 0.01 0.015 0.02 0.03 
1. When more than one of the conditions 1,2,3 and 4 occur for a given component, use the 

minimum appropriate numerical value from the table.  
 
2. Under the heading “transverse reinforcement,” ‘C’ and ‘NC’ are abbreviations for conforming 

and non-conforming details, respectively. A component is conforming if within the flexural 
plastic region: (1) closed stirrup are spaced at d/3 and 2) for components of moderate and 
high ductility demand the strength provided by the stirrup (Vs) is at least three-fourths of the 
design shear. Otherwise, the component is considered non-conforming. 

 
3. Linear interpolation between values listed in the table is permitted. 

IO  = Immediate Occupancy 
LS = Life Safety 
SS = Structural Stability 
 

4. V = Design Shear 
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Table 4.7: Numerical Acceptance Criteria for Plastic Hinge Rotations in 
Reinforced  Concrete Columns, in radians (ATC-40, 1996) 

 
 Performance Level4 

Primary Secondary 
Component Type IO LS SS LS SS 
1. Columns Controlled by Flexure1 

5

cg fA
P


 

Transverse 
Reinforcement2 

6

cw fdb
V


 

     

0.1 C 3 0.005 0.010 0.020 0.015 0.030 
0.1 C 6 0.005 0.010 0.015 0.010 0.025 
0.4 C 3 0.000 0.005 0.015 0.010 0.025 
0.4 C 6 0.000 0.005 0.010 0.010 0.015 
0.1 NC 3 0.005 0.005 0.010 0.005 0.015 
0.1 NC 6 0.005 0.005 0.005 0.005 0.005 
0.4 NC 3 0.000 0.000 0.005 0.000 0.005 
0.4 NC 6 0.000 0.000 0.000 0.000 0.000 

2. Columns controlled by shear1,3 

Hoop spacing d/2, 

or 1.0
cg fA

P
 

0.000 0.000 0.000 0.01 0.015 

Other cases 0.000 0.000 0.000 0.00 0.000 
3. Columns controlled by inadequate development or splicing along the clear height1,3 

Hoop spacing d/2 0.0 0.0 0.0 0.01 0.02 
Hoop spacing >d/2 0.0 0.0 0.0 0.005 0.01 
4. Columns with axial loads exceeding 0.70 1,3 

Conforming reinforcement over the entire length 0.0 0.0 0.005 0.005 0.01 
All other cases 0.0 0.0 0.0 0.0 0.0 
 
1. When more than one of the conditions 1,2,3 and 4 occur for a given component, use the 

minimum appropriate numerical value from the table. See Chapter 9 for symbol definitions. 
 
2. Under the heading “transverse reinforcement,” ‘C’ and ‘NC’ are abbreviations for conforming 

and non-conforming details, respectively. A component is conforming if within the flexural 
plastic hinge region: (1) closed hoops are spaced at d/3 and 2) for components of moderate 
and high ductility demand the strength provided by the stirrup (Vs) is at least three-fourths of 
the design shear. Otherwise, the component is considered non-conforming. 

 
3. To qualify, (1) hoops must not be lap spliced in the cover concrete, and (2) hoops must have 

hooks embedded in the core or must have other details to ensure that hoops will be adequately 
anchored following spalling of cover concrete. 

 
4. Linear interpolation between values listed in the table is permitted. 

IO  = Immediate Occupancy 
LS  = Life Safety 
SS  = Structural Stability 
 

5. P = Design axial load 
 
6. V  = Design shear force 
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Table 4.8: Numerical Acceptance Criteria for Chord Rotations for Reinforced 
Concrete Coupling Beams 
 Performance Level3 

Primary Secondary 
Component Type IO LS SS LS SS 
1. Coupling beams controlled by flexure 

Longitudinal reinforcement and 
transverse reinforcement1 

V 2 

-------- 
bwd’c 

     

Conventional longitudinal 
reinforcement with conforming 
transverse reinforcement 

3 0.006 0.015 0.025 0.025 0.040 

Conventional longitudinal 
reinforcement with conforming 
transverse reinforcement 

6 0.005 0.010 0.015 0.015 0.030 

Conventional longitudinal 
reinforcement with non-
conforming transverse 
reinforcement 

3 0.006 0.012 0.020 0.020 0.035 

Conventional longitudinal  6 0.005 0.008 0.010 0.010 0.025 
 Performance Level3 

Primary Secondary 
Component Type IO LS SS LS SS 
       
reinforcement with non-
conforming transverse 
reinforcement 

      

Diagonal reinforcement N/A 0.006 0.018 0.030 0.030 0.050 
2. Coupling beams controlled by shear 
Longitudinal reinforcement and 
transverse reinforcement1 

V  2 

-------- 
bwd’c 

     

Conventional longitudinal 
reinforcement with conforming 
transverse reinforcement 

3 0.006 0.012 0.015 0.015 0.024 

Conventional longitudinal 
reinforcement with conforming 
transverse reinforcement 

6 0.004 0.008 0.010 0.010 0.016 

Conventional longitudinal 
reinforcement with non- 
conforming transverse 
reinforcement 

3 0.006 0.008 0.010 0.010 0.020 

Conventional longitudinal 
reinforcement with non- 
conforming transverse 
reinforcement 

6 0.004 0.006 0.007 0.007 0.012 

 

1. Conventional longitudinal steel consists of top and bottom steel parallel to the longitudinal 
axis of the beam. The requirements for conforming transverse reinforcement are: (1) closed 
stirrups are to be provided over the entire length of the beam at spacing not exceeding d/3; and 
(2) the strength provided by the stirrups (Vs) should be at least three-fourths of the design 
shear. 

 

2. V = the design shear force on the coupling beam in pounds, bw = the web width of the beam, 
d = the effective depth of the beam and fc’ = concrete compressive strength in psi. 

 

3. Linear interpolation between values listed in the table is permitted. 
IO = Immediate occupancy 
LS = Life Safety 
SS = Structural Stability 
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Table 4.9: Numerical Acceptance Criteria for Reinforced Concrete Column Axial 
Hinge[FEMA-356, 2000] 
 Plastic Deformation1 

Primary Secondary 
Component Type IO LS SS LS SS 
1. Braces in Tension 
(except EBF braces) 

7T 9T 11T 11T 13T 

1 T is the axial deformation at expected tensile yielding load. 
 
Table 4.10: Numerical Acceptance Criteria for Total Shear Angle in Reinforced 
Concrete Beam-Columns Joints, in radians (ATC-40, 1996. 

 

 Performance Level4 

Primary6 Secondary 
Component Type IO LS SS LS SS 
1. Interior joints 

2

cg fA
P


 

Transverse 
Reinforcement1 

3

nV
V  

     

0.1 C 1.2 0.0 0.0 0.0 0.020 0.030 
0.1 C 1.5 0.0 0.0 0.0 0.015 0.020 
0.4 C 1.2 0.0 0.0 0.0 0.015 0.025 
0.4 C 1.5 0.0 0.0 0.0 0.015 0.020 
0.1 NC 1.2 0.0 0.0 0.0 0.015 0.020 
0.1 NC 1.5 0.0 0.0 0.0 0.010 0.015 
0.4 NC 1.2 0.0 0.0 0.0 0.010 0.015 
0.4 NC 1.5 0.0 0.0 0.0 0.010 0.015 

2. Other joints 

2

cg fA
P


 

Transverse 
Reinforcement1 

3

nV
V  

     

0.1 C 1.2 0.0 0.0 0.0 0.015 0.020 
0.1 C 1.5 0.0 0.0 0.0 0.010 0.015 
0.4 C 1.2 0.0 0.0 0.0 0.015 0.020 
0.4 C 1.5 0.0 0.0 0.0 0.010 0.015 
0.1 NC 1.2 0.0 0.0 0.0 0.005 0.010 
0.1 NC 1.5 0.0 0.0 0.0 0.005 0.010 
0.4 NC 1.2 0.0 0.0 0.0 0.000 0.000 
0.4 NC 1.5 0.0 0.0 0.0 0.000 0.000 

1. Under the heading “transverse reinforcement,” ‘C’ and ‘NC’ are abbreviations for conforming and 
non-conforming details, respectively. A joint is conforming if closed hoops are spaced at hc/3 
within the joint. Otherwise, the component is considered non-conforming. Also, to qualify as 
conforming details under condition 2, (1) closed hoops must not be lap spliced in the cover concrete, 
and (2) hoops must have hooks embedded in the core or must have other details to ensure that hoops 
will be adequately anchored following spalling of cover concrete. 

2. The ratio 
cg fA

P


is the ratio of the design axial force on the column above the joint to the product of 

the gross cross-sectional and lateral forces. 
 

3. The ratio V/Vn is the ratio of the design shear force to the shear strength for the joint. 
 
 

4. Linear interpolation between values listed in the table is permitted. 
    IO = Immediate Occupancy 
    LS = Life Safety 
    SS = Structural Stability 
 

5. No inelastic deformation is permitted since joint yielding is not allowed in a conforming building. 



 43

Table 4.11: Numerical Acceptance Criteria for Total Shear Angle in Reinforced 
Concrete Beam-Columns Joints, in radians (ATC-40, 1996) 
  Performance Level4 

Primary Secondary 
Component Type IO LS SS LS SS 
1. Slabs controlled by flexure and slab column connections1 

2

0V
Vg  

Continuity 
Reinforcement3 

     

0.2 Yes 0.01 0.015 0.02 0.030 0.05 
0.4 Yes 0.00 0.000 0.00 0.030 0.04 
0.2 No 0.01 0.015 0.02 0.015 0.02 
0.4 No 0.00 0.000 0.00 0.000 0.00 

2. Slabs controlled by inadequate development or splicing along the span1 
 0.00 0.00 0.000 0.01 0.02 

3. Slabs controlled by inadequate embedment into slab-column joint1 

 0.01 0.01 0.015 0.02 0.03 
1. When more than one of the conditions 1,2,3 and 4 occur for a given component, use the minimum appropriate 

numerical value from the table. 
2. Vg = the gravity shear acting on the slab critical section as defined by ACI 318, Vo = the direct punching shear 

strength as defined by ACI 318. 
3. Under the heading “Continuity reinforcement” assume ‘Yes’ where at least one of the main bottom bars in 

each direction is effectively continuous through the column cage. Where the slab is post-tensioned, assume 
“Yes” where at least one of the post-tensioning tendons in each direction passes through the column cage. 
Otherwise, assume “No.” 

4. Linear interpolation between values listed in the table is permitted. 
IO  = Immediate Occupancy 
LS  = Life Safety 
SS  = Structural Stability 
 

Table 4.12: Numerical Acceptance Criteria for Plastic Hinge Rotations in 
Reinforced Concrete Walls and Wall Segments Controlled by Flexure, in radians 
(ATC-40, 1996) 
 Performance Level4 

Primary6 Secondary 
Component Type IO LS SS LS SS 
1. Walls and wall segments controlled by flexure 

1

)(



cww

ySS

flt

PfAA
 

2


cww flt

V
 

Boundary 
Element3 

     

0.1 3 C 0.005 0.010 0.015 0.015 0.020 
0.1 6 C 0.004 0.008 0.010 0.010 0.015 
0.25 3 C 0.003 0.006 0.009 0.009 0.012 
0.25 6 C 0.001 0.003 0.005 0.005 0.010 
0.1 3 NC 0.002 0.004 0.008 0.008 0.015 
0.1 6 NC 0.002 0.004 0.006 0.006 0.010 
0.25 3 NC 0.001 0.002 0.003 0.003 0.005 
0.25 6 NC 0.001 0.001 0.002 0.002 0.004 

1. As = the cross-sectional area of longitudinal reinforcement in tension, As’ = the cross-sectional area of 
longitudinal reinforcement in compression, fy = yield stress of longitudinal reinforcement, P = axial force 
acting on the wall considering design load combinations, tw = wall web thickness, lw = wall length, and f’c = 
concrete compressive strength. 

2. V = the design shear force acting on the wall, and other variables are as defined above. 
3. The term “C” indicates the boundary reinforcement effectively satisfies requirements of ACI 318.  

The term “NC” indicates the boundary requirements do not satisfy requirements of ACI 318. 
4. Linear interpolation between values listed in the table is permitted. 
5. IO  = Immediate Occupancy 

LS  = Life Safety 
        SS  = Structural Stability  
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4.6 Nonlinear Static (Pushover) Analysis 

An elastic analysis gives a good indication of the elastic capacity of structures and 

indicates where first yielding will occur, it cannot predict failure mechanisms and 

account for redistribution of forces during progressive yielding. Inelastic analyses 

procedures help demonstrate how buildings really work by identifying modes of 

failure and potential for progressive collapse. The use of inelastic procedures for 

design and evaluation is an attempt to help engineers better understand how 

structures will behave when subjected to major earthquakes, where it is assumed 

that the elastic capacity of the structure will be exceeded. This resolves some of 

uncertainties associated with code and elastic procedures. 

Various analytical methods are available, both linear and non-linear for evaluation 

of concrete building. The best basic inelastic method is nonlinear time history 

analysis method. This method is too complicated and considered impractical for 

general use. The central focus of this thesis is to introduce the simplified non-linear 

procedure for the generation of the “pushover” or capacity curve of a structure. This 

represents the plot of progressive lateral displacement as a function of the increasing 

level of force applied to the structure. Pushover analysis is a simplified static non-

linear analysis method which use capacity curve and reduced response spectrum to 

estimate maximum displacement of a building under a given level of earthquake. 

4.7 Procedure to perform simplified Nonlinear Analysis 

Two key elements of a performance-based design procedure are demand and 

capacity. Demand is the representation of the earthquake ground motion. Capacity 

is the representation of the structure’s ability to resist the seismic lateral force. The 

performance is dependent on the manner that the capacity is able to handle the 

demand. In other words, the structure must have the capacity to resist the demands 

of the earthquake such that the performance of the structure is compatible with the 

objectives of the design. 

Simplified nonlinear analysis procedures using pushover methods, such as the 

capacity spectrum method and the displacement coefficient method, require 

determination of three primary elements: capacity, demand (displacement) and 

performance. Each of these elements is briefly discussed below. 
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4.7.1 Capacity 
The overall capacity of a structure depends on the strength and deformation 

capacities of the individual components of the structure. In order to determine 

capacities beyond the elastic limits, some form of nonlinear analysis, such as the 

pushover procedure, is required. This procedure uses a series of sequential elastic 

limits, some form of nonlinear analysis, superimposed to approximate a force-

displacement capacity diagram of the overall structure. The mathematical model of 

the structure is modified to account for reduced resistance of yielding components. 

A lateral force distribution is again applied until additional components yield. This 

process is continued until the structure becomes unstable or until a predetermined 

limit is reached. The capacity curve approximates how structures behave after 

exceeding their elastic limit. 

4.7.2 Demand (displacement) 
Ground motions during an earthquake produce complex horizontal displacement 

pattern in structures that may vary with time. Tracking this motion at every time-

step to determine structural design requirements is judged impractical. Traditional 

linear analysis methods use lateral forces to represent a design condition. For 

nonlinear methods it is easier and more direct to use a set of lateral displacements as 

a design condition. For a given structure and ground motion, the displacement 

demand is the estimate of the maximum expected response of the building during 

the ground motion. 

4.7.3 Performance 
Once a capacity curve and demand displacement is defined, a performance check 

can be done. A performance check verifies that structural and nonstructural 

components are not damaged beyond the acceptable limits of the performance 

objective for the forces and displacement imposed by the displacement demand. 

As a building responds to earthquake ground motion, it experiences lateral 

displacements and, in turn, deformations of its individual elements. At low levels or 

response, the element deformations will be within their elastic (linear) range and no 

damage will occur. At higher levels of response, element deformations will exceed 

their linear elastic capacities and the building will experience damage. In order to 

provide reliable seismic performance, a building must have a complete lateral force 
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resisting system, capable of limiting earthquake-induced lateral displacements to 

levels at which the damage sustained by the building’s elements will be within 

acceptable levels for the intended performance objective. The basic factors that 

affect the lateral force resisting system’s ability to do this include the building’s 

mass, stiffness, damping and configuration; the deformation capacity of its 

elements; and the strength and character of the ground motion it must resist. 

The nonlinear push-over analysis requires development of the capacity curve .The 

capacity curve is derived from an approximate nonlinear, incremental static analysis 

for the structure. In the process of performing this incremental nonlinear static 

analysis, a capacity curve is developed for the building. This capacity curve is 

simply a plot of the total lateral seismic shear demand, “V,” on the structure, at 

various increments of loading, against the lateral deflection of the building at the 

roof level, under that applied lateral force. If a building had infinite linear elastic 

capacity, this capacity curve would be a straight line with a slope equal to the global 

stiffness of the structure. Since real buildings do not have infinite linear elastic 

capacities, the capacity curve typically consists of a series of straight-line segments 

with decreasing slope, representing the progressive degradation in structural 

stiffness that occurs as the building is subjected to increased lateral displacement, 

yielding, and damage. The slope of a straight line drawn from the origin of the plot 

for this curve to a point on the curve at any lateral displacement, “d,” represents the 

secant or “effective” stiffness of the structure when pushed laterally to that 

displacement. A typical capacity curve is shown in Fig. 4.3. 
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Fig. 4.3: Typical capacity curve 
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In Fig. 4.3, the discrete points indicated by the symbol ‘’ represent the occurrence 

of important events in the lateral response history of the structure. Such an event 

may be the initiation of yield in a particulars structural element or a particular type 

of damage, such as spalling of cover concrete on a column or shear failure of a 

spandrel element. Each point is determined by a different analysis sequence. Then, 

by evaluating the cumulative effects of damage sustained at each of the individual 

events, and the overall behavior of the structure’s increasing lateral displacements, it 

is possible to determine and indicate on the capacity curve those total structural 

lateral displacements that represent limits on the various structural performance 

levels, as has been done in Fig. 4.3.  

The process of defining lateral deformation points on the capacity curve at which 

specific structural performance levels may be said to have occurred requires the 

exercise of considerable judgment on the part of the engineer. For each of the 

several structural performance levels and global performance levels defined in 

Chapter 4, defines global system response limits as well as acceptance criteria for 

the individual structural elements that make up typical buildings. These acceptance 

criteria generally consist of limiting values of element deformation parameters, such 

as the plastic chord rotation of a beam or shear angle of a wall. These limiting 

values have been selected as reasonable approximate estimates of the average 

deformations at which certain types of element behavior such as cracking, yielding, 

spalling, or crushing, may be expected to occur. As the incremental static nonlinear 

analyses are performed, the engineer must monitor the cumulative deformations of 

all important structural elements and evaluate them against the acceptance criteria 

set before. 

The point on the capacity curve at which the first element exceeds the permissible 

deformation level for a structural performance level does not necessarily represent 

that the structure as a whole reaches that structural performance level. Most 

structures contain many elements and have considerable redundancy. Consequently, 

the onset of unacceptable damage to a small percentage of these elements may not 

represent an unacceptable condition with regard to the overall performance of the 

building. When determining the points along the capacity curve for the structure at 

which the various structural performance levels may said to be reached, the 
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engineer must view the performance of the building as whole and consider the 

importance of damage predicted for the various elements on the overall behavior of 

the building. 

The methodology described by ATC-40, incorporates the concept of “primary” and 

“secondary” elements to assist the engineer in making these judgments. Primary 

elements are those that are required as part of the lateral force resisting system for 

the structure. All other elements are designated as secondary elements. For a given 

performance level, secondary elements are generally permitted to sustain more 

damage than primary elements since degradation of secondary elements does not 

have a significant effect on the lateral load resisting capability of the building. If in 

the development of the capacity curve it is determined that a few elements fail to 

meet the acceptance criteria for a given performance level at an increment of lateral 

loading and displacement, the engineer has the ability to designate these 

“nonconforming” elements as secondary, enabling the use of more liberal 

acceptance criteria for these few elements. Care is exercised not to designate an 

excessive number of elements that are effective in resisting lateral forces as 

secondary.  

4.8 Capacity spectrum method 

The capacity spectrum method, a nonlinear static procedure that provides a 

graphical representation of the global force-displacement capacity curve of the 

structure(i.e. pushover) and compares it to the response spectra representations of 

the earthquake demands, is a very useful tool in the evaluation and retrofit design of 

existing concrete buildings. The graphical representation provides a clear picture of 

how a building responds to earthquake ground motion, and, as illustrated it provides 

an immediate and clear picture of how various retrofit strategies, such as adding 

stiffness or strength, will affect the building’s response to earthquake demands. 

The capacity spectrum curve for the structure is obtained by transforming the 

capacity curve from lateral force (V) vs. lateral displacement (d) coordinates to 

spectral acceleration (Sa) vs. spectral displacement (Sd) coordinates using the modal 

shape vectors, participation factors and modal masses obtained from a modal 

analysis of the structure. In order to compare the Structure’s capacity to the 



 49

earthquake demand, it is required to plot the response spectra and the capacity 

spectrum on the same plot. The conventional response spectra plotted in spectral 

acceleration vs. period coordinate has to be changed in to spectral acceleration vs. 

spectral displacement coordinate. This forma of response spectra is known as 

acceleration displacement spectra (ADRS). 

 

4.8.1 ADRS Format 

Capacity Spectrum method requires plotting the capacity curve in Spectral 

acceleration and Spectral displacement domain. This representation of spectral 

quantities is knows as Acceleration- Displacement-Response-Spectra in brief 

ADRS, which was introduced by Mahaney  et al.,(1993). Spectral quantities like 

spectral acceleration, Spectral displacement and Spectral velocity is related to each 

other to a specific structural period T. Building code usually provide response 

spectra in Spectral acceleration vs. Period format which is the conventional format 

of the response spectra. 
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Fig. 4.4: Code response spectra in Spectral 
acceleration vs. Period. 
 

Each point on the curve defined in the Fig. 

4.4 is related to spectral displacement by 

mathematical relation, 2
24

1 TSS ad 
 . 

Converting with this relation response 

spectra in ADRS format may be obtained. 
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     Fig. 4.5: Response spectra in ADRS format 

4.8.2 Capacity Spectrum  

Any line from the origin of the ADRS 

format represent a constant period Ti which 

is related to Spectral acceleration and 

Spectral displacement by the mathematical 

relation, 
a

d

S
S

T 2  

Capacity spectrum is a simple representation of capacity curve in ADRS domain. A 

capacity curve is the representation of Base Shear to Roof displacement. In order to 

develop the capacity spectrum from a capacity curve it is necessary to do a point by 

point conversion to first mode spectral coordinates. 

Roof displacement, d

B
as

e 
Sh

ea
r, 

V

 

       Fig. 4.6:  A typical capacity curve 

Any point corresponding values of 

Base shear, Vi and Roof deflection, 

i may be converted to the 

corresponding point of Spectral 

acceleration, Sai and Spectral 

displacement, Sdi on the capacity 
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Modal participation factor,  
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Modal mass coefficient for the first mode, 1 is calculated using equation,
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Where: 

PF1  =  modal participation factor for the first natural mode. 

1  =  modal mass coefficient for the first natural mode 

1, Roof  = roof level amplitude of the first mode. 

wi/g  =  mass assigned to level i 

i1  =  amplitude of mode 1 at level i 

N  =  level N, the level which is the uppermost in the main portion of the 

structure 

V  =  base shear 

W  =  building dead weight plus likely live loads 

Roof  =  roof displacement  

Sa  =  spectral acceleration 

Sd  =  spectral displacement 
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              Fig. 4.7: Capacity spectrum  
 

It is seen in the capacity spectrum that up 

to some displacement corresponding to 

point A, the period is constant T1. That is 

the structure is behaving elastically. As 

the structure deflects more to point B, it 

goes to inelastic deformation and its 

period lengthens to T2.   

When the capacity curve is plotted in Sa vs. Sd coordinates, radial lines drawn from 

the origin of the plot through the curve at various spectral displacements have a 

slope (’), where, ’ is the radial frequency of the effective (or secant) first-mode 

response of the structure if pushed by an earthquake to that spectral displacement. 
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Using the relationship





2T , it is possible to calculate, for each of these radial 

lines, the effective period of the structure if it is pushed to given spectral 

displacements.  

 

Fig. 4.8 is a capacity spectrum plot obtained from the capacity curve shown in Fig. 

4.3 and plotted with the effective modal periods shown.  
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Fig. 4.8: Typical Capacity Spectrum 

The particular structure represented by this plot would have an elastic period of 

approximately ½ second. As is pushed progressively farther by stronger ground 

motion, this period lengthens. The building represented in Fig. 4.3 and Fig. 5.8 

would experience collapse before having its stiffness degraded enough to produce 

an effective period of 2 seconds. 

The capacity of a particular building and the demand imposed upon it by a given 

earthquake motion are not independent. One source of this mutual dependence is 

evident from the capacity curve itself. As the demand increases, the structure 

eventually yields and, as its stiffness decreases, its period lengthens. Conversion of 

the capacity curve to spectral ordinates (ADRS) makes this concept easier to 

visualize. Since the seismic accelerations depend on period, demand also changes as 

the structure yields. Another source of mutual dependence between capacity and 
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demand is effective damping. As a building yield in response to seismic demand it 

dissipates energy with hysteretic damping. Buildings that have large, stable 

hysteresis loops during cyclic yielding dissipate more energy than those with 

pinched loops caused by degradation of strength and stiffness. Since the energy that 

is dissipated need not be stored in the structure, the effective damping diminishes 

displacement demand. 

The capacity spectrum method initially characterizes seismic demand using an 

elastic response spectrum. This spectrum is plotted in spectral ordinates (ADRS) 

format showing the spectral acceleration as a function of spectral displacement. This 

format allows the demand spectrum to be “overlaid” on the capacity spectrum for 

the building. The intersection of the demand and capacity spectra, if located in the 

linear range of the capacity, would define the actual displacement for the structure; 

however this is not normally the case as most analyses include some inelastic 

nonlinear behavior. To find the point where demand and capacity are equal, the 

engineer selects a point on the capacity spectrum as an initial estimate. Using the 

spectral acceleration and displacement defined by this point, the engineer then can 

calculate reduction factors to apply to the 5% elastic spectrum to account for the 

hysteretic energy dissipation, or effective damping, associated with the specific 

point. If the reduced demand spectrum intersects the capacity spectrum at or near 

the initial assumed point, then it is the solution for the unique point where capacity 

equals demand. If the intersection is not reasonably close to the initial point, then 

the engineer can assume a new point somewhere between and repeat the process 

until a solution is reached. This is the performance point where the capacity of the 

structure matches the demand or the specific earthquake. 
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Fig. 4.9: Determination of performance point 

Once the performance point has been determined, the acceptability of a 

rehabilitation design to meet the project performance objectives can be judged by 

evaluating where the performance points falls on the capacity curve. For the 

structure and earthquake represented by the overlay indicated in Fig. 4.9, the 

performance point occurs within the central portion of the damage control 

performance range as shown in Fig. 5.6, indicating that for this earthquake this 

structure would have less damage than permitted for the Life Safety level and more 

than would be permitted for the Immediate Occupancy level. With is information, 

the effectiveness of the particular rehabilitation strategy to achieve the project 

performance objectives can be judged. 

4.9 Modeling of Infill 

4.9.1  Equivalent Strut Method 

Strength predictions of in filled frames are a complex, statically indeterminate 

problem. The strength of a composite in filled frame system is not only the 

summation of the infill properties plus those of the frame. Great efforts have been 

invested, both analytically and experimentally, to better understand and estimate the 

composite behavior of masonry in filled frames. Polyakov (1960) (work back to the 

early 1950s), Stafford-Smith (1962, 1966, 1969), Mainstone (1071), Klingner and 

Sertero (1976, 1978), to mention just a few, formed the basis for understanding and 

predicting in filled frame in-plane behavior. Their experimental testing of in filled 
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frames under lateral loads resulted in specimen deformation shapes similar to the 

one illustrated in Fig. 4.10. 

 

 

 

 

Fig.4.10: Specimen Deformation Shape 

During testing of the specimens, diagonal cracks developed in the center of the 

panel and gaps formed between the frame and the infill in the non loaded diagonal 

corners of the specimens, while full contact was observed in the two loaded 

diagonal corners. This behavior, initially observed by Polyakov, lead to a 

simplification in filled frame analysis by replacing the masonry infill with an 

equivalent compressive masonry strut. The equivalent masonry strut of width, a, 

with same net thickness and mechanical properties (such as the modulus of 

elasticity, Em) as the infill itself, is assumed to be pinned at both ends to the 

confining frame. Once a capacity curve and demand displacement is defined, a 

performance check can be done. A performance check verifies that structural and 

nonstructural components are not damaged beyond the acceptable limits of the 

performance objective for the forces and displacement imposed by the displacement 

demand. 

Equivalent Strut Width 

The evaluation of the equivalent width, a, varies from one reference to the other. 

The most simplistic approaches presented by Paulay and Priestley (1992) and Angel 

et al.(1994) have assumed constant values for the strut width, a, between 12.5 to 25 

percent of the diagonal dimension of the infill, with no regard for any infill or frame 

properties. Stafford-Smith and Carter (1969), Mainstone (1971), and others, derived 

complex expressions to estimate the equivalent strut width, a, that consider 

parameters like the length of contact between the column/beam and the infill, as 

well the relative stiffness of the infill to the frame. 
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Expressions used in this chapter have been adopted from Mainstone (1971) and 

Stafford-Smith and Carter (1969) for their consistently accurate predictions of in 

filled frame inplane behavior when compared with experimental results (Mainstone, 

1971; Stafford- Smith and Carter, 1969; Klingner and Bertero, 1978; and ;Al-Chaar, 

1998). The masonry infill panel will be represented by an equivalent diagonal strut 

of width, a, and net thickness, te, as shown in Fig. 4.11. 

                                                     

                   

 

 

 

 

Fig. 4.11: Strut Geometry 

The equivalent strut width, a, depends on the relative flexural stiffness of the infill 

to that of the columns of the confining frame. The relative infill-to-frame stiffness 

shall be evaluated using Eq. 4.1 (Stafford-Smith and Carter, 1969): 

             λ1H = H [(Em  t sin 2θ) / (4 EC ICOL hW)] 1/4………………..Eq-4.1 
 

Where, t is the thickness of the masonry wall. Using this expression, Mainstone 

(1971) considers the relative infill-to-frame flexibility in the evaluation of the 

equivalent strut width of the panel as shown in Eq.4.2 

                                          a = 0.175D (λ1H) ……………… Eq-4.2 
 

If there are openings present, existing infill damage, and/or FRP overlay, however, 

the equivalent strut width must be modified using 

                                      amod = a (R1)i (R2)i ζ1………………  Eq.4.3 
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Where: 

(R1)i = reduction factor for in-plane evaluation due to presence of openings  

(R2)i = reduction factor for in-plane evaluation due to existing infill damage 

ζ1= Strength increase factor due to presence of FRP overlay. 

Although the expression for equivalent strut width given by Equation 4.3 was 

derived to represent the elastic stiffness of an infill panel, this document will extend 

its use to determine the ultimate capacity of in filled structures. The strut will be 

assigned strength parameters consistent with the properties of the infill it represents. 

A nonlinear static procedure commonly referred to as a pushover analysis, will be 

used to determine the capacity of the in filled structure. 

Eccentricity of Equivalent Strut: 

The equivalent masonry strut is to be connected to the frame members. The infill 

forces are assumed to be mainly resisted by the columns, and the struts are placed 

accordingly. The strut should be pin-connected to the column at a distance lcolumn 

from the face of the beam. This distance is defined in equation 4.4 and 4.5 and is 

calculated using the strut width, a, without any reduction factors. 

                        lcolumn= a / cos θ column …………… … ……………………Eq-4.4 

                        tan θ column = {hm –( a / cos θ column )}/ l … … … …..…..Eq-4.5 

Using this convention, the strut force is applied directly to the column at the edge of 

it’s equivalent strut width, a. Fig. 4.12 illustrates this concept.   
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Fig.4.12: Placement of Strut 

Perforated Panels 

In the case of a perforated masonry panel, the equivalent strut is assumed to act in 

the same manner as for the fully in filled frame. Therefore, the eccentric strut should 

be placed at a distance lcolumn from the face of the beam as shown in Fig. 4.13. 

The equivalent strut width, a, shall be multiplied, however, by a reduction factor to 

account for the loss in strength due to the opening. The reduction factor, (RI )i, is 

calculated using Eq.4.6 

(RI )i = 0.6 (Aopen/ Apanel) – 1.6(Aopen/ Apanel) +1 Eq…….…Eq-4.6 

Where, Aopen = Area of the opening ( in 2) 

Apanel= Area of infill panel (in 2) = l x hm 

{Note: If the area of the opening (Aopen) is greater than or equal to 60 percent of 

the area ofthe infill panel (Apanel), then the effect of the infill should be neglected.} 
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                                    Fig.4.13: Perforated panel 

4.9.2  Properties to be Determined 

The infill masonry panel will be represented as strut member. The equivalent strut 

width shall be determined according to Coul & Smith described earlier. For the 

modeling of infill the following properties must be determined. 

• Modulus of elasticity of concrete Ec value for column and beam materials. 

• Sectional properties (i.e. Depth, Width, Moment of inertia, centroid) of the 

  column and beam. 

• Equivalent width of the masonry infill strut “a” 

• fm` compressive strength of the masonry assemble units. 

• Em modulus of elasticity of the masonry unit. 

 

4.9.3 Determination of fm and Em  
 

In this study masonry bricks are considered as infill material. In Bangladesh 

although a variety of bricks are used as a building material but most common of 

them is solid clay bricks . So, NW type brick, according to ASTM C62, 1994 is 

considered in this study. Specified compressive strength of masonry fm are based 

on specifying the compressive strength of masonry unit that are given in Table 

4.13  
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Table 4.13: Specified Compressive Strength of Masonry f'm (psi), based on 

specifying the compressive strength of masonry units (ACI 530.192/ASCE 6-

92/TMS 602-92) 

 

Compressive Strength of  Masonary Units 
(Psi) 

 

Specified Compressive Strength of 
Masonary, fm 

 
 

 Type M or S 
Mortar(Psi) 

 

Type N Mortar 
(Psi) 

 
14000 or  more 5,300 4,400 

12,000 4,700 3,800 
10,000 4,000 3,300 
8,000 3,350 2,700 
6,000 2,700 2,200 
4,000 2,000 1,600 

Compressive Strength of 
concrete 

Masonary Units (Psi) 
 

Specified Compressive Stength of 
Masonary ƒst 

 
Type M or S 
mortar (Psi) 

 

Type N mortar  
(Psi) 

 
4,800 or more 3,000 2,800 

3,750 2,500 2,350 
2,800 2,000 1,850 
1,900 1,500 1,350 

 

            NOTE: 

1. Compressive strength of solid clay masonry units is based on gross area. 

Compressive strength of hollow clay masonry units is based on minimum net area. 

Values maybe interpolated. 

2. Assumed assemblage. The specified compressive strength of masonry fm is  

based on gross area strength when using solid units or solid grouted masonry and 

net area strength when using un-grouted hollow units. 

3. Mortar for unit masonry, proportion specification. These values apply to 

Portland cement- lime mortars without added air-entraining materials. 

4. Values may be interpolated. In grouted concrete masonry the compressive 

strength of grout shall be equal to or greater than the compressive strength of the 

concrete masonry units. 
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5. Type M, N or S mortar are according to ASTM C 270 definition. From the table 

for strength of clay masonry unit 4000 psi is chosen and for that fm´ is 1600 psi 

for N mortar. Em is the ratio of the stress to the strain of a material or 

combinations of materials as is the case for grouted masonry. To find out the 

value of Em considering the ACI/ASCE/TMS masonry code the modulus of 

elasticity is given in the tables 4.14. 

 

Table 4.14: Clay masonry fm`, Em, n, G values based on Clay Masonry unit 
Strength and the Mortar type 
 

 

According to the tables for f'm = 1600 psi, we take Em = 1200 ksi. 

 

4.9.4 Calculation of Equivalent Strut Width  

At the following table calculation of some sample strut is shown. In the study due 

to various change in geometry several equivalent strut is used. Sample 

calculations of Equivalent strut width and eccentricities are shown below. 

 

 

 

 

Type M or S Mortar 

Compressive 
Strength of Clay 

Masonry 
(Psi) 

Specified 
Compressive  
Strength of 
Clay 
Masonry 
Assemblage 
ƒ' m  (Psi) 

Modulus of 
Elasticity 
Em = 750 fm 
 (psi) 
Em  maximum 
= 
3,000,000 
Psi. 

Modular  
ratio 
n=Es / Em  
where 
Es = 
29,000,000 
(psi) 

Modulus of 
Rigidity 
σ=0.40 Em = 
 300 ƒ'm(psi) 
G (max)= 
1,200,000 
(psi) 

14,000 or more 4,400 3,000,000 9.7 1,200,000 
12,000 3,800 2,850,000 10.2 1,140,000 
10,000 3,300 2,475,000 11.7 990,000 
8,000 2,700 2,025,000 14.3 810,000 
6,000 2,200 1,650,000 17.6 810,000 
4,000 1,600 1,200,000 24.2 480,000 
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Table 4.15: Sample Calculation of Equivalent strut width & eccentricities for 
structure with columns span of 15’ 
 
 
 

Econcrete,                                       Ec = 3600 Ksi 

Emorter,                                     Em = 1200 Ksi 

Thickness of Infill,                             t  = 5 Inch 

CL Distance between Column          L  = 15 Feet 

Floor To Floor Height           H = 10 Feet 

Aopen/Apanal     0.25   

Column Dimension Beam Dimension Θ column Strut width Eccentricity 

B L B H input a 

from 

face from face 

            bottom Top 

15 15 10 15 0.65 15 26 41 

18 18 10 15 0.48 17 24 39 

12 12 10 15 0.47 14 21 36 

 

 

4.9.5 Amount of infill considered in structures 

 

In this thesis work, most of the structures (Structure 1 to 6) are considered of 

having 100% infill in the upper storeys. Structure 7 is considered of having 50% 

infill while for structure 8 the amount is 75% which is shown in figure 4.14. 

 

 

 

 

 

 
 
 
 
 
 

a) 100% Infill 
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            b) 50% Infill                                                                c) 75% infill 
 

 

Fig.4.14: Amount of infill  
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C h a p t e r  5  

SEISMIC DEMAND AND THE BASIC MODELING PARAMETERS 

5.1 Introduction 

In order to find a building’s performance against some specified seismic demand, 

response quantities from a static non-linear analysis is compared with the global 

deformation for appropriate performance limits. The response limits falls into two 

categories: 

 Global acceptable limits: These response limits include requirements for the 

vertical load capacity, lateral load resistance, and lateral drift. They are defined 

in Chapter 4. 

 Element and component acceptability limits: Each element (frame, wall, 

diaphragm, or foundation) must be checked to determine if its components 

respond within acceptable limits. 

Building performance objectives are checked against some predefined seismic 

demand. Seismic demand for a structure is totally site dependent. For analysis 

development of site dependent elastic response spectrum is needed. But 

unfortunately Bangladesh National Building Code (BNBC, 1993) does not have any 

guideline to develop such site dependent response spectra. The Federal Emergency 

Management Agency (FEMA-356, 2002) has recommended standard procedure to 

establish seismic demand at a site. This procedure is discussed next. 

5.2 Seismic Demand 

Earthquake is an uncertain phenomenon. It is not possible to predict the time and 

what intensity of earthquake that may hit in some specific regions. For example, 

large devastating earthquake that hit near our country was the Great Indian 

Earthquake in 12 June, 1897. It is estimated that such an earthquake in that fault 

may occur in 3000~4000 yrs [Bilham, R and P. England, Plateau pop-up during the 

great 1897 Assam earthquake- 2001]. It is possible to design a structure that will 

withstand such a major devastating earthquake but this huge investment is not 
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always feasible economically for such an uncertain event. Thus earthquake design 

philosophy accepts that: 

 Under minor but frequent shaking, the main members of the building that carry 

vertical and horizontal forces should not be damaged; however building parts 

that do not carry load may sustain repairable damage 

 Under moderate but occasional shaking, the main members may sustain 

repairable damage, while the other parts of the building may be damaged such 

that they may even have to be replaced after the earthquake 

 Under strong but rare shaking, the main members may sustain severe (even 

irreparable) damage, but the building should not collapse 

Thus for the purpose of the analysis, severity of earthquakes may be classified as 

follows (ATC-40, 1996). 

5.2.1 The Serviceability Earthquake (SE) 

The Serviceability Earthquake (SE) is defined probabilistically as the level of 

ground shaking that has a 50 percent chance of being exceeded in 50-year period. 

This level of earthquake ground shaking is typically about 0.5 times of the level of 

ground shaking of the Design Earthquake. The SE has a mean return period of 

approximately 75 years. Damage in the non structural elements is expected during 

Serviceability Earthquake. 

5.2.2 The Design Earthquake (DE) 

The design Earthquake (DE) is defined probabilistically as the level ground shaking 

that has a 10 percent chance of being exceeded in a 50-year period. The DE 

represents an infrequent level of ground shaking that can occur during the life of the 

building. The DE has a mean return period of approximately 500 years. Minor 

repairable damage in the primary lateral load carrying system is expected during 

Design Earthquake. For secondary elements, the damage may be such that they 

require replacement. 
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5.2.3 The Maximum Earthquake (ME) 

The Maximum Earthquake (ME) is defined deterministically as the maximum level 

of earthquake ground shaking which may ever be expected at the building site 

within the known geologic frame work. In probabilistic terms, the ME has a return 

period of about 1,000 years. During Maximum Earthquake, buildings will be 

damaged beyond repairable limit but will not collapse. 

5.2.4 Development of Elastic Site Response Spectra 

Elastic response spectra for a site are based on estimate of Seismic Coefficient, CA 

which represents the effective peak acceleration (EPA) of the ground and CV which 

represents 5 percent-damped response of a 1-second system. These coefficients 

depend on the seismic zone, the proximity of the site to active seismic sources, and 

site soil profile characteristics. 

5.2.4.1 Seismic zone 

Bangladesh is divided into three seismic zones as per Code BNBC 1993. The table 

below shows the values of zone coefficients of Bangladesh.  

 
Table 5.1: Seismic Zone Factor Z 

Zone 1 2 3 
Z 0.075 0.15 0.25 

 

5.2.4.2 Seismic Source Type 

Three types of Seismic Source may be defined[ATC-40, 1996].  

Table 5.2: Seismic Source Type 
  Seismic Source Definition 

Seismic 
Source 
Type 

Seismic Source Description Maximum 
Moment 

Magnitude, M 

Slip Rate, 
SR(mm/yr) 

A Faults that are capable to 
produce large magnitude 
events and which have a high 
rate of seismic activity 

M>=7.0 SR>=5 

B All faults other than types A 
and C 

Not applicable Not applicable 

C Faults that are capable to 
producing large magnitude 
events and which have a high 
rate of seismic activity 

M<6.5 SR<2 
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5.2.4.3 Near-Source Factor 

Bangladesh does not have any active fault map. It is not possible to estimate the 

seismic source distance from a specific site. But it may be safely assumed that all 

the sources are more than 15 km distance and the table 5.3 from ATC (ATC-40, 

1996) may be used to quantify Near-Source effects. 

 

Table 5.3: Seismic Source Factor 
 

Seismic 
Source 
Type 

Closed Distance to Known Seismic Source 
<= 2km 5 km 10 km >=15 km 

NA NV NA NV NA NV NA NV 
A 1.5 2.0 1.2 1.6 1.0 1.2 1.0 1.0 
B 1.3 1.6 1.0 1.2 1.0 1.0 1.0 1.0 
C 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

 

1. The near-source factor may be used on the linear interpolation of values for distance other than 

those shown in the table. 

2. The closest distance of the seismic source shall be taken as the minimum distance between the 

site and the area described by the vertical projecting of source on the surface (i.e., surface 

projection of fault plane). The surface projecting need not include portions of the source a depths 

of 10km or greater. The largest value of the near-source factor considering all sources shall be use 

for design. 

5.2.4.4 Seismic Coefficients 

For each earthquake hazard level, the structure is assigned a seismic coefficient CA 

in accordance Table 5.4 (ATC-40, 1996) and a seismic coefficient CV in accordance 

with Table 5.5[ATC-40, 1996]. Seismic coefficient CA represents the effective peak 

acceleration (EPA) of the ground. A factor of about 2.5 times CA represents the 

average value of peak response of a 5 percent-damped short-period system in the 

acceleration domain. The seismic coefficient CV represents 5 percent-damped 

response of a 1-second system and divided by period defines acceleration response 

in the velocity domain. These coefficients are dependent on soil profile type and the 

product of earthquake zoning coefficient-Z, severity of earthquake-E and near 

source factor-N. 
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Table 5.4: Seismic Coefficients CA [ATC-40, 1996] 
Soil Profile 

Type 
Shaking Intensity, ZEN1,2 

 = 0.075 = 0.15 = 0.20 = 0.30 
SB 0.08 0.15 0.20 0.30 
SC 0.09 0.18 0.24 0.33 
SD 0.12 0.22 0.28 0.36 
SE 0.19 0.30 0.34 0.36 
SF Site-specific geo-technical investigation required to 

determine CA 
1. The value of E used to determine the product, ZEN, should be taken to be equal to 0.5 for the 

serviceability Earthquake, 1.0 for the Design Earthquake, and 1.25 for the Maximum 

Earthquake. 

2. Seismic coefficient CV should be determined by linear interpolation for values of the product 

ZEN other than those shown in the table. 
Table 5.5: Seismic Coefficient CV [ATC-40, 1996] 

Soil Profile 
Type 

Shaking Intensity, ZEN 

 = 0.075 = 0.15 = 0.20 = 0.30 
SB 0.08 0.15 0.20 0.30 
SC 0.13 0.25 0.32 0.45 
SD 0.18 0.32 0.40 0.54 
SE 0.26 0.50 0.64 0.84 
SF Site-specific geo-technical investigation required to 

determine CV 
1. The value of E used to determine the product, ZEN, should be taken to be equal to 0.5 for the 

serviceability Earthquake, 1.0 for the Design Earthquake, and 1.25 for the Maximum 
Earthquake. 

 
2. Seismic coefficient CA should be determined by linear interpolation for values of the product 

ZEN other than those shown in the table. 
 

Table 5.6: Soil Profile Types [ATC-40, 1996] 
  Average Soil Properties for Top 100 ft of Soil Profile 

Soil 
Profile 
Type 

Soil Profile 
Name/Generic 

Description 

Share Wave 
Velocity, 
Vs(ft/sec) 

Standard Penetration 
Test, N or NCH for 
cohesionless soil 
layers(blow/ft) 

Undrained Shear 
Strength, Su(psf) 

SA Hard Rock VS>5,000 Not Applicable 
SB Rock 2,500<VS≤5,000 Not Applicable 
SC Very Dense 

Soil and  
Rock 

1,200<VS≤2,500 N>50 SU>2,000 

SD Stiff Soil 
Profile 

600<VS≤1,200 15≤N≤50 1,000≤SU≤2,000 

SE Soft Soil 
Profile 

VS<600 N<50 SU<1,000 

SF Soil Requiring Site-Specific Evaluation 
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5.3 Establishing Demand Spectra 

For the purpose of subsequent analysis to be made in this thesis, it is necessary to 

establish an earthquake demand spectra for the building for which performance will 

be evaluated. The following controlling parameters are considered: 

Location of the site : Dhaka City 

Soil profile at the site : Soil type SD as per table 5.65, medium to stiff soil with 

shear wave velocity 600<VS≤1,200 ft/sec 

Earthquake source type :  A – considering the great Indian Earthquake in Assam 

of 12 June, 1897 

Near Source Factor :  > 15km 

 

Calculation of CA         

  Seismic Zone Factor, Z  = 0.15 as per BNBC/93   

  Earthquake Hazard Level, E  = 1.25 Maximum Earthquake 

  Near-Source Factor, N  = 1 >15km, table 5.3 

  Shaking Intensity, ZEN  = 0.1875     

  For Soil Type SD, CA  = 0.27 From Table 5.4 
 
 
Calculation of CV         
  Seismic Zone Factor, Z  = 0.15 as per BNBC/93   

  Earthquake Hazard Level, E  = 1.25 Maximum Earthquake 

  Near-Source Factor  = 1 >15km, table 5.3 

  Shaking Intensity, ZEN  = 0.1875     

  For Soil Type SD, CV  = 0.38 From Table 5.5 
 

An elastic response spectrum, for each earthquake hazard level of interest at a site, 

is based on the site seismic coefficients CA and CV calculated above. The coefficient 

CA represents the effective peak acceleration (EPA) of the ground. A factor of about 

2.5 times CA represents the average value of peak response of a 5% damped short-

period system in the acceleration domain. The seismic coefficient CV represents 5% 

damped response of a 1-second system and when divided by period defines 

acceleration response in velocity domain. 
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Effective peak ground acceleration (EPA)   = 0.27 g CA  

Average value of peak response   = 0.675 g 2.5CA  

Seismic coefficient, CV   = 0.38 g CV  

   TS   = 0.563 Sec TS = CV / 2.5CA 

   TA   = 0.1126 Sec TA = 0.2TS 
Calculation of Period and Spectral Acceleration 

 

 
 

 
Fig. 5.1: Construction of a 5% Damped Elastic Response Spectrum as per ATC- 40, 

1996 for Zone-2 of Bangladesh and comparison with Response Spectrum 
Curve for Soil Type-2 (Dense) as per BNBC 

Period 
Spectral 

Acceleration 
(g's) 

  0.000 0.270 
0.112 0.675 
0.563 0.675 
0.800 0.475 
1.000 0.380 
1.200 0.316 
1.400 0.271 
1.600 0.237 

 1.800 0.211 
2.000 0.190 
2.500 0.152 
3.000 0.1267 
3.500 0.108 
4.000 0.095 
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BNBC does not provide any method to convert the time period into spectral 

displacement (ADRS format). So, for seismic performance evaluation purpose, this 

newly constructed site specific response spectra need to be converted in to ADRS 

format using relation, gSTS ad 2

2

4
 . 

 

 

 Fig. 5.2: Site-specific elastic response 
spectra in ADRS format 

 

5.3.1 Reduced Demand Spectra 

The capacity of a particular building and the demand imposed upon it by a given 

earthquake motion are not independent. One source of this mutual dependence is 

evident from the capacity curve itself. As the demand increases the structure 

eventually yields and its stiffness decreases, its period lengthens. Conversion the 

capacity curve to spectral ordinates (ADRS) makes this concept easier to visualize. 

Since the seismic acceleration depends on period, demand also changes as the 

structure yields. Another source of mutual dependence between capacity and 

demand is effective damping. As a building yields in response to seismic demand it 

dissipates energy with hysteretic damping. Building that have large, stable 

hysteresis loops during cyclic yielding dissipates more energy than those with 

pinched loops caused by degradation of strength and stiffness.  

T, sec Sa,g Sd, m 
0 0.27 0 

0.112 0.675 0 
0.563 0.675 0.05 

0.8 0.475 0.08 
1 0.38 0.10 

1.2 0.316 0.12 
1.4 0.271 0.13 
1.6 0.237 0.15 
1.8 0.211 0.17 
2 0.19 0.19 

2.5 0.152 0.24 
3 0.1267 0.29 

3.5 0.108 0.34 
4 0.095 0.39 
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Fig. 5.3: Reduced Demand spectra 
 

Since the energy that is dissipated need not be sorted in the structure, the effective 

damping diminishes displacement demand. The reduced displacement demand is 

shown in Figure 5.3. The equation for the reduced factor SRA and SRV are given by 

as per ATC 40: 

SRA = {3.21-0.681 ln (βeff)}/ 2.12                    > Value in Table 5.7 

SRV = {2.31-0.41 ln (βeff)}/ 1.65   > Value in Table 5.7 

Table 5.7: Minimum Allowable SRA and SRV  Values (ATC-40, 1996) 
 
 
 

Structural Behavior Type SRA SRV 

Type A 0.33 0.50 

Type B 0.44 0.56 

Type C 0.56 0.67 
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Values for SRA and SRV  should not be less than those in Table 5.7. Type A,B and C 

is taken as defined in ATC 40 shown in Table 5.8. 

Table 5.8: Structural Behavior Types (ATC-40, 1996) 
 
 

Shaking Duration1  
Essentially New 

Building2 

Average Existing 

Building3 

Poor Existing 

Building4 

Short Type A Type B Type C 

Long Type B Type C Type C 

 

1.Two distinctly different earthquake scenarios should be considered when 
evaluating duration effects on potential structural degradation and reduction in 
damping capacity. In first case, a relatively short duration of very strong shaking 
would be expected because of the proximity of the site to fault rupture. In the 
second case , a much longer duration of ground shaking would be expected at the 
level of response by the site spectrum and ground shaking is not as strong  
 

2.Buildings whose primary elements make up an essentially new lateral system and 
little strength or stiffness is contributed by noncomplying elements. 
 

3.Buildings whose primary elements are combinations of existing and new 
elements, or better than average existing  
 

4. Buildings whose primary elements make noncomplying lateral force systems 
with poor or unreliable hysteretic behavior 
 

In the thesis work , Average Existing Building with short shaking duration is 

considered to establish reduced demand spectra. 

 

5.4 Element Hinge Property 

It is known that reinforced concrete does not respond elastically to load level about 

half the ultimate value. When an element is stressed beyond its elastic limit, due to 

inelastic deformation of the materials, the element will continue to deform 

disproportionate to its load, this process is called formation of plastic hinge. 
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5.4.1 Concrete Axial Hinge 

Concrete axial hinge is formed when the axial load carrying capacity of a section 

exceeds its elastic limit. The elastic limit for axial capacity is different for tension 

and compression. The limits are explained in Fig. 5.4 

 
 

Fig. 5.4: Concrete axial hinge property  
 

Axial hinge features used in analysis: 
 

 Py = As fy 

 Pc = 0.85 Ac f’c 

 Slope between points B and C is taken as 10% total strain hardening for steel 

 Hinge length assumption for y is based on the full length 

 Point B, C, D and E based on recommendation of  Federal Emergency 

Management Agency [Prestandard and Commentary for the Seismic 

Rehabilitation of Buildings Braces in Tension] 

 Point B’ = Pc 

 Point E’ taken as 9y 
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5.4.2 Concrete Moment Hinge and Concrete P-M-M Hinge 

Concrete moment hinge is formed when the flexural moment carrying capacity of a 

section exceeds its elastic limit. The limits of flexural moment capacity and bi-axial 

moment with axial load are explained in the Fig. 5.5. 

 
 

Fig. 5.5: Concrete moment and P-M-M hinge property 
 
 

 
P-M-M hinge Features used in analysis: 

 
 Slope between points B and C is taken as 10% total strain hardening for steel 

 y = 0, is considered  

 Points C, D and E based on the recommendation of Advance Technology 

Council(ATC-40, 1996) 

 My based on reinforcement provided, 

 P-M-M curve is for major axis moment and is taken to be the same as the 

Moment curve in conjunction with the definition of Axial–Moment interaction 

curves. 
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5.4.3 Concrete Shear Hinge 
 

Concrete shear hinge is formed when the concrete fails in shear. The elastic limit for 

flexural shear capacity for coupling beams controlled by flexure and controlled by 

shear is explained in Fig. 5.6 

 
 

 
 

Fig. 5.6: Concrete shear hinge property 
 
 

Shear hinge features used in analysis: 
 

 Slope between points B and C is taken as 10% total strain hardening for steel 

 Vy = 2As(f’c) + fy Asvd 

Points C, D and E based on the recommendation of Advance Technology Council 

(ATC-40, 1996) 

 

5.5 Concrete Frame Acceptability 

To determine the performance objective of a structure, response quantities from a 

nonlinear static analysis are compared with limits for appropriate performance 

levels. Following tables define the modeling parameter for beam and column in 

terms of plastic angles within the yielding plastic hinge. 
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Table 5.9: Modeling Parameters for Nonlinear Procedures – Reinforced Concrete 
Beams (ATC-40, 1996) 
 
 Modeling Parameters3 

Plastic Rotation 
Angle, rad 

Residual 
Strength Ratio 

Component Type a b c 
1. Beam Controlled by Flexure1 

-’/bal Transverse 
Reinforcement2 

V/bwd’c4    

0.0 C 3 0.025 0.05 0.2 
0.0 C 6 0.02 0.04 0.2 
0.5 C 3 0.02 0.03 0.2 
0.0 C 6 0.015 0.02 0.2 
0.0 NC 3 0.02 0.03 0.2 
0.0 NC 6 0.01 0.01

5 
0.2 

0.5 NC 3 0.01 0.01
5 

0.2 

0.5 NC 6 0.005 0.01 0.2 
2. Beams controlled by shear1 

Stirrup spacing d/2 0.0 0.02 0.2 
Stirrup spacing > d/2 0.0 0.01 0.0 
3. Beams controlled by inadequate development or splicing along the span1 

Stirrup spacing d/2 0.0 0.02 0.0 
Stirrup spacing >d/2 0.0 0.01 0.0 
4. Beams controlled by inadequate embedment into beam-column joint1 

 0.015 0.03 0.2 
 
1. When more than one of the conditions 1,2,3 and 4 occur for a given component, use the 

minimum appropriate numerical value from the table. 

 
2. Under the heading “transverse reinforcement,” ‘C’ and ‘NC’ are abbreviations for conforming 

and non-conforming details, respectively. A component is conforming if within the flexural 

plastic region: (1) closed stirrups are spaced at least three-fourths of the design shear. 

Otherwise, the component is considered non-conforming. 

3. Linear interpolation between values listed in the table is permitted 

4. V = design shear force 
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Table 5.10: Modeling Parameters for Nonlinear Procedures – Reinforced Concrete 
Column (ATC-40, 1996) 
 
 Modeling Parameters4 

Plastic Rotation 
Angle, rad 

Residual 
Strength 

Ratio 
Component Type a b c 
1. Columns Controlled by Flexure1 

P/Ag’c5 Transverse 
Reinforcement2 

V/bwd’c6    

0.1 C 3 0.02 0.03 0.2 
0.1 C 6 0.015 0.025 0.2 
0.4 C 3 0.015 0.025 0.2 
0.4 C 6 0.01 0.015 0.2 
0.1 NC 3 0.01 0.015 0.2 
0.1 NC 6 0.005 0.005 - 
0.4 NC 3 0.005 0.005 - 
0.4 NC 6 0.0 0.0 - 

2. Columns controlled by shear1 

Hoop spacing d/2 or P/Ag’c5 0.1 0.0 0.015 0.2 
Other cases 0.0 0.0 0.0 
3. Columns controlled by inadequate development or splicing along the clear 
height1,3 

Hoop spacing d/2 0.01 0.02 0.4 
Hoop spacing >d/2 0.0 0.01 0.2 
4. Column with axial loads exceeding 0.40 Po1,3  

Conforming reinforcement over the entire 
length 

0.015 0.025 0.02 

All other cases 0.0 0.0 0.0 
 

1. When more than one of the conditions 1,2,3 and 4 occur for a given component, use the 

minimum appropriate numerical value from the table. 

2. Under the heading “transverse reinforcement,” ‘C’ and ‘NC’ are abbreviations for conforming 

and non-conforming details, respectively. A component is conforming if within the flexural 

plastic hinge region: (1) closed hoops are spaced at d/3 and 2) for components of moderate 

and high ductility demand the strength provided by the stirrup (Vs) is at least three-fourths of 

the design shear. Otherwise, the component is considered non-conforming. 

3. To quality, (1) hoops must not be lap spliced in the cover concrete, and (2) hoops must have 

hooks embedded in the core or must have other details to ensure that hoops will be adequately 

anchored following spalling of cover concrete. 

4. Linear interpolation between values listed in the table is permitted. 

5. P = Design axial load 

6. V = design shear force 
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Table 5.11: Modeling Parameters for Concrete Axial Hinge (FEMA-356, 2000) 
 

 Modeling Parameters1 

Plastic Deformation Residual 
Strength Ratio 

Component Type a b C 
1. Braces in Tension 
(except EBF braces) 

11T 14T 0.8 

1 T is the axial deformation at expected tensile yielding load. 
 
 
 

Table 5.12: Modeling Parameters for Nonlinear Procedures-Coupling Beams 
 
 Modeling Parameters3 

Chord Rotation, 
rad 

Residual 
Strength 

Ratio 
Component Type d e c 
1. Coupling beams controlled by flexure 

Longitudinal reinforcement 
and transverse reinforcement1 

V 2 

-------- 
bwd’c 

   

Conventional longitudinal 
reinforcement with 

3 0.025 0.040 0.75 

Conforming transverse 
reinforcement 

6 0.015 0.030 0.50 

Conventional longitudinal 
reinforcement with non- 

3 0.020 0.035 0.50 

Conforming transverse 
reinforcement 

6 0.010 0.025 0.25 

Diagonal reinforcement N/A 0.030 0.050 0.80 
2. Coupling beams controlled by shear 
Longitudinal reinforcement 
and transverse reinforcement1 

V     2 

-------- 
bwd’c 

   

Conventional longitudinal 
reinforcement with 

3 0.0
18 

0.030 0.60 

Conforming transverse 
reinforcement 

6 0.0
12 

0.020 0.30 

Conventional longitudinal 
reinforcement with non- 

3 0.0
12 

0.025 0.40 

Conforming transverse 
reinforcement 

6 0.0
08 

0.014 0.20 

 
1. Conventional longitudinal steel consists of top and bottom steel parallel to the longitudinal 

axis of the beam. The requirements for conforming transverse reinforcement are: (1) closed 

stirrups are to be provided over the entire length of the beam at spacing not exceeding d/3; and 
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(2) the strength provided by the stirrups (Vs) should be at least three-fourths of the design 

shear. 

2. V = the design shear force on the coupling beam in pounds, bw = the web width of the beam, d 

= the effective depth of the beam and fc’ = concrete compressive strength in psi. 

3. Linear interpolation between values listed in the table is permitted. 

 

 

5.6 Hinge Properties for Modeling 

Different hinge properties may be modeled based on the modeling parameter 

defined through table 5.9 to 5.12 depending upon the longitudinal reinforcement, 

transverse reinforcement etc. So for structure 2 and 5 for the purpose of the thesis 

following concrete hinges are modeled as per structural drawing and ATC 40  

1996 and FEMA 356  2002. 

 

5.6.1 Reinforced Concrete Beams – Moment Hinge (M3)   

Beams controlled by flexure      

Conforming transverse reinforcement     

Point Moment/SF Rotation/SF1 

0.20.2

1.1

0

-1-1.1

-0.2-0.2

1

-1.5

-1

-0.5

0

0.5

1

1.5

-0.04 -0.02 0 0.02 0.04

 

E 0.2 0.035 
D 0.2 0.015 
C 1.1 0.015 
B 1 0 
A 0 0 
B' -1 0 
C' -1.1 -0.015 
D' -0.2 -0.015 
E' -0.2 -0.035 

Acceptance criteria2 
IO LS CP       

0.005 0.011 0.020       
1 Average values of the four rows conforming transverse reinforcement (table 5.9)  
2 Average values of the four rows conforming transverse reinforcement (table 4.6)  
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5.6.2 Reinforced Concrete Beams - Shear Hinge (V2) 
Coupling beams controlled by shear     
Conventional longitudinal reinforcement with conforming transverse reinforcement  

Point Force/SF 
Displacement/

SF3 
   

0.20.2

1.11

0

-1-1.1

-0.2-0.2

-1.5

-1

-0.5

0

0.5

1

1.5

-0.03 -0.02 -0.01 0 0.01 0.02 0.03

 

E 0.2 0.025 
D 0.2 0.015 
C 1.1 0.015 
B 1 0 
A 0 0 
B' -1 0 
C' -1.1 -0.015 
D' -0.2 -0.015 
E' -0.2 -0.025 

Acceptance criteria4 
IO LS CP        

0.0050 0.0100 0.0125        
3 Average values of the two rows of Item 2 -Conforming transverse reinforcement 

(table 5.12)  
4 Average values of the two rows of Item 2- Conforming transverse reinforcement 

(table 4.8)  

 
5.6.3 Reinforced Concrete Column – P-M2-M3 Hinge 
   
Columns controlled by flexure 
   

 

  
Conforming transverse reinforcement 
     

Point Moment/SF Rotation/SF5 

 
 

 
A 0 0  
B 1 0  
C 1.1 0.015  
D 0.2 0.015  
E 0.2 0.025  

Acceptance criteria6  
IO LS CP        

0.0025 0.0075 0.0150        
 

5 Average values of the four rows conforming transverse reinforcement (table 5.10)  
6 Average values of the four rows conforming transverse reinforcement (table 4.7)  

0

0.2 

0.4 

0.6 

0.8 

1

1.2 

0 0.005 0.01 0.015 0.02 0.025 0.03
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5.6.4    Reinforced Concrete Retrofitted Column – P-M2-M3 Hinge 
   
Columns controlled by flexure 
   

 

  
Conforming transverse reinforcement 
     

Point Moment/SF Rotation/SF7 

 
 

 
A 0 0  
B 1 0  
C 1.1 0.02  
D 0.2 0.02  
E 0.2 0.03  

Acceptance criteria8  
IO LS CP        

0.005 0.01 0.02        
 

7  First row of  conforming transverse reinforcement (table 5.10)  
8 First row of conforming transverse reinforcement (table 4.7)  

 

 

5.7 Performance Criteria of the Structure 

5.7.1    Seismic Performance Evaluation 

From Pushover analysis the intersection point of capacity and demand curve is 

observed. Reduction factor is applied to the 5% elastic spectrum to account for the 

hysteretic energy dissipation, or effective damping, associated with the specific 

point. If the reduced demand spectrum intersects the capacity spectrum, then the 

structure can be considered earthquake resistant given that other criteria such as 

maximum drift ratio and hinge formation state is within acceptable range. 

For example, the reduced demand spectrum of a structure may intersects it’s 

capacity spectrum, but in the same time some collapse hinges may form in the 

critical portions and maximum drift ratio may be also near life safety level. In this 

case, the seismic performance of the structure is not acceptable. 

 

 

 
 
                                              

0

0.2

0.4

0.6

0.8

1

1.2

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 
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5.7.2    Drift Ratio  

Inter-storey drift ratio is defined as the ratio of the inter-storey drift of the storey to 

the height of that storey.  

Maximum drift ratio is defined as the inter-storey drift ratio at the performance 

point displacement.  

In case of soft-storey structure collapses before reaching performance points, drift 

ration is considered from the failure step for comparison. 

 

Accepted maximum storey drift for different structural performance condition are 

given below.  

Table 5.13: Deformations Limits (ATC-40, 1996) 

 Performance Level 
Immediate 
Occupancy 

Damage Control Life Safety 

Maximum total drift Ratio 0.01 0.01 ~0.02 0.02 
 

 

5.7.3    Ductility  

Ductility of a member or structure may be defined in general terms by the ratio. 

Ductility = Deformation at failure / Deformation at yield  

 i.e. µ = µy / µmax 

 
 

Fig. 5.7: Idealized load-deformation relationship of a structural member 
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On the path A-B-D of Fig.5.7, point B is called the yield point; beyond the yield 

point the member is deformed permanently. Permanent deformation is by definition 

plastic or inelastic. If the load is maintained at the yield level, Py, until the 

deformation at C is reached, and then the load is removed, the load and deformation 

follow along the path C-E, which is an elastic path, and at zero load there is a 

permanent residual deformation, E. A structural member that follows the path A-B-

C-E when loaded is called ductile and its behavior is called ductile. If a member 

does not have ductility, it will fail at its elastic limit, such as at point J on path A-J. 

Such a member and its behavior is called brittle. 

When a member is designed for gravity or wind load, the ultimate load level (the 

working load times a load or safety factor), is always designed to be in the elastic 

range (at or below Point B or Point J). For earthquake loading on the other hand, the 

critical elements must be ductile since the member is designed to go into the 

inelastic range between points B and D. Further, during an earthquake, the member 

will vibrate through many cycles following a path such as A-B-C-F-G-H. The paths 

of succeeding cycles will not be identical, since the member will degrade due to the 

accumulating damage of each cycle. Earthquake loading is not limited to the elastic 

range, since the structural costs would be prohibitive in relation to the probability of 

occurrence of the design earthquake. 

 
Fig. 5.8: Lateral seismic load-deflection relationship of a ductile structure, 

                     a structure with low ductility, and a brittle structure 
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Fig. 5.8 shows plots of the base shear (the total horizontal inertial force on the 

structure) versus a characteristic horizontal deflection (such as that at the roof level) 

for a ductile structure, a structure with low ductility, and a brittle structure With a 

brittle structure, the only way for the structure to survive, is for the elastic 

limit/maximum strength of the structure (Point A3) to be higher than the elastic 

level (higher than Point B3); otherwise the inertial forces will rise until the critical 

members fracture. 

For a ductile structure, point A1 is where the first significant yielding occurs, and 

the succeeding points on the curve from A1 to B1 represent yielding at other 

locations. The structure will survive if it has sufficient ductility, i.e. if the maximum 

deflection demand (point B1) is less than the deflection capacity of the structure 

(point C1). The deflection capacity is a function of the ability of the critical 

members to deform sufficiently in the inelastic range without fracturing; i.e. to have 

sufficient ductility. A structure with low ductility will not survive if the deflection 

demand (point B2) is greater than the deflection capacity (point C2). The inelastic 

action absorbs a substantial portion of the energy imparted to the structure by the 

earthquake. In Figure 5.8, the area within the ductile structure curve (above the 

horizontal axis), from the origin to A1 to B1 to the intercept of the load reversal 

path with the horizontal axis, equals the energy absorbed by plastic deformation for 

that half cycle of vibration. By contrast, for a structure designed to be elastic, Points 

A3 and C3 would coincide with or be higher than point B3 on the brittle structure 

“curve” of Figure 5.8; the area within the brittle structure "curve," from the origin to 

B3 and its return to the origin along the same path, is zero.  

A second effect that absorbs energy is damping, which resists motion due to internal 

friction between parts at connections and within the material of the members 

themselves. The resistance of and the friction within non-structural elements also 

contributes to damping. Without inelastic action or damping, a structure would 

vibrate indefinitely.  

In current structural engineering practice, most structures are designed for 

earthquake at the level of first significant yielding (Point A1 in Figure 5.8) using 

equivalent static forces (to represent the inertial forces in the structure at that level) 

and assuming elastic behavior. The inelastic forces and deformations are not 
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calculated; thus, the peak inelastic base shear and the maximum deflection are not 

known. Therefore from pushover analysis it is very important to observe the 

ductility capacity (Capacity of the structure to deform beyond yield point) of the 

structure to sustain earthquake load and keep the damage as minimum as possible. 

FEMA 356 (2000) defines three classifications of displacement ductility demand. 
They are:  

• Low ductility demand  

• Moderate ductility demand  

• High ductility demand.  

The ranges of ductility demand for each classification, per FEMA 356 (2000), is as 
indicated in Table 5.14.  

Table 5.14: Component ductility demand classifications. (FEMA 356,2000) 

Maximum value of displacement 
ductility demand 

Classification description  

< 2 Low ductility demand 

2 to 4 Moderate ductility demand 

> 4 High ductility 

 

So, in addition of meeting the seismic demand criteria, the ductility capacity of a 

soft-storey structure should be at least in between 2 to 4 to meet the moderate 

ductility demand and more than 4 would be very satisfactory.  
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C h a p t e r  6  

SEISMIC PERFORMANCE EVALUATION AND COMPARISON OF SOFT GROUND 
STOREY STRUCTURES WITH RETROFITTED STRUCTURE  

6.1 General 

In the previous chapters an outline of the procedure for structural performance 

evaluation in the light of ATC-40, 1996 and FEMA 356, 2002 has been described. 

For the performance evaluation purposes Dhaka is selected as the site and seismic 

demand for Dhaka has been estimated as per guideline of ATC-40. Structural 

performances of 9 (Nine) numbers of medium rise structures of height ranging from 

18m to 30m have been investigated. This height range has been selected because of 

the fact that buildings with this height range are very common in Dhaka city.  

The performances of the structures as evaluated through pushover analysis have 

been presented through capacity curves and capacity spectrums described in the 

Sections that follow. 

The finite element program SAP 2000, version 14.0.1 has been used as the tool for 

modeling and designing of the structures and study its behavior in terms of 

capacity and performance. Non-linear Static Pushover analysis has also been done 

using the same program.   

 

6.2 Assumptions and Salient Feature of Modeled Structure  

6.2.1  Loading Condition 

For basic design and evaluation of the structures the following loading conditions 

have been considered.  

Self-weight is as per geometric dimension of the structural elements with the unit 

weight of the concrete taken as 24 KN/m3. In addition to self weight, floor finish 

of 1.436 KN/m2 (30psf) is considered as superimposed dead load (DL) on the 

typical floors and 1.915 KN/m2 (40psf) on the roof floor due to waterproofing 
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materials. Live load (LL) is considered as 1.915 KN/m2 (40psf) irrespective of 

different use/inhabitable area on the typical floors and 0.9576 KN/m2 (20psf) on 

the roof floor. 

127mm thick (5”) infill is considered. Due to brick infill 5.837 KN/m (400lb/ft) of 

line load is added on all the beams and grade beams except those on the roof level. 

Wind load(WL) is calculated by analysis software as per UBC 1994 code and in 

structure 1,2,3,4 and 7 wind forces are calculated as per BNBC and applied as 

joint forces (horizontal)in the beam-column joints at both X and Y directions. 

Wind speed 210Km/h and exposure- A is chosen for Dhaka City as per BNBC.  

Seismic load (EL) has been also considered as per UBC 1994 loading and base 

shear has been compared with BNBC 1993. Equivalent Static Load method has 

been used with response modification factor, R =12. No live load has been 

considered in calculating Seismic Dead Load. Other coefficients used in seismic 

load calculation are Z = 0.15, I = 1.00, S = 1.5. Earthquake load at any level 

equally distributed among all the nodes in that level. 

The following load combinations are considered as per BNBC 1993 for design. 

1. 1.4 DL +1.7 LL 
2. 0.9 DL + 1.3 WL 
3. 0.9 DL + 1.1 EQL 
4. 1.05 DL + 1.275 LL +1.275 WL 
5. 1.05 DL + 1.275 LL +1.402 EQL 
 
 
 

6.2.2  Material Properties 

The material properties and relevant features are as follows: 

 The structure was designed with load combination defined in the SAP 2000 

with  

o Cylinder strength of concrete, f’c  = 21 MPa (3000psi) 

o Yield strength of steel, fy  = 413 MPa (60,000psi) 

o Modulus of elasticity, Ec               = 21663.3 MPA 

Standard steel bar is considered as reinforcing material. 
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For masonry infill five inch thick brick wall is considered with 25% opening in each 

panel. Material properties of equivalent strut is provided as discussed in Chapter 5 

with modulus of elasticity Em= 8273.7 MPa. As dead load due to infill is already 

given in the beams it is ensured that given infill do not contribute to the dead load. 

For that purpose weight per unit volume is considered zero but mass is considered. 

As a result the given infill will contribute to the stiffness of the structure only. 

 

6.2.3  Geometry 

The geometry of the structures are considered plain and simple. All the structures 

are considered of having regular spans and square in shape i.e. have equal 

numbers of span in both X and Y direction. Other main geometrical 

considerations are as follows. 

 3-D models of buildings are used for analysis. 

 Equivalent struts are pin connected with the column as masonry cannot take 

moment. 

 Masonry infill is considered by Equivalent strut which is beam type member 

for non-linear analysis. 

 All supports are considered as fixed support. 

 All structures except structure 5 and 6 are assumed to have strong column-

weak behavior by ensuring that flexure strength of column shall satisfy the 

relation ∑ Mc > 1.2 ∑ Mg . 

Where,  

∑ Mc = Sum of moments at the centre of joint, corresponding to the design 
flexural strength of columns framing into joint 

    ∑ Mg = Sum of moments at the centre of joint, corresponding to the design 

flexural strength of the girders (beams) framing into joint 

 Structure 6 and 7 is considered of having strong beam-weak column behavior 

by specifying manually defined flexural and shear reinforcement in the 

columns, while beams are automatically designed by software. 
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6.2.4  Assumptions for Pushover Analysis  

The basic concepts and main assumptions on which the pushover analysis is 

based, are as follows. 

 Moment (M3) and Shear (V2) hinges are considered at the ends of beam 

members and P-M-M .All hinges are according to as per ATC- 40 document 

which is described in Chapter 6 along with the performance limits. 

 Pushover analysis has been done using load pattern Equivalent Static Load of 

BNBC 1993. Load intensities have been normalized with the base shear.  

 For developing reduced seismic demand, average existing building with strong 

shaking due to earthquake in a relatively short period is considered. (Structural 

behavior of Type-B as per ATC -40).  

 Gravity Load is considered as the previous pushover cases for each analysis. 

 Unload entire structure is selected for distribution of loads when local hinges 

fail. 

 Horizontal displacement of topmost corner node has been selected for 

performance monitoring of the roof displacement. 

6.3  Assumption and Consideration for Retrofitted Structure  

6.3.1  Application procedure of Retrofit by FRP Wrap on Structure 

.  

 

 

 

 

 

 

 

Fig. 6.1: FRP Confinement Zones 
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As a measure to improve seismic performance of FRP confinements applied in the 

beam-column joints of soft-storey. In this thesis FRP confinement zones are 

considered in two ways. Firstly, which is applied in structure 1 and 2; the FRP 

wraps are applied at 1/3rd portion in top and bottom of soft-storey column and 

1/3rd portion in bottom of second storey for achieving the just required seismic 

performance of the structure. But from practical point of view this may not be 

always very attractive and viable as because usually the second storeys have brick 

wall so application of FRP wraps around the columns will not be easy and some 

dismantling works may be needed. So, secondly the FRP wraps are applied at 

1/3rd portion in top and bottom of soft-storey column for all the other structures 

(structure 3 to 8) as shown in the left diagram of Fig. 6.1.  

The modeling of FRP confined concrete in these places is done by enhancing the 

concrete property of the columns in those zones due to FRP wrapping according 

to the stress-strain curve proposed by Teng and Lam (2004) as described in 

Chapter 3. No property enhancement is applied on beams. 

6.3.2  FRP Property Considered  

There are basically two types of commonly used FRP; CFRP (Carbon Fiber 

Reinforced Polymer) and GFRP (Glass Fiber Reinforced Polymer). Each of these 

two has its own advantages and disadvantages over the others and can be used 

extensively based on their properties for various structural requirements. 

CFRP confined concrete can achieve more strength but ductility is greatly 

improved by GFRP wraps. Therefore for seismic enhancement GFRP is more 

suitable and has been extensively used around the world for this purpose. There 

are different types of GFRP with different thickness and properties. For, this thesis 

work the following product of BASF is used for calculating the enhanced FRP 

confined concrete. 

Product Name: MBrace® Fibre 
 
Manufacturer: BASF  
 
MBrace Fibre reinforcement materials are enveloped in MBrace saturant resin to 

yield a range of high performance features. MBrace Fibre reinforcement System 
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includes unidirectional carbon fibre sheets, unidirectional and bi-directional AR 

and E-glass sheets and Aramid fibre Sheets. 

 

Technical data of fibre: E-Glass, 900 gsm 

Modulus of elasticity = 73 kN/mm² 

Tensile strength = 3400 N/mm² 

Total weight of sheet = 900 g/m² in main 
directions 

ε Ultimate % = 4.5 

Thickness = 0.342mm  

 
 

6.3.3 FRP Confined Concrete Properties 

The FRP confined concrete properties are calculated following the Lam and 

Teng’s model and an example is shown in section 3.1 in Chapter 3. Considering 

the same FRP properties for all the structures, the main variables are corner 

rounding radius and thickness of FRP wraps. The confined concrete properties 

used in different structures are different as because FRP wrap thickness and corner 

rounding has been selected through numerous trails to achieve the properties 

required to just meet the seismic requirements for the respective structures.  

All the structures considered in modeling have two type (size) of columns i.e. 

edge (exterior) column and central (interior) columns. Depending upon the 

member size FRP confined properties will also differ but for a structure the same 

confined properties are used for modeling. This is because, the enhanced 

properties achieved by using the same amount of FRP (Thickness) and 

maintaining the same radius of corner rounding for the columns with different 

shape and size ; the minimum of the two is used for both the column in their 

confinement zones as an conservative approach. 
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6.4 Descriptions of the Structures 

6.4.1  Salient Feature of Structure 1 

This is a 6 storey building.  Height of the storeys are: 

 
 
 

 
 
 
Geometry: 

 
Fig. 6.2: Plan of Structure-1 

 
Table 6.1: Member Properties of Structure-1 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 18” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 18” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

15” x 15” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t 

%
 

1 to 2.92 

Central 
Column 

18” x 18” f’c = 3ksi (21 N/mm2) 1 to 2.64 

FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column and 1/3rd portion in bottom of first storey): 
 

Axial strain of FRP confined concrete, εcu = 0.16 

Compressive strength FRP confined concrete,  f’cc= 9.2 ksi (64.07 N/mm2 ) 
 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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6.4.2  Salient Feature of Structure 2 

This is a 7 storey building.  Height of the storeys are: 

 
 
 

 
 
 
Geometry:  

 
Fig. 6.3: Plan of Structure-2 

 
 
Table 6.2: Member Properties of Structure-2 
 
 
 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 15” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 15” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

15” x 20” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t

%
 

1 to 2.64 

Central 
Column 

15” x 25” f’c = 3ksi (21 N/mm2) 1 to 2.41 

 
FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column): 
 
 

Axial strain of FRP confined concrete, εcu = 0.073 

Compressive strength FRP confined concrete,  f’cc= 3.8 ksi (26.27N/mm2 ) 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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6.4.3 Salient Feature of Structure 3 

This is a 7 storey building.  Height of the storeys are: 
 
 
 

 
 
 
Geometry: 

 
Fig. 6.4: Plan of Structure-3 

 
 
Table 6.3: Member Properties of Structure-3  
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 15” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 15” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

15” x 15” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t, 

%
 

1 to 1.46 

Central 
Column 

18” x 18” f’c = 3ksi (21 N/mm2) 1 to 1.83 

 
FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column): 
 
 

Axial strain of FRP confined concrete, εcu = 0.17 

Compressive strength FRP confined concrete,  f’cc= 9.45 ksi (65 N/mm2 ) 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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6.4.4 Salient Feature of Structure 4 

 
This is a 8 storey building.  Height of the storeys are: 
 
 
 

 
 
 
Geometry: 

 
Fig. 6.5: Plan of Structure-4 

 
 
Table 6.4: Member Properties of Structure-4 
 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 15” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 15” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

15” x 15” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t, 

%
 

1 to 2.01 

Central 
Column 

20” x 20” f’c = 3ksi (21 N/mm2) 1 to 1.28 

 
FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column): 
 
 

Axial strain of FRP confined concrete, εcu = 0.125 

Compressive strength FRP confined concrete,  f’cc= 6 ksi (41.36 N/mm2 ) 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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6.4.5 Salient Feature of Structure 5 

 
This is a 8 storey building considered of having strong beam-weak column 
behavior. Height of the storeys are: 

 
 
 

 
 
 
Geometry: 

 
Fig. 6.6: Plan of Structure-5 

 
Table 6.5: Member Properties of Structure-5 
 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 15” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 15” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

15” x 15” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t, 

%
 

1 to 1.18 

Central 
Column 

20” x 20” f’c = 3ksi (21 N/mm2) 1 to 1.00 

 
FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column): 
 
 

Axial strain of FRP confined concrete, εcu = 0.125 

Compressive strength FRP confined concrete,  f’cc= 6 ksi (41.36 N/mm2 ) 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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The geometry and loading condition of this structure is the same as structutre-4. 

Structure -4 has been designed by the software for the specified BNBC 1993 

loading and load combinations as described at section 6.2.1. As the building has 

been modeled with diagonal strut it took the effect of infill on the upper storeys 

i.e. soft-storey effect has been taken into account for designing the columns at 

soft-storey level. But in practice the buildings are usually designed as bare frame, 

neglecting the soft-storey effect. These types of buildings are usually sufficiently 

safe under gravity load alone but may be unsafe under lateral load. So, all the 

existing mid rise buildings in Dhaka city may not posses strong column - weak 

beam type behavior specially considering the fact that member joint detailing have 

not always been maintained properly specially before 10 or 15 years. 

For making the building behavior as strong beam-weak column, column design 

has done manually considering mainly axial load and moment generated from 

lateral load for bare frame only and then number of bars are defined manually in 

the model. That’s why, maximum reinforcement in exterior column was taken as  

1.18% in place of 2.01% required for soft-storey as shown in structure-4 and 

1.00% for interior columns in place of 1.28%. Also the shear reinforcement for all 

the columns has used 10mm @ 6” c/c along the full length of columns. Beam 

design has been done by the programme. 
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6.4.7 Salient Feature of Structure 6 
 
This is a 6 storey building considered of having strong beam-weak column 
behavior. Heights of the storeys are: 

 
 
 
 

 
 
 
 
Geometry: 

 
Fig. 6.7: Plan of Structure-6 

 
 
Table 6.6: Member Properties of Structure-6 
 
 
 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 18” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 18” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

15” x 15” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t 

%
 

1 to 1.10 

Central 
Column 

18” x 18” f’c = 3ksi (21 N/mm2) 1 to 2.07 

 
FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column): 
 
 

Axial strain of FRP confined concrete, εcu = 0.16 

Compressive strength FRP confined concrete,  f’cc= 6.7 ksi (46.19 N/mm2 ) 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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The geometry and loading condition of this structure is the same as structutre-1. 

Structure -1 has been designed by the software for the specified BNBC 1993 

loading and load combinations as described at section 6.2.1. As the building has 

been modeled with diagonal strut it took the effect of infill on the upper storeys 

i.e. soft-storey effect has been taken into account for designing the columns at 

soft-storey level. But in practice the buildings are usually designed as bare frame, 

neglecting the soft-storey effect. So, for making the building behavior as strong 

beam-weak column, column design has done manually considering mainly axial 

load and moment generated from lateral load for bare frame only and then number 

of bars are defined manually in the model. That’s why, maximum reinforcement 

in exterior column was taken as 1.10% in place of 2.92% required for soft-storey 

as shown in structure-1 and 2.07% for interior columns in place of 2.64%. Also 

the shear reinforcement for all the columns has used 10mm @ 6” c/c along the full 

length of columns. Beam design has been done by the program. 
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6.4.8 Salient Feature of Structure 7 
 
This is a 6 storey building considered of having strong column- weak beam 
behavior but the infill is 50% as shown in Fig. 4.14(b) at Chapter 4. Heights of the 
storeys are: 
 
 

 
 
 
Geometry: 

 
Fig. 6.8: Plan of Structure-7 

 
 
Table 6.7: Member Properties of Structure-7 
 
 
 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 18” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 18” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

12” x 20” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t 

%
 

1 to 3.53 

Central 
Column 

18” x 20” f’c = 3ksi (21 N/mm2) 1 to 2.95 

 
FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column): 
 
 

Axial strain of FRP confined concrete, εcu = 0.031 

Compressive strength FRP confined concrete,  f’cc= 3.3 ksi (23.14 N/mm2 ) 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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The geometry and loading condition of this structure are typical as other structures 

but only 50% infill has considered at only building periphery in place of 100% 

infill.  
 

6.4.8 Salient Feature of Structure 8 
 
This is a 7 storey building considered of having strong column- weak beam 

behavior but the infill is 75% as shown in Fig. 4.14(c) of Chapter 4. Heights of the 

storeys are: 

 

 
 
 
Geometry: 

 
Fig. 6.9: Plan of Structure-8 

 
Table 6.8: Member Properties of Structure-8 
 
 
 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x15” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 15” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

12” x 20” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t 

%
 

1 to 2.56 

Central 
Column 

18” x 18” f’c = 3ksi (21 N/mm2) 1 to 2.06 

 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 
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FRP Confined Concrete Property (At 1/3rd portion in top and bottom of soft-
storey column): 
 
 

Axial strain of FRP confined concrete, εcu = 0.07 

Compressive strength FRP confined concrete,  f’cc= 3.81 ksi (26.31 N/mm2 ) 
 

The geometry and loading condition of this structure are typical as other structures 

but only 75% infill has considered at both geometrical X and Y direction in 

periphery with internally only at Y-direction as shown at Fig.4.12(c) in Chapter 4.  

 

6.5 Performance Evaluation of Structures 
 
6.5.1  Performance Evaluation of Structure 1 

 

Table 6.9: Effective damping and spectral reduction factor for structure-1 
 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 18.7% a 25.2% 

Spectral Reduction Factor, SRA 0.57 0.47 

Spectral Reduction Factor, SRV 0.67 0.59 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

a When a structure collapses before reaching the performance point, βeff  
 is calculated   from   the failure step. 
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Fig. 6.10: Comparison of capacity spectrum of structure-1 
 

Fig. 6.10 describes that the capacity of soft-storey structure does not meet the 

demand but the capacity of retrofitted structure meet the demand curve. The 

retrofitted structure has to deform a considerable amount to meet that demand. It 

indicates that it posses more ductility capacity. The ductility capacity of the soft 

storey structures has increased from 3.25 to 4.44 (Table 6.11).  The failure of soft-

storey building is due to forming of collapse hinges at column in soft – storey (In 

Fig. 6.11). In retrofitted structure all the hinges at performance point remain 

within Immediate Occupancy to Collapse-prevention range. Even no hinges reach 

the life safety level. While in the soft-storey structure the hinges in some columns 

reach the collapse to damage level. It is seen from the table 6.10 that the tendency 

of hinges formation at performance point is greatly reduced by FRP retrofitting. 

Table 6.10: Number of hinges formed in structure 1 at performance point  

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 769 63 0 28 0 4 0 0 864 
Retrofitted 770 83 11 0 0 0 0 0 864 
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     a) Soft-Storey                                                                   b) Retrofitted  

 
 

Fig. 6.11: Comparison of hinge formation at performance point of structure-1 
 

Table 6.11: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 3.25  36.61 Retrofitted 4.44 

 

As capacity of soft-storey frame does not reach demand curve and large 

deformation beyond its elastic limit occurs. Fig. 6.12 illustrates this fact more 

clearly. At performance point maximum drift ratio at soft storey level remains 

within acceptable range but in case of soft storey it is within damage control range 

near life safety level. 
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Fig. 6.12: Comparison of maximum drift ratio at performance point of structure-1 
 

6.5.2  Performance Evaluation of Structure 2 

 
Table 6.12: Effective damping and spectral reduction factor for structure-2    
(Long Side) 
 
 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 23.3%  22.1% 

Spectral Reduction Factor, SRA 0.50 0.52 

Spectral Reduction Factor, SRV 0.62 0.63 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 
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Fig.6.13: Comparison of capacity spectrum of structure-2(Long Side) 
 

Fig.6.13 describes that the seismic capacity of both soft-storey and retrofitted 

structure meet the seismic demand along the long side but structures have to 

deform to meet that demand. Both the structures do not form any collapse hinges 

at column in soft–storey (In Fig. 6.14). In retrofitted structure all the hinges at 

performance point remain within Immediate occupancy range. While in the soft-

storey structure the hinges remain within Immediate occupancy to Life safety 

range. It is seen from the table 6.13 that the tendency of hinges formation at 

performance point is reduced by FRP retrofitting. 

 

Table 6.13: Number of hinges formed in structure-2 (Long Side) at performance 

point  

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 1140 123 9 0 0 0 0 0 1272 
Retrofitted 1154 118 0 0 0 0 0 0 1272 
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      a) Soft-Storey                                                            b) Retrofitted  

 
 

Fig. 6.14: Comparison of hinge formation at performance point of structure-2 
(Long Side) 

 

The ductility capacity obtained from the capacity curves indicates that 

approximate ductility capacity of the retrofitted structure is 4.38 and 2.62 for soft-

storey as shown in Table 6.14. The increase of ductility due to FRP wraps in 

retrofitted structure is very satisfactory. 

Table 6.14: Ductility Capacity of Structures (Long Side) 
 
 

  Ductility Ductility Increase (%) 
Soft-Storey 2.62  65.28 Retrofitted 4.38 

 

As both the soft-storey and retrofitted frame demonstrate good seismic 

performance along the long side, both the structures undergoes relatively small 

deformation beyond its elastic limit to reach the performance point. Therefore at 
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performance point maximum drift ratio at soft storey remains below immediate 

occupancy level for both retrofitted and soft storey structure. Fig. 6.15 illustrates 

this fact more clearly. 
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Fig. 6.15: Comparison of maximum drift ratio at performance point of structure-2 
(Long Side) 

 
 
Table 6.15: Effective damping and spectral reduction factor for structure-2    
(Short Side) 
 
 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 23.8%  24.4% 

Spectral Reduction Factor, SRA 0.52 0.48 

Spectral Reduction Factor, SRV 0.63 0.60 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

 



 110 

 

Fig.6.16: Comparison of capacity spectrum of structure-2 (Short Side) 
 

Fig.6.16 describes that the seismic capacity of both soft-storey and retrofitted 

structure meet the seismic demand in short direction of the structure. But the 

capacity curve of soft-storey structure just touches the demand curve and both the 

structures have to deform a considerable amount to meet that demand. The soft 

storey structure forms a single collapse hinge at column in soft–storey (In Fig. 

6.17). In retrofitted structure all the hinges at performance point remain within 

Immediate occupancy to Life safety range and no hinge reach the life safety level. 

It is seen from the table 6.16 that the tendency of hinges formation at performance 

point is reduced by FRP retrofitting. 
 

Table 6.16: Number of hinges formed in structure-2 (Short Side) at performance 

point  

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 1146 86 0 39 0 1 0 0 1272 
Retrofitted 1159 96 17 0 0 0 0 0 1272 
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    a) Soft-Storey                                                                      b) Retrofitted  

 
 

Fig. 6.17: Comparison of hinge formation at performance point of structure-2          
(Short Side) 
 

The ductility capacity obtained from the capacity curves indicates that 

approximate ductility capacity of the retrofitted structure is 4.265 and 2.73 for 

soft-storey as shown in Table 6.17.  

Table 6.17: Ductility Capacity of Structures (Short Side)  
 
 

  Ductility Ductility Increase (%) 
Soft-Storey 2.73  57.38 Retrofitted 4.265 

 

As capacity of soft-storey frame just reaches the demand curve, large deformation 

beyond its elastic limit occurs. Fig.6.18 illustrates this fact more clearly. At 

performance point maximum drift ratio at soft storey level remains within 

acceptable range well below even the immediate occupancy level for retrofitted 

structure but in case of soft storey it is within damage control level. 
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Fig. 6.18: Comparison of maximum drift ratio at performance point of structure-2 
(Short Side) 
 
 

 
7.5.3  Performance Evaluation of Structure 3 

 
Table 6.18: Effective damping and spectral reduction factor for structure-3 

 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 25.11% a 26 % 

Spectral Reduction Factor, SRA 0.48 0.46 

Spectral Reduction Factor, SRV 0.60 0.59 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

a When a structure collapses before reaching the performance point, βeff  
 is calculated   from   the failure step. 
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Fig. 6.19: Comparison of capacity spectrum of structure-3 
 

Fig.6.19 describes that the capacity of soft-storey structure does not meet the 

demand but the capacity of retrofitted structure meet the demand curve. The 

retrofitted structure has to deform a considerable amount to meet that demand. It 

indicates that it posses more ductility capacity. The ductility capacity of the soft 

storey structure has increased from 2.83 to 4.83 (Table 6.20). The failure of soft-

storey building is due to forming of collapse hinges at column in soft – storey (In 

Fig. 6.20). In retrofitted structure all the hinges at performance point remain 

within Immediate Occupancy to Collapse-prevention range. Even no hinges reach 

the life safety level. While in the soft-storey structure the hinges in some columns 

reach the collapse to damage level. It is seen from the table 6.19  that the tendency 

of hinges formation at performance point is greatly reduced by FRP retrofitting. 

 

Table 6.19: Number of hinges formed in structure-3 at performance point  

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 911 49 16 15 0 1 0 0 992 
Retrofitted 906 74 12 0 0 0 0 0 992 
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 a) Soft-Storey                                                                   b) Retrofitted  

 
 

Fig. 6.20: Comparison of hinge formation at performance point of structure-3 
 

Table 6.20: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 2.83  70.6% Retrofitted 4.83 

 

As capacity of soft-storey frame does not reach demand curve and large 

deformation beyond its elastic limit occurs. Fig. 6.21 illustrates this fact more 

clearly. At performance point maximum drift ratio at soft storey level remains 

within acceptable range well below even the immediate occupancy level for 

retrofitted structure but in case of soft storey it exceeds the immediate occupancy 

level. 
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Fig.6.21: Comparison of maximum drift ratio at performance point of structure-3 
 

 

7.5.4  Performance Evaluation of Structure 4 

 
Table 6.21: Effective damping and spectral reduction factor for structure-4 

 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 22.96% a 24.3% 

Spectral Reduction Factor, SRA 0.51 0.48 

Spectral Reduction Factor, SRV 0.62 0.60 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

a When a structure collapses before reaching the performance point, βeff  
 is calculated   from   the failure step. 



 116 

0

0.1

0.2

0.3

0.4

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Spectral Displacement,Sd (m)

Sp
ec

tra
l A

cc
el

er
at

io
n,

Sa
 (g

's
)

Retrofitted Capacity

Capacity Curve(Soft-Storey)

Reduced (Retrofitted)
Demand

Reduced (Soft-Storey)
Demand

 

Fig.6.22: Comparison of capacity spectrum of structure-4 
 

Fig.6.22 describes that the capacity of soft-storey structure does not meet the 

demand but the capacity of retrofitted structure meet the demand curve. The 

retrofitted structure has to deform a considerable amount to meet that demand. It 

indicates that it posses more ductility capacity. The ductility capacity of the soft 

storey structures has increased from 3.33 to 4.78 (Table 6.23). The failure of soft-

storey building is due to forming of collapse hinges at column in soft – storey (In 

Fig. 6.23). In retrofitted structure all the hinges at performance point remain 

within Immediate Occupancy to Collapse-prevention range. Even no hinges reach 

the life safety level. While in the soft-storey structure the hinges in some columns 

reach the collapse to damage level. It is seen from the table 6.22 that the tendency 

of hinges formation at performance point is greatly reduced by FRP retrofitting. 

 

Table 6.22: Number of hinges formed in structure-4 at performance point  

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 1017 71 5 26 0 1 0 0 1120 
Retrofitted 1022 86 12 0 0 0 0 0 1120 
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     a) Soft-Storey                                                              b) Retrofitted  

 
 

Fig.6.23: Comparison of hinge formation at performance point of structure-4 
 

Table 6.23: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 3.33 43.54 Retrofitted 4.78 

 

As capacity of soft-storey frame does not reach demand curve and large 

deformation beyond its elastic limit occurs. Fig. 6.24 illustrates this fact more 

clearly. At performance point maximum drift ratio at soft storey level remains 

within acceptable range well below even the immediate occupancy level for 

retrofitted structure but in case of soft storey it is within damage control level. 
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Fig.6.24: Comparison of maximum drift ratio at performance point of structure-4 
 

6.5.5  Performance Evaluation of Structure 5 

 
Table 6.24: Effective damping and spectral reduction factor for structure-5 
 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 23.78% a 25.4% 

Spectral Reduction Factor, SRA 0.49 0.47 

Spectral Reduction Factor, SRV 0.61 0.59 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

a When a structure collapses before reaching the performance point, βeff  
 is calculated   from   the failure step. 
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Fig. 6.25: Comparison of capacity spectrum of structure-5 
 

Fig.6.25 describes that the capacity of soft-storey structure does not meet the 

demand but the capacity of retrofitted structure meet the demand curve. The 

retrofitted structure has to deform a considerable amount to meet that demand. It 

indicates that it posses more ductility capacity. The ductility capacity of the soft 

storey structures has increased from 3.86 to 4.8 (Table 6.26).  The failure of soft-

storey building is due to forming of collapse hinges at column in soft – storey (In 

Fig.6.26). In retrofitted structure all the hinges at performance point remain within 

Immediate Occupancy to Collapse-prevention range. Even no hinges reach the life 

safety level. While in the soft-storey structure the hinges in some columns reach 

the collapse to damage level. It is seen from the table 6.25 that the tendency of 

hinges formation at performance point is greatly reduced by FRP retrofitting. 

 

Table 6.25: Number of hinges formed in structure-5 at performance point  

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 1020 68 4 26 0 2 0 0 1120 
Retrofitted 1020 84 16 0 0 0 0 0 1120 
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        a) Soft-Storey                                                              b) Retrofitted  

 
 

Fig.6.26: Comparison of hinge formation at performance point of structure-5 
 

 Table 6.26: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 3.86 24.35 Retrofitted 4.8 

 

As capacity of soft-storey frame does not reach demand curve and large 

deformation beyond its elastic limit occurs. Fig. 6.27 illustrates this fact more 

clearly. At performance point maximum drift ratio at soft storey level remains 

within acceptable range well below even the immediate occupancy level for 

retrofitted structure but in case of soft storey it is within damage control level.  
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Fig.6.27: Comparison of maximum drift ratio at performance point of structure-5 
 

 

 

6.5.6  Performance Evaluation of Structure 6 

Table 6.27: Effective damping and spectral reduction factor for structure-6 
 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 25.60% a 20.5% 

Spectral Reduction Factor, SRA 0.49 0.47 

Spectral Reduction Factor, SRV 0.61 0.59 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

a When a structure collapses before reaching the performance point, βeff  
 is calculated   from   the failure step. 
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Fig.6.28: Comparison of capacity spectrum of structure-6 
 

Fig. 6.28 describes that the capacity of soft-storey structure does not meet the 

demand but the capacity of retrofitted structure meet the demand curve. The 

retrofitted structure has to deform a considerable amount to meet that demand. It 

indicates that it posses more ductility capacity but not by big amount. It increases 

from 3.64 to 3.96 only (Table 6.29). The probable reason may be that the soft 

storey structure although is way short of meeting the seismic demand but posses 

high ductility, therefore improvement in ductility is very small. The failure of soft-

storey building is due to forming of collapse hinges at column in soft – storey (In 

Fig. 6.29). In retrofitted structure all the hinges at performance point remain 

within Immediate Occupancy to Collapse-prevention range. Even no hinges reach 

the life safety level. While in the soft-storey structure the hinges in some columns 

reach the collapse to damage level. It is seen from the table 6.28 that the tendency 

of hinges formation at performance point is greatly reduced by FRP retrofitting. 

Table 6.28: Number of hinges formed in structure-6 at performance point  

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 762 70 0 31 0 1 0 0 864 
Retrofitted 768 91 5 0 0 0 0 0 864 
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        a) Soft-Storey                                                              b) Retrofitted  

 
 

Fig.6.29: Comparison of hinge formation at performance point of structure-6 
 

  Table 6.29: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 3.64 8.79 Retrofitted 3.96 

 

As capacity of soft-storey frame does not reach demand curve and large 

deformation beyond its elastic limit occurs. Fig. 6.30 illustrates this fact more 

clearly. At performance point maximum drift ratio at soft storey level remains 

within acceptable range well below even the immediate occupancy level for 

retrofitted structure but in case of soft storey it is within damage control level. 
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Fig.6.30: Comparison of maximum drift ratio at performance point of structure-6 
 
 
6.5.7  Performance Evaluation of Structure 7 

Table 6.30: Effective damping and spectral reduction factor for structure-7 (X-
Direction) 
 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 14.2% a 15.3% 

Spectral Reduction Factor, SRA 0.63 0.66 

Spectral Reduction Factor, SRV 0.72 0.74 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

a When a structure collapses before reaching the performance point, βeff  
 is calculated   from   the failure step. 
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Fig.6.31: Comparison of capacity spectrum of structure-7 (X-Direction) 

 

Fig. 6.31 describes that the capacity for geometric X-direction of both soft-storey 

and retrofitted structure meet the demand. But have to deform a considerable 

amount to meet that demand. The retrofitted structure posses more ductility 

capacity. The ductility capacity of the soft storey structures has increased from 

2.16 to 2.95 (Table 6.32). No collapse hinges are formed in this direction (In 

Fig.6.32). For both the structure all the hinges at performance point remain within 

Immediate Occupancy to Collapse-prevention range. The only improvement that 

can be seen from the table 6.31 that the number of hinge formation within 

Immediate Occupancy to Life-Safety range at performance point is reduced by 

FRP retrofitting. 

 
Table 6.31: Number of hinges formed in structure-7 at performance point (X-
Direction) 

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 712 136 16 0 0 0 0 0 864 
Retrofitted 719 142 3 0 0 0 0 0 864 
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      a) Soft-Storey                                                             b) Retrofitted  

 
 

Fig.6.32: Comparison of hinge formation at performance point of structure-7 (X-
Direction) 

 

   Table 6.32: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 2.16  26.78 Retrofitted 2.95 

 

At performance point maximum drift ratio at soft storey level  remains within 

acceptable range, even below the immediate occupancy for both the structures but 

in case of soft storey it is a little bit more as shown in Fig.6.33. 
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Fig.6.33: Comparison of maximum drift ratio at performance point of structure-7 
(X-Direction) 

 
 
 

Table 6.33: Effective damping and spectral reduction factor for structure-7 (Y-
Direction) 

 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 17.2 %  17.1 % 

Spectral Reduction Factor, SRA 0.6 0.6 

Spectral Reduction Factor, SRV 0.69 0.69 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 
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Fig.6.34: Comparison of capacity spectrum of structure-7 (Y-Direction) 

 

Fig. 6.34 describes that the capacity for geometric Y-direction of both soft-storey 

and retrofitted structure meet the demand .But have to deform a considerable 

amount to meet that demand. The capacity curves indicate that the retrofitted 

structure posses more ductility capacity for this direction also. The ductility 

capacity of the soft storey structures has increased from 2.25 to 2.83 (Table 6.35) 

No collapse hinges are formed in this direction for retrofitted structure while in 

case of soft-storey structure there are two collapse hinges (Fig.6.35). In retrofitted 

structure all the hinges at performance point remain within Life Safety to Collapse 

Prevention range. From the table 6.34 it can be seen that the collapse hinges are 

gone because of FRP retrofitting. 

 
Table 6.34: Number of hinges formed in structure-7 at performance point (Y-
Direction) 

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 684 124 28 26 0 2 0 0 864 
Retrofitted 682 126 30 26 0 0 0 0 864 
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             a) Soft-Storey                                                               b) Retrofitted  

 
 

Fig.6.35: Comparison of hinge formation at performance point of structure-7 (Y-
Direction) 

 

   Table 6.35: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 2.25  20.49 Retrofitted 2.83 

 

At performance point maximum drift ratio at soft storey level reaches live safety 

level at 0.02. But for retrofitted structure it remains within acceptable range, more 

than immediate occupancy level but below the live safety level as shown in Fig. 

6.36. 
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Fig. 6.36: Comparison of maximum drift ratio at performance point of structure-7 
(Y-Direction)  

 
 
 
6.5.8  Performance Evaluation of Structure 8 

Table 6.36: Effective damping and spectral reduction factor for structure-8 (X-
Direction) 

 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 24.2%  22.8% 

Spectral Reduction Factor, SRA 0.49 0.50 

Spectral Reduction Factor, SRV 0.60 0.62 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 
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Fig.6.37: Comparison of capacity spectrum of structure-8 (X-Direction) 

 

Fig. 6.37 describes that the capacity for geometric X-direction of both soft-storey 

and retrofitted structure meet the demand. But the soft-storey structure just meets 

the demand. The capacity curves indicate that the retrofitted structure posses more 

ductility capacity for this direction also. The ductility capacity of the soft storey 

structures has increased from 2.64 to 4.56 (Table 6.38). No collapse hinges are 

formed in this direction (In Fig.6.38). For both the structure all the hinges at 

performance point remain within Immediate Occupancy to Life-Safety range 

(Table 6.37).  

 
Table 6.37: Number of hinges formed in structure-8 at performance point (X-
Direction) 

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 906 77 9 0 0 0 0 0 992 
Retrofitted 908 74 10 0 0 0 0 0 992 
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      a) Soft-Storey                                                         b) Retrofitted  

 
 

Fig.6.38: Comparison of hinge formation at performance point of structure-8 (X-
Direction) 

 

   Table 6.38: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 2.64  42.10 Retrofitted 4.56 

 

At performance point maximum drift ratio at soft storey level remains within 

acceptable range, even below the immediate occupancy for both the structures. 

The maximum drift ratio of the retrofitted structure is marginally less than that of 

soft-storey structure as shown in Fig.6.39. 
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Fig. 6.39: Comparison of maximum drift ratio at performance point of structure-8 
(X-Direction) 

 
 
 

Table 6.39: Effective damping and spectral reduction factor for structure-8 (Y-
Direction) 

 
 

Frame Type Soft-Storey Retrofitted 

Effective Damping, βeff 25.0 % a 24.7 % 

Spectral Reduction Factor, SRA 0.48 0.48 

Spectral Reduction Factor, SRV 0.60 0.60 

Seismic Site Coefficient, CA 0.27 

Seismic Site Coefficient, CV 0.38 

a When a structure collapses before reaching the performance point, βeff  
 is calculated   from   the failure step. 
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Fig.6.40: Comparison of capacity spectrum of structure-8 (Y-Direction) 

 

Fig.6.40 describes that the capacity for geometric Y-direction of soft-storey 

structure does not meet the demand but the capacity of retrofitted structure meet 

the demand curve. The retrofitted structure has to deform a considerable amount 

to meet that demand. It indicates that it posses more ductility capacity. The 

ductility capacity of the soft storey structures has increased from 2.47 to 3.77 

(Table 6.41) for this direction.  The failure of soft-storey building is due to 

forming of collapse hinges at column in soft – storey (In Fig. 6.41). In retrofitted 

structure all the hinges at performance point remain within Life Safety to to 

Collapse-prevention range. No hinges reach the Collapse level. While in the soft-

storey structure the hinges in some columns reach the collapse to damage level. It 

is seen from the table 6.40 that the tendency of hinges formation at performance 

point is greatly reduced by FRP retrofitting. 

Table 6.40: Number of hinges formed in structure-8 at performance point (Y-
Direction) 

 A to 
B 

B to 
IO 

IO to 
LS 

LS to 
CP 

CP to 
C 

C to 
D 

D to 
E Beyond E Total 

Soft-Storey 870 90 2 26 0 4 0 0 992 
Retrofitted 914 884 106 2 0 0 0 0 0 
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                   a) Soft-Storey                                                           b) Retrofitted  

 
 

Fig.6.41: Comparison of hinge formation at performance point of structure 8 (Y-
Direction) 

 

The ductility capacity obtained from the capacity curves are shown in table 7.222 

   Table 6.41: Ductility Capacity of Structures  

 Ductility Ductility Increase (%) 
Soft-Storey 2.47  34.4828 Retrofitted 3.77 

 

Ductility capacity of the soft-storey structure is above 2 while in case of retrofitted 

structure it is near 4.  
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At performance point maximum drift ratio for both the structures remain within 

acceptable range, more than immediate occupancy level but below the live safety 

level as shown in Fig.6.42. 
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Fig.6.42: Comparison of maximum drift ratio at performance point of structure-8 
(Y-Direction) 

 
 
 
6.6 Findings in general  

From the study it is clear that all the soft-storey structures are deficient to seismic 

force. Even the structures that have been designed as strong column weak beam 

require retrofit to achieve the least satisfactory performance. 

Applications of FRP wraps do enhance the seismic performance of the structures 

to an acceptable limit but enhancement in all structures is identical. Many factors 

such as column reinforcement amount and bay length determine the performance 

of FRP retrofitted structure. 

In the modeling and analysis general (non confined) concrete properties such as 

stress and strain as well as modulus of elasticity have been increased by applying 

FRP wraps following the Lam & Teng’s model described at Chapter 3 to model 

the FRP confined concrete to be applied in columns for predicting the seismic 

behavior of retrofitted structure. As there are also financial aspects to be kept in 
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mind, the properties have been increased in such a level that the deficient soft-

storey buildings satisfy the seismic demand. However, it has been found that 

consecutive increasing the stress and strain of the concrete in the confinement 

zones does not necessarily always increase the seismic capacity of the structure. 

After a certain improvement of seismic performance with increasing concrete 

strength, the performance of the structure may fall. An example of this 

considering the structure-6 is shown in appendix-2.  

Remarkable improvement of FRP retrofitting is the reduction in the number of 

hinges formation in structure. Ductility also increases significantly due to FRP 

wraps. Additional cost due to retrofit is found varying from 0.49% to 3.75% of 

total cost. 

 

6.7 Cost Estimation of Structures for retrofitting  
 

Accurate Cost estimation for FRP application is not very easy especially in 

Bangladesh as other than very few repair works, FRP has not been used. The price 

of GFRP considered for analysis is given by BASF (Market Price for Bangladesh) 

and the approximate rate of application works is collected from specialist FRP 

applicator of BASF in India. Approximate cost of the GFRP is considered as BDT 

2110 per square meter for estimations which are included in appendix. 
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C h a p t e r  7  

CONCLUSIONS AND RECOMMENDATION FOR FURTHER STUDY 

7.1       GENERAL 

Earthquake is considered unavoidable for a long time. It is accepted that buildings 

would be damaged as a result of earthquake ground motion but should not collapse. 

Building with soft storey is the most vulnerable type of construction in the 

earthquake prone areas. Bangladesh National Building Code (BNBC, 1993) 

provides specifications for the lateral loading and provides some guideline for the 

analysis technique, but there is no provision for performance enhancement of the 

soft storey structures. In the BNBC it is stated that equivalent static analysis gives 

conservative result for regular structures. In the definition for the regular structures 

BNBC gives a guideline but nothing is mentioned about the irregularities due to in-

fill walls on the frame. 

 In day to day design practice, only load of infill is considered but in-fills are 

usually not modeled during analysis. Thus the effect of infill is neglected and this 

gives rise to the soft storey problem. RC frame buildings with open ground storey 

are known to perform poorly during strong earthquake shaking. In this thesis works 

the seismic vulnerability of buildings with soft ground storey is shown through a set 

of examples. The drift and strength demand in the first storey columns are high for 

this type of buildings. It is not very easy to provide such capacities in the columns 

of first storey in the existing soft storey buildings. Hence some sorts of retrofit 

measures are required to obtain the required seismic performance of buildings. In 

this thesis, FRP wraps has been used for retrofitting and the findings are described 

below. The main aim of the thesis is to find the extent of improvement by FRP 

retrofitting in soft-storey structures in a view to find a simple, safe and economical 

retrofit option.  
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7.2       CONCLUSIONS 

The work embodied in this thesis has been aimed to study the improvement of 

seismic performance of soft – storey building by the application of FRP wraps in 

the ground floor columns. For this purpose soft-storey buildings with various 

characteristics have been analyzed as described in chapter 6 and the following 

findings have been observed. 

 
a) A guideline has been proposed to use Lam & Teng’s stress- strain model for 

FRP confined concrete to evaluate and analyze soft- storey structures of various 

types with different types of FRP. Following the procedures explained at 

Chapter-3 to calculate the FRP Confined Concrete Properties; compressive 

strength of FRP confined concrete, f’cc  and axial strain of FRP confined 

concrete, εcu has been obtained for a given concrete section. Then with these 

properties Stress-Strain curve for FRP confined concrete has been constructed 

and applied in the FRP confined zone in the structural models. 

As seismic performance evaluation of any soft storey structure depends on 

many factors such as member sizes, height, span length, even the orientation of 

columns; it is very difficult to propose a definite solution for all or majority of 

structures such as how many layers of FRP wraps to be used or what will be the 

length of the wraps etc. Besides the complex structural behavior, FRP of 

different characteristics are also available. From the analysis of eight number of 

soft-storey structures considered for this thesis, it can be said that FRP wraps do 

improve the seismic performance of soft-storey structures. 

b) FRP wraps only at soft storey level is quite sufficient for a improving the 

seismic performance of soft-storey structure as can be seen from the seismic 

performances of structure-1 and structure-6.  In structure-1, FRP is applied at 

soft-storey level as well as at the bottom 1/3rd portion of the 2nd storey. On the 

other hand in case of structure-6, which has been modeled even as strong beam-

weak column type behavior; FRP is applied at soft storey level only. Still both 

the structures seem to meet the seismic demand, although performance of 

structure-1 is better. 



 140 

c) Improvement in the lateral strength of soft-storey structures is negligible due to 

FRP wraps but ductility improvement is quite satisfactory. For soft-storey 

structures having ductility value less than 3.5, on the average ductility increases 

by 48.56% with the peak value of  74.91% and lowest value of 34.48%. With 

soft storey structures possessing ductility more than 3.5 without FRP wraps the 

average improvement is 16.95%. In nonconfined condition the structures 

possessing ductility near 4 is regarded very high. Still FRP retrofitting improves 

the ductility further; which is very satisfactory. 

d) Another important improvement is the decrease of maximum total drift Ratio. In 

case of retrofitted structures the maximum drift ratio remains within Immediate 

Occupancy (0.01) level as per ATC-40, 1996; as shown in table 5.13 of chapter 

5. Only in y-direction of structure 7 and structure 8 the maximum drift ratio at 

performance point remain within damage control level (0.01-0.02). Because the 

long side of all the columns in structure 7 and the edge columns of structure 8 

are aligned in the y-direction; therefore the moment of inertia in the y-direction 

is comparatively less than that of x-direction.  

e) Another important feature of soft storey structures with FRP wraps is the 

significant improvement of hinge formation at performance level. FRP 

confinement removes collapse hinge totally. Even no collapse prevention hinge 

is found in retrofitted structure. At most of the times, the hinges for FRP 

retrofitted structure remain within immediate occupancy level and very few at 

life safety level which is a very desirable scenario for structures in seismic prone 

areas. 

7.3       RECOMMENDATIONS FOR FUTURE RESEARCH 

The following recommendations for future study can be made from the present 

study: 

a) Extreme soft storey case was considered predominately in this thesis paper. 

Among partially in-filled structures only 50% and 75% infill have been 

considered. Other partially in-filled structure can be studied. 
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b) Bay was regular in the modeled structure. Effect of irregular bay can be studied 

further. 

c) In designing steel percentage in the column has been limited to 4.75%. Column 

with 5% steel or more can be studied further. 

d) GFRP from BASF has been used for retrofitting. CFRP or GFRP from other 

manufacturers such as FOSROK, SIKA can also be considered for retrofitting. 

e) As this thesis work concentrated its study mainly on mid rise buildings further 

study may be made for high-rise structures, structures with geometric 

irregularity etc. to evaluate performance level of structures. 

f) This study is focused on buildings in Dhaka city which is in earthquake Zone-2 

as per our national building code. Buildings in Shylet which is in earthquake 

Zone-3 may be studied. 

g) It is to be spread among the design engineers through the proper institutions like 

BUET about new developments in earthquake engineering like pushover-based 

seismic evaluation and adoption of proper retrofitting scheme. This may offer a 

great opportunity to engineers to design a desired performance level structure as 

per ATC 40, 1996 and FEMA 2002. 
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60' *60' *6= 21600 sft

Nos
Size of Interior Col= 18" *18" 4
Size of Edge Col= 15" *15" 12

Corner Rounding= 35mm
Thickness(Total)= 1.71mm
Wrap Length (Each Column)= 3440mm (11.28ft)

GHRP thickness= 0.342mm
Total Layer of FRP= 5

Area of FRP WRAP:

Interior Column

67.68 sft (Each)
Total: 270.72 sft

For 5-layers, 1353.6 sft

Edge Column

56.4 sft (Each)
Total: 676.8 sft

For 5-layers, 3384 sft

Grand Total = 4737.6 sft
.= 440.36 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
929,165.68 176,145.15

Total Cost= BDT
Cost per sft= BDT

Additional Cost of retrofit = 3.19% of total cost

1,105,310.83
51.172

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 
                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Appendix

Appendix-1 (Cost Estimation)

Cost

Total Area of Building =

Structure -1



Total Area of Building = 60' *45' *7= 18900 sft

Nos
Size of Interior Col= 15" * 25" 6
Size of Edge Col= 15" * 20" 14

Corner Rounding= 125mm
Thickness(Total)= 1.71mm
Wrap Length (Each Column)= 2440mm (8ft)

GFRP thickness= 0.342mm
Total Layer of FRP= 5

Area of FRP WRAP:

Interior Column

53.33333333 sft (Each)
Total: 320 sft

For 5-layers, 1600 sft

Edge Column

46.66666667 sft (Each)
Total: 653.3333333 sft

For 5-layers, 3266.666667 sft

Grand Total= 4866.666667 sft
.= 452.36 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
954,478.98 180,943.88

Total Cost= BDT
Cost per sft= BDT

Additional Cost of retrofit = 3.75% of total cost

Structure-2

60.075

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 
                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Cost

1,135,422.86



45' *45' *7= 14175 sft

Nos
Size of Interior Col= 18" *18" 4
Size of Edge Col= 15" *15" 12

Corner Rounding= 35mm
Thickness(Total)= 1.368 mm
Wrap Length (Each Column)= 2440mm (8ft)

GHRP thickness= 0.342mm
Total Layer of FRP= 4

Area of FRP WRAP:

Interior Column

48 sft (Each)
Total: 192 sft

For 2-layers, 768 sft

Edge Column

40 sft (Each)
Total: 480 sft

For 2-layers, 1920 sft

Grand Total= 2688 sft
.= 249.85 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
527,186.20 99,940.51

Total Cost= BDT
Cost per sft= BDT

Additional Cost of retrofit = 2.77% of total cost

Total Area of Building =

Structure-3

44.242

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 
                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Cost

627,126.71



Total Area of Building = 45' *45' *8= 16200 sft

Nos
Size of Interior Col= 20" * 20" 4
Size of Edge Col= 15" * 15" 12

Corner Rounding= 40mm
Thickness(Total)= 0.684mm
Wrap Length (Each Column)= 2440mm (8ft)

GFRP thickness= 0.342mm
Total Layer of FRP= 2

Area of FRP WRAP:

Interior Column

53.333 sft (Each)
Total: 213.333 sft

For 2-layers, 426.667 sft

Edge Column

40 sft (Each)
Total: 480 sft

For 2-layers, 960 sft

Grand Total= 1386.667 sft
.= 128.892 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
271,961.13 51,556.61

Total Cost= BDT
Cost per sft= BDT

1.25% of total cost

Structure-4

Additional Cost of retrofit = 
19.970

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 
                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Cost (BDT)

323,517.75



45' *45' *8= 16200 sft

Nos
Size of Interior Col= 20" *20" 4
Size of Edge Col= 15" *15" 12

Corner Rounding= 35mm
Thickness(Total)= 0.684mm
Wrap Length (Each Column)= 2440mm (8ft)

GHRP thickness= .342mm
Total Layer of FRP= 2

Area of FRP WRAP:

Interior Column

53.333 sft (Each)
Total: 213.333 sft

For 2-layers, 426.667 sft

Edge Column

40 sft (Each)
Total: 480 sft

For 2-layers, 960 sft

Grand Total= 1386.667 sft
.= 128.892 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
271,961.13 51,556.61

Total Cost= BDT
Cost per sft= BDT

1.25% of total cost

Structure-5

Additional Cost of retrofit = 
19.970

Total Area of Building =

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 
                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Cost (BDT)

323,517.75



Total Area of Building = 60*60*6= 21600 sft

Nos
Size of Interior Col= 18" *18" 4
Size of Edge Col= 15" *15" 12

Corner Rounding= 30mm
Thickness(Total)= 1.026mm
Wrap Length (Each Column)= 2440mm (8ft)

GHRP thickness= 0.342mm
Total Layer of FRP= 3

Area of FRP WRAP:

Interior Column

48 sft (Each)
Total: 192 sft

For 3-layers, 576 sft

Edge Column

40 sft (Each)
Total: 480 sft

For 3-layers, 1440 sft

Grand Total= 2016 sft
.= 187.3884593 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
395,389.65 74,955.38

Total Cost= BDT
Cost per sft= BDT

Additional Cost of retrofit = 1.36% of total cost

Structure-6

21.775

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 
                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Cost

470,345.03



Total Area of Building = 59.04' *59.04' *6= 20914.3 sft

Nos
Size of Interior Col= 18" *20" 4
Size of Edge Col= 12" *20" 12

Corner Rounding= 10mm
Thickness(Total)= 1.71mm
Wrap Length (Each Column)= 2440mm (8 ft)

GHRP thickness= 0.342mm
Total Layer of FRP= 1

Area of FRP WRAP:

Interior Column

50.67 sft (Each)
Total: 202.67 sft

For 1-layers, 202.67 sft

Edge Column

42.67 sft (Each)
Total: 512 sft

For 1-layers, 512 sft

Grand Total = 714.67 sft
.= 66.43 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
140,164.58 26,571.49

Total Cost= BDT
Cost per sft= BDT

Additional Cost of retrofit = 0.49% of total cost

                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Cost

166,736.07
7.972

Structure-7

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 



45' *45' *7= 14175 sft

Nos
Size of Interior Col= 18" *18" 4
Size of Edge Col= 12" *20" 12

Corner Rounding= 25mm
Thickness(Total)= 1.71mm
Wrap Length (Each Column)= 2440mm (8 ft)

GHRP thickness= 0.342mm
Total Layer of FRP= 2

Area of FRP WRAP:

Interior Column

48.00 sft (Each)
Total: 192.00 sft

For 1-layers, 384.00 sft

Edge Column

42.67 sft (Each)
Total: 512 sft

For 1-layers, 1024 sft

Grand Total = 1408.00 sft
.= 130.87 sqm

Approximate rate for Building Construction (Including Finishing Works):1sft @1600 taka

Material Labour
276,145.15 52,349.79

Total Cost= BDT
Cost per sft= BDT

Additional Cost of retrofit = 1.44% of total cost

                                  1sqm @ 400 taka (Labour Cost) or 1sft @ 37.18 taka

Cost

328,494.94
23.174

Structure -8

Total Area of Building =

Approximate Rate: 1sqm @ 2110 taka (Material Cost) or 1sft @ 196.126 taka 



Appendix-2 
 

Structure-6 
 
 

6 storey building considered of having strong beam-weak column behavior. 
Heights of the storeys are: 
 
 
 

 
 
 
Geometry: 

 
Fig. 6.7: Plan of Structure-6 

 
Table 6.6: Member Properties of Structure-6 
 
 
 
 

Type Property(Size) Concrete Property 
Floor Beam 10” x 18” f’c = 3ksi (21 N/mm2) 
Grade Beam 10” x 18” f’c = 3ksi (21 N/mm2) 

Edge 
Column 

15” x 15” f’c = 3ksi (21 N/mm2) 

R
ei

nf
or

ce
m

en
t 

%
 

1 to 1.10 

Central 
Column 

18” x 18” f’c = 3ksi (21 N/mm2) 1 to 2.07 

 

Ground Storey 3.66m(12’) 
Typical Storey 3m (10’) 



Option-1: 
 

 
Option-2: 
 

 
Option-3: 
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Seismic Performances comparison among different confined concrete strengths at 

performance point for structure 6 

Axial strain of FRP confined concrete, εcu = 0.09 

Compressive strength FRP confined concrete,  f’cc= 6.7 ksi (46.35 N/mm2 ) 

Axial strain of FRP confined concrete, εcu = 0.16 

Compressive strength FRP confined concrete,  f’cc= 9 ksi (62.05 N/mm2 ) 

Axial strain of FRP confined concrete, εcu = 0.23 

Compressive strength FRP confined concrete,  f’cc= 12.23 ksi (84.38 N/mm2 ) 
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