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ABSTRACT 

Seismic Performance Evaluation of a Fire-Damaged High-Rise Building 

Concrete is widely used all over the world for the construction of buildings and 

infrastructures that may remain stable under fire. It shows some damage and deformations 

that requires maintenance. Although rehabilitation and restoration procedures of fire-

damaged buildings are usually time-consuming and costly, the post-fire resilience of the 

structure is very important to understand the structure’s capacity and situations. In the 

seismic zone, the buildings must satisfy the seismic demand after the potential repair and 

retrofitting of the fire-damaged building. A simple verified simulation procedure for the 

post-fire seismic analysis is necessary to advance the understanding of the post-fire seismic 

performance of RC structures. However, individual computer programs which can perform 

well in the both thermal and seismic analysis may help structural engineers taking 

decisions. Damage identification is the first step to predict the resilience of RC structures 

after fire events. This study investigates the performance assessment of different structural 

elements (column, beam, shear wall) within a code-designed RC frame building and thus 

compares pre and post-fire structural strength and serviceability parameters. Fire occurred 

at the 7th, 8th and 9th floors of a twenty-three-storied reinforced concrete building with two 

basements. The building can be categorized as a dual framing system which is located in 

Dhaka. Primarily, a damage assessment has been performed following some field 

investigation and testing techniques. A series of non-destructive tests such as UPV, 

carbonation concrete core, and rebar tensile strength tests have been carried out in the field 

and at the laboratory on the collected samples for damage classification and identification. 

Damage intensity of eighth-floor roof was found (8%) to be more than the other two 

(Seventh and ninth) floors (5%)  whereas concrete strength reduction of vertical elements 

was found up to 33% (in the columns and shear wall) and 23% in the horizontal elements 

(beams and slab). Based on the maximum gas temperature, a parametric fire curve has been 

constructed to simulate the thermal stress of fire-affected (seventh, eighth, and ninth) floors 

that influence the capacity of the materials by FIN EC software. The simulated material 

strength is compared with the equivalent concrete compressive strength obtained from the 

test data. The entire building is then modeled using finite element based computer program 

to assess the structural performance at pre and post-fire conditions. Initially, linear static 

analysis has been performed to obtain the force-based structural capacity of the building at 
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different performance levels such as maximum considered earthquake (MCE), design basis 

earthquake (DBE), and service level earthquake (SLE) and the capacity was compared 

between pre and post-fire conditions. The mechanical properties of concrete after fire 

exposure, such as residual compressive strength, stiffness, and constitutive responses were 

reviewed. Finally, a nonlinear dynamic time history analysis using ten different ground 

motions is performed to observe the actual response of the structure. The results are 

presented in terms of storey drift and displacement, stiffness, and column demand /capacity 

ratios and they are compared for pre and post-fire exposure at different performance levels, 

i.e. SLE, DBE & MCE. The results showed that the inter-storey drifts and demand /capacity 

ratio in the few cases particularly at the fire-damaged floors exceeds the allowable limit. 

The displacement increases and storey stiffness decreases considerably due to stability loss 

by elevated temperature. In most of the cases, it fulfills the requirement of strength and 

serviceability of structure in terms of strength, displacement, and drifts. The maximum 

concrete and rebar strain developed in the RC elements is found within the allowable limit 

of performance criteria for all service levels. The proposed assessment procedure is capable 

of capturing the actual scenario of a fire-damaged building at different performance levels 

that may help the stakeholders to take further strategic decisions on the damaged structure.   
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NOTATION  

𝐴o opening area [m2] 

𝐴tot  total compartment boundary area, including the openings [m2] 

𝑐 specific heat capacity [J/kgK] 

𝑐p specific heat capacity at constant pressure [J/kgK] 

𝑑 thickness [m] 

ℎ heat transfer coefficient [W/m2K] 

ℎc convection heat transfer coefficient [W/m2K] 

ℎr radiation heat transfer coefficient [W/m2K] 

𝐻o opening height [m] 

𝐻c compartment height [m] 

𝑘 thermal conductivity [W/mK] 

𝐿c compartment length [m] 

𝑚a mass flow of air [kg/s] 

𝑚o mass flow of air out from compartment [kg/s] 

𝑚i mass flow of air in to the compartment [kg/s] 

Ɵ temperature difference (𝑇𝑇 − 𝑇i) [°C] 

𝑂 opening factor for the compartment [m1/2] 

𝑡  time [s] 

𝑡d critical time for treating a solids as semi-infinite [s] 

𝑅 thermal resistance [m2K/W] 

𝑇core core temperature [°C] 

𝑇f fire temperature [°C] 

𝑇g gas temperature [°C] 

𝑇i initial temperature [°C] 
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𝑉c compartment volume [m3] 

𝑊c compartment width [m] 

𝑞 heat flow rate [W] 

𝑞b rate of heat being stored as gas [W] 

𝑞c rate of heat released by combustion [W] 

𝑞l rate of heat loss by convection through openings [W] 

𝑞r rate of heat loss by radiation through openings [W] 

𝑞w rate of heat loss conducted through the walls, ceiling and floor [W] 

𝑞" heat flux per unit area [W/m2] 

𝛼1 flow factor [kg/m5/2s] 

𝛼2 combustion yield [J/kg] 

𝜀 emissivity [-] 

𝜎 Stefan Boltzman´s constant [W/m2K4] 

𝜌 density [kg/m3] 

𝜏 time constant [s] 
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CHAPTER 1  

INTRODUCION 

1.1 Introduction 

The fire discovered to help early hominids has evolved into an integral component of 

modern society. It sometimes triggers an unanticipated phenomenon in any structure, 

resulting in significant structural damage that causes severe loss of lives and property. 

Despite pessimistic fire effects on structural elements, building construction can not be 

completed without fire effects due to specific difficulties (Poliakova and Grigoryan, 2018; 

and Wang et al., 2011). The performance of structural systems under fire exposure had 

previously given considerable attention, it wasn't until the terrible World Trade Center 

collapse on September 11, 2001 that more emphasis was placed on creating effective fire 

safety regulations (Gulvanessian et al., 2002) for buildings (Fig 1.1). Some precautionary 

steps should be taken during design to overcome these challenges. The structural design 

against fire can be performed following the fire design codes for building  (IBC, 2012a; 

ISO, 1999b; EN, 2002; and EN, 2010). Life safety protection has been a primary 

consideration in the development of current rules and provisions for fire design of building 

structures (Spinardi et al., 2017). As a result, the main goals of performance standards are 

to guarantee that building occupants have enough time to evacuate and to keep the fire 

brigade safe while conducting search and rescue operations. On the other hand, little 

thought is given to protecting property or rebuilding structures after a fire (Mostafaei et al., 

2014). 

However, the issue of preserving functionality and enabling quick recovery for structures 

and other infrastructures harmed by an unplanned incident like a fire has recently drawn 

more attention. This change is the result of a widespread realization that the built 

environment must be resilient, or able to quickly recover from setbacks and disruptions 

(Bocchini et al., 2014). Resilience is particularly crucial in an era of rapid urbanization, 

where municipal infrastructure systems are under pressure and any disturbance could have 

significant socioeconomic effects. For instance, closing down of a school, a hospital or a 

bridge after a fire event would result in significant indirect economic cost. As a result, 

property protection needs to be included in performance requirements for structures under 
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fire. New techniques must be created in the meantime to be able to evaluate the degree of 

destruction or the level of remaining safety of structures following a fire. These techniques 

are necessary to facilitate and expedite the decision-making process after a disaster by 

offering reliable information regarding the state of the structure. 

 

Fig 1.1: Fire at World Trade Center (Klersfeld and Nordenson, 2003). 

Indeed, decision makers need to know whether a building can be re-used as is, needs 

structural repair, or should be demolished and rebuilt. Any delay in the decision process 

translates into a longer loss of functionality. 

However, evaluating a building's condition after a fire is a challenging task. In fact, 

engineers fundamentally lack of knowledge regarding the following components: 

a) The fire event: Very little knowledge about  exposure to different temperatures over 

time and space of the structure. Therefore, engineers must rely on expert judgment 

or utilize models and indirect measurements to assess the intensity of the fire. 

b) The features of the building before the incident: as-built drawings might not be 

available. Additionally, the structure can have undergone modifications or 

deterioration throughout the course of its lifetime. 
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c) The effect of the fire on the structure and the residual material properties: 

estimations can be made through models and calculations, but this inevitably 

introduces simplifying assumptions and modelling uncertainties.  

Many variables can contribute to a fire becoming out of control. A large fire can inflict 

significant damage to buildings and infrastructure. The spread of fire is aided by hot, dry, 

and windy weather. At the same time, inadequate communication and transportation 

networks hinder access to firefighting in disaster areas, and a shortage of water delivery 

systems limits fire control efforts. In that instance, more effort and extinguisher material, 

such as water, will be required to extinguish the fire. As a result, setting fire safety 

objectives for buildings and urban architecture is critical. It's also vital to ensure the 

structural integrity of the damaged structures for a particular period during a fire so that 

emergency resources can be used. These considerations should be considered while 

designing new buildings and retrofitting old ones.  

Bangladesh is a densely populated country with high risk of natural disaster. It is considered 

as fifth most disaster prone country in the world (Schwab and Sala-I-Martin, 2010). In 

addition, the area is specially vulnerable to fire and earthquake disaster due to the density 

of ancient, unreinforced brick structures and the small, winding streets in the area. With the 

recent occurrence of numerous notable fires in Bangladesh, including the Nimtoli Fire, 

Bashundhara City Complex Fire, Bangladesh Steel and Engineering Corporation (BSEC) 

Bhaban Fire, Tazreen Garments Fire,  Tampaco Foils Ltd Factory Fire, Fire at Rohinga 

camp,  FR Tower Fire, Hashem Food and Beverage factory Fire, Chottogram Container 

Fire, and Sitakundu Fire , among others, fire hazard has emerged as a significant issue of 

concern alongside earthquake risk. 

The frequency of fire occurrences in Bangladesh is on the rise, according to a study report 

from the Bangladesh Fire Service and Civil Defense (BFSCD). Fig  1.2 has been 

reproduced based on the report of Bangladesh Fire Service and Civil Defense and (Sahebi 

et al., 2020) indicates that a total of 262814 fire incident occures in the period of 2006 to 

2021. 
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Fig  1.2: Total fire incident in Bangladesh. 

Moreover, Fig  1.3 has also been reproduced using (Naoshin et al., 2020) and BFSCD that 

shows the the death and injurious of 2527 and 12141 people respectively. Due to its dense 

concentrations of buildings, narrow roads, flammable building materials, outdated water 

and electrical infrastructure, chemical factories in residential areas, and lack of 

preparedness and response capabilities among locals and the fire authority, Dhaka the 

capital of Bangladesh frequently faces fire hazards.  

 

Fig  1.3: Total casualties due to fire incident in Bangladesh. 
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concrete structures, but the methodology could easily be applied to other types of structures. 

The work adopts a reliability-based approach to quantify the residual load bearing capacity 

of a concrete structural element after a fire. This approach allows making the link with the 

reliability-based philosophy of the initial design by providing a clear understanding of the 

residual safety after the event. For practicality, the result is expressed in terms of maximum 

allowable imposed load for a given target safety level for the post-fire assessment (for 

instance, equal to the safety level of the initial design).  

The presented work focuses on a reinforced concrete structure, which is one of the most 

common structural elements in buildings and infrastructure. Recent efforts directed to 

improve (the understanding of) the resilience of concrete structure with respect to fire 

include amongst others fragility assessments through expert-judgment (Ioannou et al., 

2017), detailed reliability assessments (Van Coile, 2015) and an application of the PEER 

framework (Lange et al., 2014). In this work a more direct approach is followed where the 

residual capacity is directly assessed after a specific fire event. The considered structure is 

typically a multi-storied  commercial building. Damage classification by color contouring 

and material assesment by nondestructive and destructive testing has been done to estimate 

the fire effects. In function of the assessed case, influences of degradation should be taken 

into account in the methodology through the characteristics of the fire-exposed structural 

element (e.g. reinforcement strength, concrete compressive strength). 

The proposed methodology starts from the observation of a fire event and the collection of 

data and goes through the different steps up to the estimation of the maximum allowable 

imposed fire loads. It makes use of a combination of forensic investigation (e.g. on-site 

measurements, discussion with firefighters and building designers), simplified fire 

temperature methods, advanced numerical modelling (e.g. by finite element method), 

reliability-based methods, and engineering judgment. Throughout the study, the method is 

illustrated by a real case study.  

The application of reliability concepts allows to make a post-fire seismic performance 

assessment which is in agreement with the safety philosophy.  
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1.2 Background and Motivation 

The structure's design should enable enough time for residents to evacuate in the event of 

an earthquake or fire and the safety of any emergency-services professionals who may be 

required to enter during or after such catastrophes (Mousavi et al., 2008). However, most 

of the past studies on the behavior of structures exposed to such risks have focused on either 

fire or earthquakes separately. As a result, the current research intends to improve the 

engineering community's understanding of structural behavior under consecutive fire-

earthquake stresses, including both post-earthquake fires and post-fire earthquakes. 

A major earthquake can result in destructive post-event flames and aftershocks (Dahal and 

Mullen, 2021). In this case, an RC structure that has survived a post-earthquake fire may 

be vulnerable to significant damage or collapse in future earthquakes (Kam et al., 2011), 

which raises another safety issue: the performance of RC structures after a fire. Post-fire 

earthquake scenarios may potentially occur in the event of a huge fire preceding a future 

earthquake. As a result, knowing structural performance under such threats is required for 

resilient design and evaluation of existing infrastructure (Naser and Kodur, 2018). 

Due to the high expense of tests under consecutive fire-seismic loads, numerical analysis 

is essential in evaluating the post-fire earthquake performance of structural components. 

An effective and efficient simulation approach is required to capture the reaction to both 

fire and earthquake loads (Ni, 2018). A comprehensive parametric study is also required to 

fully understand the post-fire seismic performance of structural components to identify 

critical situations where the impact of fire damage is significant (Qin et al., 2021). 

Furthermore, engineers should develop simplified modeling tools to aid them in capturing 

the effects of fire within the context of models and software widely used for seismic 

research. 

Currently, there are two major study subjects in the realm of fire and structures: 

 the residual condition of structures after fire 

 design for fire resistance 

The strength and serviceability loss of a structure following a fire occurrence and the 

structure's long-term health are the key concerns of the residual condition of structures after 
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the fire. Fire resistance, on the other hand, is defined as "the ability of a building element 

to fulfill its planned function for a length of time in the case of a fire," which is more 

relevant to the design and retrofit of concrete structures. 

1.3 Research Objectives 

The main objectives of the present research are 

a) To evaluate the damage states of different structural components for a high-rise 

building after the fire incident.  

b) To investigate the post-fire seismic capacity of the building using a performance-

based seismic design (PBSD) approach by finite element simulation.  

The combination of different methods or tools used for each analysis stage is needed to 

ease the simulation and the analysis procedure faster. It also intends to capture the 

fundamental behavior for post fire seismic performance. 

1.4 Scope of the Thesis  

To achieve the goals of the study, the material properties and different techniques for 

seismic assesment of fire damaged structures were obtained from the literature review. The 

study presents the damage state as well as finite element analysis to calculate the residual 

strength of fire damaged structure. The suitability for the use of performance based analysis 

to calculate the actual residual strength of  structural elements (Shearwall, column and 

beam) can be determined. In this study,  a 23 storied building with 2 basement located at 

the heart of Dhaka city has been selected for the evaluation. Initial visual inspection was 

performed to collect the information about the damage. Further inspection helps to prepare 

the drawing of the structure. Damage classification by color contour helps to detect damage 

severity with locations. Some destructive testing has been performed based on the damage 

severity.  Moreover some non-destructive testing has been performed to correlate the test 

results. Residual strength of material has been calculated. Development of parametric fire 

curve helps to perform heat transfer analysis of structural members by FIN software. A full-

scale three dimensional finite element model will be developed using structural analysis 

software. Floor plan and section properties were exactly followed as per project data. 
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Material properties has used as per the laboratory  and heat transfer analysis data. Primarily, 

FBD analysis will be performed to check the adequacy for the considered equivalent static 

load at different service period i.e. MCE, DBE, and SLE. Design of the building using 

BNBC (2020) has been performed to assess the capacity of the column. Finally, non-linear 

time history analysis will be conducted for ten sets of ground motions to observe the actual 

response of building beam, column and shear wall and hence the performance at 43, 475 

and 2475 years return period.  

1.5 Organization of the Thesis 

The thesis has been organized into six chapters. The objectives of the thesis with some 

introductory materials are presented in the current chapter, i.e., Chapter 1. A review of 

previous works and ongoing work on this topic is incorporated in Chapter 2. The 

methodology of the research are presented in Chapter 3. Chapter 4 depicts about the damage 

assessment and heat transfer analysis. Material Properties at elevated temperatures are also 

described in this chapter. Finite element analysis and explanation of results has been 

described in chapter 5. The summary of the thesis, including the conclusions and 

recommendations, are presented in Chapters 6.  A list of references is arranged at the end 

of the thesis. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

The structural response of buildings to fire conditions has been the  focus of intensive 

research activity in recent years. For composite  steel / concrete buildings, this has been 

driven by the motivation to achieve more cost-effective designs and, more generally, by the 

need to attain a greater understanding of the underlying behavioral  mechanisms that occur 

in fire. As a result, there has been an  increasing recognition of the benefits of employing 

performance- based  fire design, in comparison with prescriptive approaches which are 

based on unrealistic idealizations. This chapter summarizes on the literature review on 

thermal analysis and mechanical properties of materials (i.e concrete and rebar) under fire. 

This section also focuses on past research performed on the seismic performance of 

reinforced concrete by performance based analysis. 

2.2 Damage Assesment 

RC buildings have high natural fire resistance and high temperatures may not always result 

in destruction.  A post-fire assessment is essential because of the concrete construction state 

of the building. Buildings with concrete that has been subjected to fire does not have the 

same cross-sectional characteristics. The concrete layer closest to the surface deteriorated 

the most severely (Wróblewska and Kowalski, 2020) In spite of the damage and ongoing 

deformations, RC constructions often stay stable after a fire (Ni and Gernay, 2020). The 

effectiveness of concrete constructions damaged by fire has been extensively studied by 

academics (Ryu, Shin and Kim, 2018). Compared to wood and stainless steel structures, 

reinforced concrete buildings have superior natural fire resistance (Kodur, 2014). The 

reinforcement is protected from the heat as the concrete coating seeps further into the cross-

section of the member. This enables a building's load-bearing capacity to to stay relatively 

high during and after a fire. Conversely, lightweight concrete has greater fire resistance 

than high-strength concrete, which has less fire resistance than regular concrete. Despite 

this, concrete is rarely destroyed totally in a fire, in contrast to steel and wood. When 
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concrete is exposed to high temperatures, its mechanical properties are weakened by 

thermal, physical, and chemical processes (Bažant, Kaplan and Bazant, 1996). Normal 

concrete, high-strength concrete, lightweight concrete, shotcrete, and mortars all have 

equivalent severe heat characteristics (Bamonte and Gambarova, 2014). In the early stages 

of a fire, RC beams and slabs close to the ceiling that are exposed to rising convective 

currents are more susceptible (Kodur and Agrawal, 2016). Due to concrete's higher fire 

resistance, RC structures that have been exposed to fire maintenance have a significant 

amount of residual capability, and it is frequently possible to reuse the structure in the 

future. On the other side, thermal deterioration may result in a permanent loss of strength 

and use. To make precise judgments concerning future usage and the necessity of repairs 

in fire-damaged structures, a detailed assessment of the residual capacity is required 

(Agrawal and Kodur, 2020).  

The ability to evaluate the impact of a fire on the structural load-bearing capacity and safety 

generally requires measuring the concrete residual strength. This can be used to determine 

if the structure is fit for current usage, what sort and how extensive repairs are needed, or 

even to demolish the damaged building. If the structural components have been 

significantly damaged by fire, damages and areas of concrete deterioration are readily 

apparent and recognisable (Knyziak, Kowalski and Krentowski, 2019). Concrete changes 

in appearance cannot be seen during the initial visual inspection of less damaged parts. 

Testing in the lab and on-site can provide more detailed information on the state and internal 

structure of the concrete. The most crucial aspect to take into account following fire damage 

is concrete compressive strength. It is crucial to measure the thickness of the concrete's 

exterior layer in the area where damage to the concrete has occurred before it has to be 

taken into consideration (Felicetti, 2014). All three types of fire standard, parametric, and 

natural are utilized to analyze RC structures without cooling. The parametric and natural 

fires, as opposed to conventional flames, often replicate real fires more accurately (Huang, 

2010). In assessing structures after a fire, the thickness of the external crossings, in which 

the concrete is sufficiently damaged to be regarded as destructed is very important 

(Wróblewska and Kowalski, 2020). 

According to the textbook, the low-slender RC components in normal constructions have a 

fire resistance of 50–60%. To build RC members with a 4-hour fire-resistance, the Euro 

code specifications for cross-sectional dimensions and axial reinforcement distance from 
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the concrete surface can be employed (Felicetti, 2014). On the other hand, these codes 

believed that the temperature of the steel reinforcement was a substantial contributor to the 

degradation of strength. Based on the fire strength class for the load-bearing requirements 

of 30 or 60 min in normal fire exposure, the Eurocode (EN 2004) provides profiles for the 

temperature distribution across the slab thickness for slabs, cross-sections for beams, and 

columns. It teaches how to compute mechanical behavior using fundamental methods like 

the zone and 500 °C isotherm procedures (Al-Rousan, 2020). The National Fire Protection 

Association (NFPA) 101 states that modernizing a building would make its occupants safer. 

The Nigeria National NBC evaluates the safety of buildings and takes into account fire 

safety measures such as structural fire resistance, detection, alarm, and extinguishing 

systems. Examples of general safety are evacuation procedures and fire safety regulations 

(Wakelyn, Thompson and Nevius, 2006). 

Researcher performed fire tests and low-frequency cyclic loading tests after fire on three 

conventional high strength concrete (HSC) shear walls and a superimposed HSC shear wall 

with precast recycled aggregate concrete (RAC) panel. They investigated the spalling of 

concrete, temperature distribution and deformation of specimens for 45 min, 90 min, and 

135 min separately as a indicators of fire response. They found that the HSC suffer severe 

spalling than conventional wall during fire. Use of RAC panel can alleviate spalling more 

than 60% compared to conventional wall (Xiao et al., 2017). The health assessment of fire 

damaged structure has been performed (Aseem et al., 2019). They estimated the residual 

durability and mechanical properties by performing some non-destructive and destructive 

testing. Moreover, they have developed a framework to estimate the exposure temperatures 

of various structural units with the help of microstructural and thermal analysis. In  the 

paper (Elghazouli, Cashell and Izzuddin, 2009) describes an experimental investigation into 

the influence of elevated temperatures on the mechanical properties of steel reinforcement. 

They examined the residual post-cooling properties of reinforcing bars. They also assessed 

the performance of reinforcement of 6mm, 8mm and 10mm diameter and the influence of 

temperature for enhancing the ductility of reinforcement. Some researcher performed 

damage assessment of a RC factory building. To evaluate the effects of the fire on the 

concrete, spectrophotometer and compressive strength tests were performed on concrete 

specimens taken from the building. They have concluded about the effect of temperature 

on overall stability of  structure (Ada, Yüzer, and Ayvaz, 2019). 
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Researchers (Jiang et al., 2015) has examined the fire resistance of key component, 

including the concrete core, mega columns, the composite floor, outrigger trusses and belt 

trusses. The results shows that the Shanghai Tower has a minimum of 3 h fire resistance 

against fire-induced progressive collapse. The concrete components have smaller residual 

displacements compared to the steel components. They have recommended to consider the 

effective fire protection of outrigger trusses to guarantee the connection between the core 

and mega columns. This paper presents preliminary results of a numerical study to 

investigate the impact of fire damage on the lateral load resistance of flexure-control RC 

structural walls. It indicates that the fire damage decreases the load-bearing capacity and 

the stiffness of RC walls under reversed-cyclic loads (Birely and Ni, 2016). 

2.3  Materials Properties Assesment 

The codes provide guidelines on fires and deterrents, e.g., the predictable degree of the 

temperature based on the duration dimension limitations, types of material for structural 

elements, combustible material, fire protection, and duration of active and passive safety 

systems. The researchers can differentiate between the structure's actual and predicted 

temperature by taking advantage of different codes. The variation may cause due to (a) the 

uncertainty of combustion fire loads; (b) the boundary conditions, non-uniformity, opening 

size, and discontinuity of concrete; (c) the size and shape of the structural elements, 

etc.(Han et al., 2012).  

In general, steel structure is more vulnerable to fire than concrete structure. The cross-

sectional integrity of reinforcement with aggregate and binding material will likely cause 

improved fire resistance (Topçu and Karakurt, 2008). The chemical and physical properties 

of concrete change when it is exposed to elevated temperatures. Interestingly, the reinforced 

lightweight concrete shows improved performance compared to normal- weight concrete 

in terms of ultimate load, yield load, cracked load, stiffness, ductility, and inter-storey drift 

after high-temperature fire resistance. A significant issue of concern in fire events is the 

degradation of material strength due to the excessive temperature rise. Experimental studies 

evidenced that the mechanical properties of concrete and steel, i.e., compressive strength, 

tensile strength, elongation, and modulus of elasticity, change with temperature (Tao, Wang 

and Uy, 2013). The effects of high temperatures on exposed reinforcing steel have been 

simplified and statistically analyzed earlier (Arioz, 2007). The physical characteristics of 
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concrete, i.e., surface texture and color, change by elevated temperature (Hager, 2013; 

Osman et al., 2017; and Fletcher et al., 2007). The capacity of structural elements changes 

due to material deterioration during the elevated temperature fire (Khoury, 2000; Kodur, 

2014; and Hertz, 2005). 

The temperature is a critical parameter to stabilize the strength of concrete. The rate of 

temperature rise significantly influences the degree of destruction and structural loss. The 

variation of concrete compressive strength with temperature may be classified (Malhotra, 

1956; Torić, Boko and Peroš, 2013; and Ma et al., 2015) into three categories: a) up to 

300oC, wherein the concrete compressive strength decreases slightly or remains constant. 

b) At 300oC-550oC, the compressive strength of concrete decreases sharply and may be 

reduced up to 50%. c) Above 690oC, the concrete compressive strength will remain at 20% 

of the specified concrete compressive strength.  

The intensity of vapor increases as the burning of the combustible materials progresses, 

particularly in the case of ventilation-controlled fire. The vapor causes the hydration 

operation of dehydrated cement grain (Hertz, 2005). As a result, the compressive strength 

of concrete increases slightly. Exposure below 300oC temperature, concrete can recover to 

its initial circumstances by absorbing moisture from the environment (Luo, Sun and Chan, 

2000).  After rising 300oC, concrete should be removed due to micro-cracks piercing into 

the concrete. Residual compressive strength is not prominently influenced by elevated 

temperature exposure up to 400oC, whereas mean compressive strength decreased by 32% 

after exposure to 400oC. It may occur due to less sensibility to micro-cracks (Hsu et al., 

1963).  Heating up to 400oC may create a small number of micro-cracks that do not reduce 

immediate compression capacity; instead, a small amount of cracked concrete could work 

as a highly redundant member (Reifenstein et al., 1999; and Shang and Lu, 2014).  

However, the compressive strength of concrete reduces drastically by 50% and 80%  up to 

550oC and above 690oC, respectively (Arioz, 2007). 

Above 1150oC, feldspar melts, and the remaining mineral components of cement change 

into the glass phase (Shoukry et al., 2011). For concrete, the compressive strength, flexural 

strength, splitting tensile strength, and modulus of elasticity have an inverse relationship 

with the temperature rising (Lin, Lin and Powers-Couche, 1996). Moreover, these 

parameters also have an inverse relation with moisture content (Hager and Tracz, 2010). 
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The effect of temperature on the reduction of compressive strength of concrete is associated 

with the chemical and physical modification and configuration of concrete. It is possible to 

assess the temperature-induced loss of strength in steel (rebars) and concrete layers by 

knowing the temperatures in those layers. Typically, after cooling, reinforcing steel regains 

the majority of its strength and stiffness. Nevertheless, the residual strength of steel 

decreases as the maximum temperature in rebars increases, especially when that 

temperature approaches 500oC. According to temperature-residual strength test results 

published by some researcher (Neves, Rodrigues and Loureiro 1996) that, the loss of 

strength in reinforcing steel is anticipated to follow in the suggested design method. Fig  

2.1 depicts the change in steel and concrete residual strength as a function of maximum 

temperature. 

Fig  2.1: Variation of residual strength of rebar and concrete as a function of maximum 
temperature (EN, 2004). 

At temperatures up to 800oc, volumetric shrinkage and expansion occurred due to the 

successful result of dehydration and rehydration of Ca(OH)2 and CaO, respectively (Hertz, 

1998). A notable expansion of the aggregate creates enlargements in the concrete crack 

(Hsu et al., 1963). Due to the temperature increase, vapor pressure intensifies the pore of 

concrete, which exerts excessive internal stress inside the concrete and results in concrete 

spalling and bonding failure. As a result, the effective cross-sectional area of structural 

elements reduces, and buried reinforcements become exposed to flame directly. Concrete 

spalling depends on concrete's physical and mechanical properties, such as strength, 

moisture content, and density. Besides the thermo-physical properties, temperature 

gradient, distribution of the temperature, external loads, geometry, and aggregate type, the 
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inclusion of fiber also influences the behavior of concrete during fire (Bratina, Saje and 

Planinc, 2007; Kizilkanat, Yüzer and Kabay, 2013; Kodur and Agrawal, 2017; Ozawa et 

al., 2012; and Tanyildizi and Coskun, 2008). The bond properties of the rebar/concrete 

interface can significantly affect RC members' strength degradation and deflection. Thus, 

structural components subjected to a fire provide poor fire resistance (Dwaikat, 2009; Gao, 

Dai and Tang, 2016; and Kodur and Dwaikat, 2008).  

The concrete cover is a safeguard for the reinforcement against several effects of the 

external environment, including corrosion and physical, chemical, and thermal effects. An 

increase in concrete cover plays extra protection for reinforcement against fire (Shi et al., 

2004; Subramanian and Geetha, 1997; and Topcu, Boğa and Demir, 2011).   Concrete cover 

may be removed at the early stage of fire based on the amount of volumetric change in 

aggregates and spalling. An increase in cover may increase the fire-resisting capacity but 

provides slight improvement (Helmy, 2003; Ünlüoğlu, Topçu, and Yalaman, 2007), 

whereas retrofitting using advanced composite material may be an alternative (Okba, 

Helmy and Morsy, 2003). A 25 mm cover can protect high temperatures up to 400oc, almost 

the same as exposure to plain steel (Zhu et al., 2014). If the peak temperature increases 

beyond 500oc, the 25mm concrete cover thickness would be impractical. The frame 

structure decreases its load limit up to 36.9% and 48% under 600oc and 800oc, respectively. 

Under 1000oc, the frame losses its bearing capacity up to 57.3% (Lee, Choi and Hong, 

2010; and Yüzer, Akbaş, and Kızılkana, 2007). 

The tensile strength of cold-formed and hot-rolled steel is different at elevated 

temperatures. The hot-rolled bar regains its strength before the strength reduction happens 

at elevated temperatures. However, the strength of cold-formed steel was reduced 

compared to the actual tensile strength before cold-formed (Gunalan and Mahendran, 2014; 

Kankanamge and Mahendran, 2011; and Singh and Singh, 2019). The reduction of the 

rebar's tensile strength reduces the elements' ultimate capacity (Chiang and Tsai, 2003; 

Desnerck, Lees and Morley, 2017; Ichinose et al., 2004; and  Yin, Han and Liu, 2011). The 

alteration of the aggregates and cement paste dehydration results in color variations, which 

can be determined by measuring carbonation depth. The level of temperature and damage 

to the mechanical properties of concrete can be related to the carbonation depth. Few 

researchers have also performed similar (Beck et al., 2016; and Wróblewski and Stawiski, 

2020). 
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The load-carrying capacity can also be reduced by decreasing the bonding and anchorage 

capacity of concrete and reinforcement (Rodriguez, Orteza and Casal, 1997; Zandi, Kettil 

and Lundgren, 2011). The anchorage capacity refers to the minimum bond and splitting 

capacity. The sectional geometry, reinforcement, and concrete strength affect the splitting 

capacity, whereas rebar diameter, rib geometry, clear cover, rebar confinement, and 

concrete properties control the bonding capacity (Khaksefidi, Ghalehnovi and Britto, 

2021).  Generally, a splitting capacity test is performed to determine the anchorage 

capacity, whereas bond capacity represents the anchorage capacity for fire-damaged 

structures (Hertz, 1982). Yin, Han and Liu (2011) studied the anchorage of strength with 

temperature and applied the cooling method. Anchorage strength decreases slightly up to 

300oc, whereas the strength reduces quickly, and ultimate slippage decreases gradually at 

high temperatures (Sharma, Bošnjak and Bessert, 2019). 

Non-destructive testing (NDT) techniques have recently drawn significant importance for 

structural health assessment of reinforced concrete structures. The concrete structures 

undergo deformation, cracks, honeycombing and voids due to service, fatigue loads, 

environmental conditions and other extreme events. These defects can further deteriorate 

the integrity of concrete structures due to corrosion/damage of steel reinforcement and 

concrete itself. Various NDT techniques have been established to monitor these defects and 

update the health of structure accordingly during the service life of structure. Hobbs and 

Tchoketch (2007) have used ultrasonic pulse velocity (UPV) and impact rebound hammer 

(IRH) for predicting compressive strength of concrete structure. Similarly, health 

assessment of concrete has been carried out by combination of non-destructive techniques 

(Aseem et al., 2019) 

2.4 Thermal Stress Analysis  

The effect of real fires on the structural performance of RC member needs to be quantified 

to achieve a more rational approach for fire resistance design. Fig  2.2 illustrates the 

development of a possible real fire, which involves four stages – growth, flashover, fully 

developed and decay (Purkiss and Li, 2013). In the growth stage, structural integrity is not 

significantly influenced as the fire does not reach a high temperature (i.e. the temperature 

is normally lower than 300°C). However, once the fire temperature reaches about 600°C, 
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flashover occurs and the fire enters the fully developed stage, when the temperature may 

exceed 1000°C.  

 

Fig  2.2: Temperature development of a real fire and a standard fire (Bisby and Stratford, 
2013). 

A number of mathematical models have been developed over the past 40 years in an attempt 

to describe the time–temperature curve of a post-flashover fire for use in structural design. 

These models are commonly referred to as design fires, and the notable ones include the 

model development (Magnusson and Thelandersson, 1970; Lie, 1974; Babrauskas, 1981; 

Wickstrom, 1985; Tanaka et al., 1997; Ma and Makelainen, 2000; Barnett, 2002, 2007; 

Zehfuss and Hosser, 2007; and  Du and Li, 2012) and the Eurocode. It is worth noting that 

analysis of postflashover fire behaviour is complex and the above-mentioned models are 

based on some simplified assumptions, notably that the temperature distribution after post-

flashover is uniform throughout a fire compartment and that the fuel burns in a uniform 

way (Buchanan, 2001; and Law, 1983).  

The reliability of these models is not discussed here, but can be found elsewhere (Hurley, 

2005). Among these models, the Eurocode parametric fire curve (CEN, 2002) has been 

widely used in estimating the temperature evolution of a post-flashover fire (Wang, 1997). 

This fire curve is a function of compartmental characteristics including the fuel load (i.e. 

calorific values of the available combustible materials), the ventilation conditions (i.e. 
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dimensions of openings) and the thermal inertia of the boundary of enclosure. The heating 

phase of the fire curve is given by  

Td = 20+1325(1-0.324𝑒 . ∗ - 0.204𝑒 . ∗-0.472𝑒 ∗) Equation 2-1

where, Td is the fire temperature (in °C) and t* is the fictitious time (in hr) 
 

There are different ways of obtaining the post-flashover design fire temperature Tf. ISO 

834 (1999a ) and ASTM E-119  are the easiest way to describe the development of fire 

temperature. ISO 834 (1999a) is based on an equation, whereas the ASTM E-119 is on a 

time-temperature curve with values similar to ISO 834. The ASTM E-119 and ISO 834 

time-temperature relation curves have been shown in Fig 2.3. 

This way of describing a curve is used when no other information is available. But in reality, 

it is often possible to find more information concerning geometry and fire information. 

There are two variations of the ISO 834 fire curve based on the scenario. The hydrocarbon 

and external fire curves used were considered applicable. 

Gas temperatures can be estimated using a design fire. A nominal fire or a natural fire can 

be selected. A nominal fire is represented by a standard curve (Fig 2.3) of uniform gas 

temperature with time (ISO 834, 1999a). It is independent of fuel and ventilation conditions 

and continues with time without decaying. A natural fire depends on fuel, geometry, and 

ventilation conditions, and it decays following the stages of a typical fire, as described 

above. Simplified models can be used to predict gas temperature, such as one-zone models, 

two-zone models, and computational fluid dynamics. Nominal fires are often used for 

designing purposes.  

 

Fig 2.3: Temperature time curves. 
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The opening factor method uses information on fire load and ventilation openings, as shown 

in Fig 2.4. The Euro code parametric fire curves approximate the opening factor method 

using an equation with parameters regarding geometry, fire load, ventilation, and thermal 

properties of surrounding fire compartment surfaces. 

 
Fig 2.4: Temperature time curves for various opening factors and fire load (Van Coile, 

2015). 

The behavior of structures exposed to fire depends on several factors, including 

construction materials, the developer temperatures, the duration and the opening factor of 

the fire. The temperatures  developed inside structural members must be estimated either 

for design purposes or for a damage assessment of a structure exposed to fire. These 

temperatures can be estimated if the gas temperature throughout the burning time is known. 

The gas temperature developed from a wildfire is more difficult to predict and depends on 

weather conditions (Butler, 2010). 

2.5 Seismic Analysis 

The structures, in a seismically active region, need to be designed and evaluated in 

accordance with modern earthquake engineering tools as the increasing earthquake losses 

is a burning issue of the present day world.  Most often, a sudden rupture or unusual 

movement of a geological fault causes an earthquake (Kramer, 1996). This causes an 
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enormous amount of energy to be released, which travels to the surface of the earth as 

waves and causes vibrations. Buildings and other infrastructure systems may suffer serious 

damage or even collapse as a result of this ground shaking. Performance-based earthquake 

engineering (PBEE) is a modern method for dealing with building design and/or 

evaluation(Themelis, 2008). A building is designed using the PBEE method, which is 

logical and scientific, such that damage and performance are predicted in the event of an 

earthquake (Guo, Dong and Gu, 2020). Because there are no experimental or observable 

data available, determining the susceptibility of the entire building is a difficult 

undertaking. This is why it is preferred to evaluate RC frame constructions in terms of their 

constituent parts. The most important parts of an RC frame construction in terms of seismic 

performance are beams and columns. 

The seismic design philosophy is predicated on permitting damage at certain areas in the 

structural elements, such as at beam ends and the bottom of the lowest storey columns in 

lateral force resisting systems. This is done for economic reasons. The response 

modification factor/force reduction factor, denoted by R, is used to implement this design 

concept in similar linear static force and code-based response spectrum analyses (FEMA-

450, 2003; and IBC, 2012b). In the event of a seismic event, this factor regulates the seismic 

reaction of the structure. The force-deformation connection when the seismic design 

philosophy is used on a structure is shown Fig 2.5. 

 

Fig 2.5: Assumed force-deformation relationship (Varela, Tanner and Klingner, 2004). 
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Equivalent static analysis (ESA) is the most commonly used, simple, easy, and quick 

method for analysis of structures. It is based on the simple concept that a static lateral force 

equivalent to dynamic force resulted from ground shaking is applied to the structure and 

then structure is analyzed accordingly. UBC-97 puts a limit for the use of ESA and permits 

this procedure only when a regular structure is of height upto 240 feet or when an irregular 

structure is of height upto 65 feet. When the height exceeds more than 240 feet or 65 feet 

in case of regular or irregular structures, respectively, or when the structure is lying on soil 

profile type SF with time period of more than 0.7 sec, dynamic response spectrum analysis 

is recommended. ESA is mostly used for the design of regular structures. For irregular 

structures dynamic analysis is best suited (ACI 318, 2008).  

According to some scientist, ESA is a streamlined technique that distributes lateral loads 

along the height of a structure for evaluation in the context of the impact of dynamic loading 

from a foreseeable seismic event. In both the X and Y axes, the induced seismic force or 

base shear (V) is assessed. If the structure reacts in its fundamental lateral mode and is same 

in both the X- and Y-directions, precise design may be achieved. 

 Seismic events around the globe in the last quarter of the 20th century became a reason for 

collapse or extensive damage of many buildings that were designed in accordance with 

prevailing codes. The buildings were incapable to withstand the effects of seismic event 

despite of the fact that safety factors against earthquake had been taken into consideration 

while designing the structure. The probable reason for this was that there are many 

restrictions and limitations in code based design techniques. The stockholders of the 

building had concerns about safety and damage of the building. The scenario also became 

a challenge for structural engineers that how to evaluate the vulnerability and damage 

assessment of existing buildings as well as design of new structures. There was a need for 

new analysis and design approach. Performance based seismic design (PBSD) emerged as 

an effective solution.  

Observing the damage following the San Fernando (1971), Northridge (1994), and Kobe 

(1995) earthquakes building owners, managers, and design professionals realized that 

buildings designed by following minimum code standards could suffer extensive and costly 

damage in response to the moderate earthquake-induced ground shaking. 
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A building may be designed to protect life safety and enable continued post-earthquake 

occupancy and functionality. In response to these concerns, structural engineers have 

developed a seismic design concept called Performance-Based Seismic Design (PBSD). 

PBSD approach permits a building owner/operator to select an acceptable level of building 

damage for a given intensity of earthquake ground shaking, which can serve as an objective 

for the seismic design. The fundamental objective of PBSD is to design a building with 

known approximation of damage in a seismic event. The PBSD approach has been in 

practice since the performance level of the building in case of earthquake is pre-defined. In 

PBSD, extent of damage in case of earthquake can be analyzed. In PBSD methodology, 

two parameters are required to be calculated for analysis and design purposes i.e. seismic 

capacity and seismic demand (ATC-40, 1996). The seismic capacity is the capability of the 

building to resist seismic effects whereas; the seismic demand is the earthquake effects 

imposed to the structure. The structure must be designed in a way that the seismic capacity 

always exceeds the seismic demand. International Code Council (IBC, 2012c) defines 

performance based design as, “An engineering approach to design elements of a building 

based on agreed upon performance goals and objectives, engineering analysis 

andquantitative assessment of alternatives against the design goals and objectives using 

accepted engineering tools and methodologies".  

Table 2-1: Structural hazard level definition (Pekelnicky et al., 2012) 

Hazard Level Description 

Frequent, minor EQ (SLE) Return period: 43 years (50% probability 
of occurrence in 30 years) 

Infrequent, moderate EQ (DBE) Return period: 475 years (10% probability 
of occurrence in 50 years) 

Worst EQ ever likely to occur (MCE) Return period: 2475 years (2% probability 
of occurrence in 50 years) 

A performance objective is a combination of two components called hazard level and 

performance level as detailed in Table 2-1 and Table 2-2, respectively. Association of 

performance level with a hazard level is called a performance objective. The leading 

advantage of PBSD is that any performance objective can be achieved when the structure 

is subjected to any specified hazard level. Fig 2.6 illustrates the performance levels of a 
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building as per ASCE 41-13 along with tentative expected approximate repair cost and 

time. 

Table 2-2: Structural performance level definition (Pekelnicky et al., 2012) 

Performance Level Description 

Operational (O) Negligible impact on building. Building can be occupied. 
No repair work required. 

Immediate Occupancy (IO) Building is safe to occupy but will need little repair work. 

Life Safety (LS) Building is safe during the event but possibly not afterward. 
Building can be occupied after subsequent repair. 

Collapse Prevention (CP) Building is on the verge of collapse, probable total loss. 
Building is far beyond the economically feasible repair. 

 

Fig 2.6: Illustration of performance level (Pekelnicky et al., 2012). 

Some researcher has outlined four analytical methods for analysis and design purposes 

known as Linear Static Procedure (LSP), Linear Dynamic procedure (LDP), Nonlinear 

Static Procedure (NSP) and Nonlinear Dynamic Procedure (NDP). In the present study, 

only nonlinear time history analysis is done for the damage assessment of a case study 

building. Performance criteria of building for different seismic level has been  shown in Fig 

2.7. 



24  

 

Fig 2.7: Structural performance criteria (Pekelnicky et al., 2012). 

Target displacement and yield mechanism are the two design parameters that are required 

for calculation of seismic base shear up to specific hazard level and are directly linked with 

degree and distribution of structural damage, respectively (Goel et al., 2010). The whole 

structure is then pushed to a calculated target displacement to balance the work-energy 

principle (Zhang et al., 2017). Nonlinear analysis is then performed to design the frame 

elements and joints to attain the desired yield mechanism and behaviour. The described 

procedure is reasonably expedient for multistorey high-rise buildings (Wei and Qing‐Ning, 

2012). Recently PBSD has been a globally known methodology for advanced seismic 

design in the future. 

2.6 Summary 

Post-fire seismic assesment of any structure is becoming a essential now a days. 

Competitive knowledge, skill and analysis requisitions are developing day by day. Several 

computer codes are currently available to perform this sort of analysis. The model used to 

describe the fire action must be carefully coupled with the mechanical model available, in 

order to obtain sound and realist results. To simulate the actual behaviour of concrete 

structures exposed to fire the transient effects must be considered, by means of adequate 

calculation models and constitutive laws both for concrete and steel at elevated 

temperatures. Only the advanced calculation models that consider these features are able to 

output a rational, safe and cost-effective structural fire assessment. Moreover, structural 
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analysis also predict the performance of building. Numerous studies have focused on the 

seismic performance of RC structures. Performance based analysis over the force based design 

becomes notable development. Over the last few decades, various researchers and engineers 

have made significant contributions on the development of the PBD design process. This 

research provides a brief overview of PBD's progress. The key summury of this literature 

review are highlighted below.  

a. Damage assessment and thermal analysis for material properties following some 

features are able to output a rational, safe and cost-effective structural fire 

assessment.  

b. Within the performance-based design (PBD) paradigm, displacement-based design 

(DBD) is a viable design strategy. Researchers and engineers have made numerous 

efforts to broaden the applicability of PBD. A vast amount of regional data must be 

made available to accurately estimate the repair cost effective. There is a need for 

more research into improving repair processes and construction. Governmental 

agencies, practitioners, and researchers must all work together to address this issue. 
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CHAPTER 3  

METHODOLOGY 

3.1 Introduction  

The study work was completed sequentially to reach the expected goals. The complete 

works were done in such a manner so that the experimental data could be used for finite 

element analysis. The damage states of different building components are determined using 

on-site visual inspection and some non-destructive and destructive testing for engineering 

judgment. Several on-site and laboratory-based techniques are available to aid in 

diagnosing the RCC building. Among them, the best way to know the compressive strength 

of concrete and the tensile strength of rebar is to collect concrete cores and rebar from 

buildings and test them in the laboratory. The UPV test estimates concrete strength based 

on the relationship between pulse velocity and compressive strength. Carbonation depth is 

found by spraying phenolphthalein indicator on a freshly broken/drilled surface. 

3.2 Damage Evaluation Methods 

Several documents describe existing techniques for the post-fire assessment of concrete 

structures. Many of these techniques are aimed at evaluating the residual strength of 

structures after a fire. Material testing and a site inspection are mandatory for evaluating 

the existing condition of any reinforced concrete structure. In this study, a series of 

destructive and non-destructive tests, such as the concrete core test, ultrasonic pulse 

velocity (UPV) test, carbonation depth test, and rebar tensile strength test, have been 

conducted to understand the properties of concrete and rebar. As a result, the following 

inspections and tests have been carried out:  

a) Visual Inspection  

b) Damage Classification 

c) UPV Test 

d) Carbonation Test 

e) Concrete Core test  

f) Rebar Tensile Strength Test  
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Visual inspection and non-destructive testing approaches are most suitable for a rapid 

inspection protocol since laboratory methods may take weeks to perform. On the other 

hand, laboratory methods may give a more accurate and thorough assessment of the residual 

capacity of the structure. The following flowchart (Fig 3.1) helps to delineate the whole 

study procedure. 

3.3.1 Visual Inspection 

A visual inspection has been performed on almost every part of the building. More 

emphasis and importance have been given to the seventh, eighth, and ninth floors affected 

by the fire. Initially, a site visit was conducted to assess the existing conditions, including 

all burnt furniture, mattresses, interior decoration, and debris from the ceiling that had fallen 

due to the fire-generated heat. The visiting team suggested cleaning the compartments for 

a more precise and in-depth picture of the fire so that an accurate inspection could be 

performed. Later, the fire-damaged areas of the building were inspected again. 

3.3.2 Damage Classification 

Based on the visual inspection, the fire-burned floor of the building has been subdivided 

into a 900x900 mm grid. This grid helps us to specify the damage location and intensity. 

The entire fire-damaged zone of the building structure, particularly the seventh to ninth 

floors, has been divided into six types based on the intensity of the damage. Damages to 

the zones and relevant structural components were classified based on the description 

mentioned in Table 3-1. Moreover, a damage intensity plan by color code has been 

prepared.   
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Fig 3.1: Flow chart for assessment of fire-damaged RC building. 
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Table 3-1: Post-fire Damage Ratings and descriptions (FIB 2008) 

Sl 
No. 

Damage 

Rating 
Classification                  Description 

1 0 No visible 
damage 

Floor not affected by fire. Equipment in that area 
remains in operational condition 

2 1 Paint/cosmetic 
damage, spilling 
of surface coat 

Characterized by powder deposits and 
discoloration. The patchy distribution of soot 
deposits. Permanent discoloration on surfaces 

3 2 Technical 
damage, surface 

Characterized by damage to surface treatments. 
The surfaces can be repaired using paints. 
Plastic-coated surfaces may need replacing or 
covering. Minor concrete spalling may remain or 
can be plastered 

4 3 Structural and 
Non-structural 
damage at the 
surface 

Characterized by some concrete cracking and 
spalling in the plaster of structural and non-
structural member. 

5 4 Structural 
damage, cross-
section (interior) 

Characterized by major concrete cracking and 
spalling and degraded plastics. Damage can be 
repaired on the existing structure in many cases. 
Within the class deformations of structures are 
also significant in that the load-bearing capacity 
is reduced 

6 5 Structural and 
non-structural 
component 
damages 

Classified as severely damaged structural 
members and components, structural cracking, 
and large deformations. 

Extensive concrete spalling, exposed/damaged 
reinforcement. Changes in material properties 
are expected after the fire. 

3.3.3 Ultrasonic Pulse Velocity Test 

The ultrasonic pulse velocity (UPV) method, as described in ASTM C597, is a non-

destructive method used to determine the quality and integrity of concrete structures. It is 

performed by monitoring the transmission of elastic waves through concrete. An emitter 

transducer generates elastic waves in the concrete, which vibrate at their resonant frequency 

when short pulses of high-voltage electricity are sent. A receiver transducer detects these 

pulses placed nearby, and the time of transmission is determined by a device containing a 

timer connected to both transducers. From this, the pulse velocity, C, can be determined by 

the equation C = L/t, where L is the distance traveled and t is time. Three different 
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configurations of transducers can be used to perform a UPV test. This includes direct, semi-

direct, and indirect (surface) transmission. The principle and method of wave transmission 

schematic of this system are shown in Fig 3.2. 

a) Diagram showing principle of ultrasonic 
pulse velocity test 

b) Transmission types used for 
ultrasonic pulse velocity test 

Fig 3.2: Principle and method of wave transmission used in UPV. 

UPV test has been performed on the collected core sample of the column and slab. The 

direct wave transmission method has been used. A UPV test has been conducted on 18 

concrete cores of columns and 13 cores of slabs. Two equations are proposed for the column 

and slab based on the concrete compressive strength data and UPV measured from the 

concrete core samples. Pictorial evidence of the concrete core UPV test has been shown in 

Fig 3.3. 

 

Fig 3.3: UPV data collection from the concrete core sample. 
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3.3.4 Carbonation Depth Test 

Carbonation testing is a method used to determine the level of carbon dioxide that has 

penetrated concrete. Carbon dioxide can react with the calcium hydroxide in concrete, 

causing a chemical reaction known as carbonation. This reaction can weaken the concrete 

and reduce its structural integrity. 

There are several methods for testing carbonation in concrete, including the rebar corrosion 

method, the pH method, and the surface carbonation method. The carbonation test was 

performed by drilling a hole in the concrete surface to a different depth. The dust was 

removed by brush, and air was blown to clean the hole. The 0.2% phenolphthalein solution 

was injected with a physician's injection syringe or needle and sprayed on freshly drilled or 

broken concrete, and the color change was observed. The depth of the uncolored layer 

(carbonated layer) was measured from the external surface at 4 to 8 positions. A measured, 

uncolored distance indicates the depth of carbonation. The depth of concrete carbonation is 

estimated by the change in color profile and the degree of carbonation that can be measured 

in millimeters (Fig 3.4). 

Carbonation depth tests were conducted on-site at various locations. A total of 29 

carbonation tests were done on the seventh-floor roof, whereas 29 and 23 tests were done 

on the eighth and ninth floors, respectively. 

 
a) Surface preparation for indicator spray b) Measurement of carbonation depth 

Fig 3.4: Onsite carbonation test and depth measurement. 
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Carbonation depths of 20 nos. (3 nos. for the seventh-floor roof, 9 nos. for the eighth-floor 

roof, and 8 nos. for the ninth-floor roof) in periphery beam and 66 nos. (30 nos. for the 

seventh floor, 13 nos. for the eighth floor, and 23 nos. for the ninth floor) in the column 

were also measured in the fire affected floor. 

3.3.5 Concrete Core Test  

A concrete core test is the most reliable way to determine the compressive strength of 

concrete. In this study, the existing strength of the concrete was obtained through 

compression tests. The core sample is collected from the structural components of the 

building using a core cutter following the ASTM C42 standard. Fig 3.5 depicts pictorial 

evidence of core sample collection and sample preparation.   

The collection point for core samples was selected after a visual inspection of the fire-

damaged structures. The fire-affected and unaffected column sections were selected for 

core collection, considering the minimum disturbance of the existing structure. Since the 

column and shear wall are the key structural components of the building’s stability, 23 core 

samples were collected from the seventh, eighth, and ninth-floor columns and shear walls.  

a) Collection of concrete core samples b) Extracted concrete core sample for  
     column (designation: D3/E1, 7th floor) 

Fig 3.5: Concrete Core Test, sample collection and preparation. 
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Many concrete core samples have also been collected from the seventh, eighth, and ninth 

roof slabs. Since visual inspection revealed that the seventh-floor roof slab had been 

damaged more severely than others, more samples were collected from there. The structures 

have only perimeter beams, i.e., no interior beams. A few core samples were also collected 

from the seventh and eighth-floor roof beams. The core samples have been collected 

carefully by avoiding reinforcement. The grid location is also mentioned in each sample so 

that the corresponding core can be identified straightforwardly. The concrete core test result 

of the beam and slab for fire unaffected and affected conditions has been presented in Table 

4-5 to Table 4-8, respectively. Finally, the equivalent compressive strength of the concrete 

core has been calculated following the ACI 562 and is presented in Table 4-5 to Table 4-8. 

3.3.6 Rebar Tensile Strength Test 

Rebar tensile strength testing is a method used to determine the tensile strength of 

reinforcing steel (rebar) used in concrete structures. Rebar is used to reinforce concrete, and 

its tensile strength is an essential factor in the overall strength and stability of the concrete 

structure. 

There are several methods for testing the tensile strength of rebar, including the traditional 

tensile test, the bend test, and the torsion test. The tensile strength test is a procedure to 

determine rebar strength. Rebar samples were collected with great precaution from the 

existing structure. The sample is tested in the laboratory following the procedure and 

standard as described in ASTM A1034. Pictorial evidence of the rebar testing setup and 

sample has been shown in Fig 3.6. 

a) Rebar tensile strength test setup 
 

b) Rebar sample after breaking. 

Fig 3.6: Rebar tensile strength test. 
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3.3 FEM Analysis Methods 

The Finite Element Method (FEM) is a numerical method used to analyze and solve 

problems involving complex systems of interconnected components. In the context of a 

fire-damaged building, the FEM can be used to analyze the structural response of the 

building affected by the fire. Moreover, the determination of the extent of damage to the 

building's components can be done. This section presents the numerical models of the 

building for undamaged and damaged conditions. The RC buildings were modeled with the 

intent of evaluating the performance of the building for different seismic forces. FEM 

analysis has been performed in fire stress and seismic response analysis described below. 

3.4.1 Fire Analysis by FEM 

Information about the fire event is usually minimal. There is significant uncertainty about 

the fire as there is virtually no information about the considered apartment fire. Expert 

judgment and observation were not possible due to the apartment being inaccessible. 

Hence, the FEM model is needed in all generality to estimate fire development. The 

selection fire model for an analysis of the specific situation depends on some factors, i.e., 

the building layout, the type and distribution of fire load, and the observations reported by 

witnesses and the fire brigade. In this case, the fire was contained in a surface area of 400 

m2. Commercial building areas with fire load (80% fractile characteristic fire load of 948 

MJ/m² following Eurocode) and firefighter observations indicate post-flashover 

compartment fire. A parametric compartment fire curve has been generated. Consequently, 

it was chosen to use the OZone software to model the fire (Cadorin and Franssen, 2003; 

and Cadorin et al., 2003) based on the resolution of mass and energy conservation 

equations. Considering parametric fire exposure and due to the level of complexity in the 

fire-response of common structures, advanced calculation methods such as numerical 

modeling has been used for analyzing the temperature distribution in the concrete sections 

(Column, beam, and slab). The concrete sections (Column, beam, and slab) were analyzed 

using the finite element analysis software FIN EC. Based on the fire-parametric curve, 

Wickstrom’s method (Wickström, 1986), has been used to determine the temperature of 

rebars. Accordingly the temperature in rebars, Tbar, is given as: 
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Tbar =[ 𝜂 (𝜂 + 𝜂 - 𝜂  𝜂 𝜂  𝜂 Tf  Equation 3-1

 
𝜂 , 𝜂  and 𝜂  are calculated as:  
 

𝜂 = 1-0.616 𝑡 .  Equation 3-2

𝜂 = 0.18ln[ ]-0.81; 𝜂 = 0.18ln[ ]-0.81 Equation 3-3

where, Tf is the fire temperature, th is the time (h), and x and y are the depth of rebar from 

the surface in x and y direction, respectively. 

This calculated temperature helps us to determine the strength loss of fire-heated concrete 

and rebar. Strength loss correlation has been used to estimate concrete and rebar residual 

strength. 

3.4.2 Structural Analysis by FEM 

To determine the parameters of the fire state, several finite element analyses of the sections 

were conducted using various layers of damaged and undamaged concrete material 

properties. Properties of typical damage classes, strengths, stiffness, and ductility were 

provided for a quick elastic analysis of the entire structure. To see the structure's original 

state and its undamaged structural performance under specified loading circumstances, 

structural design software created a 3D finite element model of the structure. Another 3D 

structural model was made using the loading data, damaged material, section parameters, 

and actual damaged state material properties to examine the structure's response to post-

fire conditions. In the model, the mechanical and geometrical damage that occurred due to 

fire event has been considered and modeled for more accurate analysis.  

The as-built drawing is prepared by the information collected from the building owner and 

site visits. The core strength collected from damaged and non-damaged portions is used to 

calculate equivalent concrete strength by ACI 562. Based on as-built drawings using 

equivalent core results, 3D analysis models have been prepared in ETABS for various 

earthquakes (MCE, DBE, and SLE) in pre- and post-fire conditions. In this case, the elastic 

properties of materials are used. The development of finite element models follows the 

static linear analysis for different earthquake conditions. Besides, BNBC (2020) has been 

used to select load cases and combinations during design. From the analysis and design, the 
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results obtained for different earthquakes (MCE, DBE, and SLE) in pre- and post-fire 

conditions, such as deflection, drift, stiffness, and the demand capacity ratio of columns, 

are compared. The causes of the change in pre- and post-fire conditions are described. 

An as-built design has been used to develop 3D finite element models for various seismic 

scenarios in pre- and post-fire conditions. Concrete and rebar's nonlinear characteristics are 

applied in this study. The kinematic hysteretic type has been selected for rebar nonlinearity 

with a park parametric stress-strain curve. In contrast, the concrete hysteretic type with a 

mander stress-strain curve has been selected for concrete. There is a hierarchy of four levels 

of structural analysis appropriate for the evaluation of existing buildings (Charleston, 

1997). Each higher level procedure provides a more accurate model of the actual 

performance of a building subjected to earthquake loads, but requires greater effort in terms 

of data preparation time and computational effort. The two most basic procedures, the 

Linear Static Procedure (LSP) and the Linear Dynamic Procedure (LDP), are mainly 

suitable for buildings which respond primarily in the elastic range. The Nonlinear Static 

Procedure (NSP) can evaluate buildings loaded beyond the elastic range but does not fully 

capture the response of dynamics, especially higher mode effects. The Nonlinear Dynamic 

Procedure (NDP) is the most complete form of analysis, modeling both dynamic effects 

and inelastic response. Ten well-known GMs have been chosen for analysis. The ground 

motions are correlated with the reaction spectrum of several earthquake circumstances, 

including MCE, DBE, and SLE. Deformation-controlled (ductile) type nonlinear hinges are 

assigned in beams and columns on both ends. Auto fiber nonlinear hinges are assigned in 

shear walls. Priority is given to performance-based nonlinear time history (NLTH) analysis. 

With the outcomes of the analysis, a comparative graph has been drawn. Under pre- and 

post-fire conditions, the building's performance is evaluated for various GMs with varying 

seismic intensities. The building's base shear, drift, and drift ratio are investigated. The 

rebar and concrete in the fire-damaged floors were measured for maximum and 

comparative stress-strain values for different hinges. It has been determined whether the 

strain caused by the stress is within the building code's permissible range. When the 

permitted maximum is exceeded, the cause is described. Additionally, moment rotation and 

fiber stress-strain states of beams, columns, and wall hinges have been examined at various 

ground movements. In NLTHA, the causes of the differences between pre- and post-fire 

situations are discussed. 
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3.4.3 Summary 

In this chapter, damage evaluation and finite element analysis methods of a fire damaged 

RC structure have been discussed elaborately. For damage evaluation  visual inspection, 

damage classification, ultrasonic pulse velocity and carbonation test, conrete core and rebar 

test has been descrived. Thermal as well as structural analysis software has been used to 

determine the thermal stress and structural response.  Finite Element helps to predict the 

force, displacement, stress, strain behavior of the RC structure under static linear analysis 

and dynamic time history considering both geometric nonlinearities. The development of 

finite element model, regular loading, static analysis procedures, time history ground 

motion data are presented. Incase of finite element structural anaysis prior to fire damage, 

material property of fire undamaged condition has been used. To determine the response of 

fire effect, fire damaged material property has been used. The proposed methodology starts 

from the observation of a fire event and the collection of data and goes through the different 

steps up to the estimation of the maximum seismic response of structural elements. 
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CHAPTER 4  

DAMAGE ASSESSMENT AND FIRE ANALYSIS 

4.1 Introduction 

The assessment of the post-fire condition of the structure was the on-site inspection, 

including collecting data and information about the event. The preliminary purpose of the 

site inspections was to assessment the fire severity. This assessment can be done based on 

expert judgment, on-site visual tests (e.g., color change of the concrete), non-destructive 

and destructive tests, models (e.g., numerical models), or a combination of these. In general, 

visual observations of the structural and non-structural damage resulting from the fire also 

inform about the fire severity.  

4.2 Fire Information 

The building is a reinforced concrete 23-storied commercial building with two (02) 

basements, as shown in Fig 4.1. 

a) Source: The Daily Star (March 
28, 2019) 

b) Source: bdnews24.com (March 
29, 2019)        

Fig 4.1: General view of the building under fire. 
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The fire broke out at FR Tower around 12:52 pm on Thursday, March 28, 2019. It was 

reported in the newspaper that the fire at the FR tower originated from an electric short 

circuit from the eighth floor of the building and exploded on the adjacent floors. Twenty-

one firefighting units of the Dhaka Fire Service and Civil Defence brought the fire under 

control around 4:45 pm (Dhaka Time). This accident was nearly a five-hour fire incident 

that caused a massive loss of properties and expensive lives. It caused about 25 deaths, and 

more than 70 others were injured. It was observed that the seventh, eighth, and ninth floors 

had been severely damaged with concrete cracking and spalling and excessive bending of 

steel reinforcement. All utility facilities, such as machinery and set-ups for heating, 

ventilation, air conditioning (HVAC), and lifts, become non-functional and devastated due 

to severe fire-induced burning and temperature. Two local broadcasting channels 

named, Duronto TV and Radio Today, were bound to shut down their transmission when 

the fire broke out because both offices were situated adjacent to the affected building. 

The fire was initiated on the eighth floor of this commercial building, as reported in the 

newspaper. It is suspected that the fire originated from an electric short circuit. It started to 

spread ninth and seventh floors of the building. After the fire roll out, the whole building 

has become a deep sea of smoke, as shown in Fig 4.2. 

a) Source: The daily star (31st March 2019) b) Source: ALJAZEERA (31st March 
2019) 

Fig 4.2: Rescuing operation during the fire incident. 
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The lift core and stairs have become a well of smoke during the fire. The external and 

internal fire-damaged views have been shown in Fig 4.3 & Fig 4.4, respectively. The glass 

of the periphery wall was heated, cracked, and gone to pieces for fire intensity. Fig 4.4 

highlighted the condition of the building even before cleaning burned debris inside the 

compartments, the development of cracks, and burning of the structural and non-structural 

components.   

a) Source: The Daily Star (March 
31, 2019)    

a) Source: bdnews24.com (30st 

March, 2019)                                    

Fig 4.3: The external appearance of the building after the fire. 

a) Damage to the internal wall and 
peripheral glass partition on the 7th 
Floor (Grid-D/3,4) 

 
b) Damage to the internal electric 

connection on the 7th Floor (Grid-A, B, 
C/1) 
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c) Plaster removal in front of the stair on 
the 8th Floor (Grid-B,C/3,4) 

 
d) Damage to internal furniture in front of the 

toilet zone on the 8th Floor (Grid-C, D/4) 

e) Some concrete cracking and spalling 
on the 9th  Floor (Grid-B, C, D/2) 

 
f) Damage to the electric line, debris of 

partition, concrete cracking, and spalling 
on the 9th Floor (Grid-C, D/4) 

Fig 4.4: Floor damages inside the building. 
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4.3 Fire Damages to the Structural and Non-structural Components 

There are a few critical concerns in determining the damages caused by the fire on RC 

structures. Those points may be categorized as a) the deformation of structural components 

as well as the global structure with significant distress, movement, and settlement, b) the 

effect of heat inside the concrete; depth of damage or loss of strength and integrity of the 

concrete, c) Strength reduction of the reinforcing bars or embedded structural steel 

elements. Based on the above points, damage to several nonstructural elements at different 

temperature ranges has been shown in Table 4-1.  

Table 4-1:  Effect of temperature on common materials (Concrete Society, 2008) 

Substance  Typical example Conditions Approximate 
temperature 
°C 

Paint  Deteriorates 
Destroyed 

100 

150 

Polystyrene Thin-wall food container 
foam, light shades, handles, 
curtain hooks, radio casings 

Collapse              

Softens  

Melts and flows 

120 

120-140 

150-180 

Polyethylene Bags, films, bottles, buckets, 
pipes 

Shrivels  

Softens and melts 

120  

120-140 

Polymethylmeth 
acrylate 

Handles, covers, skylights, 
glazing 

Softens  

Bubbles 

130-200  

250 

PVC Cables, pipes, ducts, linings, 
profiles, handles, knobs, 
house ware, toys, and bottles 
(Values depend on the length 
of exposure to temperature) 

Degrades  

Fumes  

Browns  

Charring 

100  

150 

 200  

400-500 

Cellulose Wood, paper, cotton Darkens 200-300 

Wood  Ignites 240 

Solder lead Plumber joints, plumbing, 
sanitary installations, toys 

Melts  250  

300-350  
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Substance  Typical example Conditions Approximate 
temperature 
°C 

Melts, sharp edges 
rounded  

Drop formation 

 

350-400 

Zinc Sanitary installations, gutters, 
down pipes 

Drop formation  

Melts 

400  

420 

Aluminum and 
alloys 

Fixtures, brackets, small 
mechanical parts 

Softens  

Melts  

Drop formation 

400  

600  

650 

Glass Glazing, bottles Softens, sharp 
edges rounded  

Flowing easily, 
viscous 

500-600  

800 

Silver  Jewelry, spoons, cutlery Melts  

Drop formation 

900  

950 

Brass Locks, traps, door handles, 
clasps 

Melts 
(particularly 
edges)  

Drop formation 

900-1000  

950-1050 

Bronze  Windows, fittings, doorbells, 
ornamentation 

Edges rounded  

Drop formation 

900  

900-1000 

Copper Wiring, cables, ornaments Melts 1000-1100 

Cast Iron Radiators, pipes Melts  

Drop formation 

1100-1200  

1150-1250 

The location, melting condition, and charred materials for both structural and non-structural 

elements provide evidence of damages caused by the fire. Table 4-1 shows the effect of 

temperature on different building materials and their corresponding temperature. After the 

fire, photographic evidence was taken from the building site, as shown in Fig 4.4. 
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 There is some technic to estimate the fire temperature. Table 4-1  is a guideline to evaluate 

the fire temperature level by assessing both structural and non-structural damage. This 

study investigates a multi-used high-rise commercial building. The offices' interior 

decoration was burnt due to the fire exposure. The columns, beams, and slabs have been 

burned and deformed due to the fire. The observed damage (as shown in Fig 4.5) to the 

interior elements indicates high temperature. It is a matter of concern for all stakeholders 

about the strength of the concrete and steel. 

Damages caused by the fire on different structural and non-structural components were 

similar. The amount and patterns of damage depend on the heating time, fire load, lining 

materials of the surface, ventilation type, loading conditions, evacuation plan, and active 

and passive fire resistance systems. Damage assessments of structural components such as 

columns, shear walls, beams, and floors are critically important for a structure's stability. 

However, the degradation of the strength and integrity of concrete and the reduction of the 

cross-sectional area due to spalling at the elevated temperature result in diminishing both 

vertical and lateral load-bearing capacity.  

a) The column on the 7th floor (Grid: D/3) b) Slab at 7th floor roof (Grid: B1/9-9,  

      B2/1-9) 
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c) Beam at 8th floor roof (Grid: C1/9-2) d) Column capital at 8th-floor roof (Grid: 

C2/1-2) 

Fig 4.5: Some pictorial evidence of structural concrete damage. 

Due to the fire, the bonding between the concrete and the reinforcement has been weakened 

significantly. The concrete cover has fallen from the surface of the roof slab and column 

capital, as shown in Fig 4.5. Therefore, the reinforcement of column capitals is visible. 

4.4 Damage Classification 

To determine the intensity of fire at different zones of the floor, the entire fire-burnt area of 

the building structure, particularly the seventh to the ninth-floor roof, has been classified 

into six types based on the intensity of the damage. The column, beam & roof slab of the 

seventh, eighth and ninth floor has been subdivided into finite sizes of 900mm X 900mm 

(Fig 4.6) grid. The subdivided grid system helps the stakeholders understand the damages' 

location (Fig 4.7) and their corresponding intensity. As a result, post-fire potential 

retrofitting or strengthening plans can be developed accordingly.   



46  

 

Fig 4.6: Typical floor subdivided into 900 mm X 900 mm grid. 

 

a) 900 mm X 900 mm subdivision at the 
7th floor roof slab (Grid-A, B/1,2) 

b) 900 mm X 900 mm subdivision at8th 
floor roof slab (Grid-1,2/A, B,C) 
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c) 900 mm X 900 mm subdivision at 7th 
floor column (Grid-A/2; A/3) 

d) 900 mm X 900 mm subdivision at the 
7th floor column (Grid-C/2) 

Fig 4.7: Column and slab subdivided into 900mm X 900mm. 

Based on the existing condition of the fire-damaged floors, the damage intensity of different 

zone is presented on the floor layout plan using different colors, as shown in Fig 4.8. Color 

code indicates the severity or intensity of damage that started from no damage to severe 

damage based on cracking to concrete spalling and rebar damage. 

Classification has been made on the damage of the zones and relevant structural 

components based on the descriptionq mentioned in Table 3-1. The damage intensity shows 

that the entire area of the floors is affected by the fire as there is no zero damage zone.  The 

damage intensity contour shows that nearly 72% of the seventh-floor roof, 80% of the 

eighth-floor roof, and 75% of the ninth-floor roof have burnt moderately (damage rating 0 

to 2)(Table 4-2). It shows at least minor cracks on different structural and non-structural 

components. The damage intensity contour also shows that nearly 28% of the seventh-floor 

roof, 20% of the eighth-floor roof, and 25% of the ninth-floor roof are damaged at different 

intensities (damage rating 3 to 5) (Table 4-2) for both structural and non-structural 

components. Moreover, severe damages on the structural components have been observed 

at 5% on the seventh and ninth-floor roofs.  The eighth-floor roof, which is the place of fire 

initiation, has been 8% severely damaged.  
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a) Damage intensity layout for the 7th floor roof 

 

b) Damage intensity layout for the 8th floor roof 
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c) Damage intensity layout for the 9th floor roof 

Fig 4.8: Damage Intensity layout with color code. 

 

.Table 4-2:  Summary of visual inspection 

Parameters 7th Floor 8th Floor 9th Floor Remarks 

Visual Inspection Burning Moderate Minor Moderate  

More green area 

 

Blue to Red 

Minor crack to moderate 
(Damage rating  0-2) 

72 80 75 

Concrete spalling to rebar 
expose (Damage Rating 3-5) 

28 20 25 

4.5 Evaluation of the Material Properties 

After a fire, the properties of the building materials, such as concrete and steel, can be 

affected, which may lead to reduced strength and stiffness. In concrete, fire can cause 

spalling, cracking, and loss of compressive strength. In steel, it can cause loss of yield 

strength, change in ductility, and buckling instability. Therefore, it is crucial to determine 

the damage's extent and evaluate the materials' remaining properties. This study has 
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conducted a series of destructive and non-destructive tests such as ultrasonic pulse velocity 

(UPV), carbonation depth, concrete core, and rebar tensile strength tests to understand the 

properties of concrete and rebar for pre and post-fire conditions. 

4.5.1 Ultrasonic Pulse Velocity Test 

The ultrasonic pulse velocity (UPV) is a non-destructive testing method that uses high-

frequency sound waves to determine concrete materials' elastic properties and integrity, as 

described in ASTM C597. It measures the velocity of the waves passing through the 

concrete.  

Based on the concrete compressive strength and UPV test data measured from the concrete 

core samples of the column and slab section, a regression equation has been proposed, as 

shown in Fig 4.9. The proposed equation may help predict the compressive strength of 

existing column and slab sections without conducting further harmful drilling into the 

column. The result shows a linear correlation between the core strength and UPV test data. 

The coefficient of determination is 0.5056 for the column and 0.0345 for the slab, which is 

reasonably good for the compressive strength of these fire-burnt concrete cores.  

a) RC columns b) RC slab 

Fig 4.9: Compressive strength vs. ultrasonic pulse velocity plot for RC columns and slab. 
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4.5.2 Depth of Carbonation Test 

The carbonation test is a quick, simple method that can approximate the depth of damage 

in a concrete member. As concrete is heated, several reversible and irreversible chemical 

reactions can produce a notable temperature. It is the procedure in which CO2 from the air 

penetrates the concrete, which is responsible for corrosion in reinforcement. The presence 

of moisture content helps carbon dioxide to dilute into carbonic acid, reducing the alkalinity 

of concrete. Phenolphthalein solution is used as an indicator sprayed on the broken concrete 

surface. In the presence of alkaline concrete, the phenolphthalein indicator shows pink 

color. Colorless surfaces indicate the presence of acidity that is highly susceptible to rebar 

corrosion. 

Carbonation depth tests have been conducted on-site at various locations. From the seventh-

floor roof slab, 29 carbonation depths have been measured. The carbonation depths varied 

in a range of 13 mm to 35 mm. A total of 29 carbonation tests were done at the eighth-floor 

roof slab, and the depth found ranged between 5 mm and 30 mm. Finally, from the ninth-

floor roof slab, 23 carbonation test has executed, and carbonation depths varied between 5 

mm to 33 mm.  

Carbonation depths for beams of 20 locations have also been measured. Carbonation depths 

are found as  20 – 31 mm, 5 – 27 mm, and 7 – 17 mm for the seventh, eighth, and ninth-

floor roof beams, respectively. Moreover, 66 nos. carbonation tests have been performed 

from the seventh, eighth, and ninth-floor columns. Carbonation depths varied between 10 

mm to 29 mm for the seventh floor, 7 mm to 19 mm for the eighth floor, and 10 mm to 38 

mm for the ninth-floor columns, respectively. Based on the carbonation depths, it is evident 

that the seventh and ninth-floor columns have been affected by fire more than the eighth 

floor. The testing result with location and an overall summary of carbonation depths has 

shown in Table 4-3 & Table 4-4 respectively. 
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Table 4-3: Location & Picture of Carbonation for column shear wall and slab 

Sl 
No. 

Sample Id 
Mark 

Carbonation 
Depth (mm) 

Pictures 

  

01 

 

Column: 
B2/N1 

-9th Floor 

 

21 

 

 

02 

 

Column: 
A2/S2-7th 

Floor 

 

25 

 

 

 

03 

 

Column: 
A3/E1 

-7th Floor 

 

23 
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Sl 
No. 

Sample Id 
Mark 

Carbonation 
Depth (mm) 

Pictures 

 

04 

 

Core-A2/3-5 
(Slab)- 7th 

Floor 

 

24 

 

 

05 

 

Core-SW2 
(Shear 

Wall)-8th 
Floor 

 

16 

 

 

06 

 

 

Core-3A 
Front (SW)-

9th Floor 

 

18 

 

 

Table 4-4: Summary of inspection and test results 

Parameters                          7th Floor 
8th 
Floor 

9th 
Floor 

Remarks 

Carbonation Test 
Depth (mm) 

Floor Slab 13- 35 5-30 5-33 Maximum 
carbonation 

depth 
is 38mm 

Column 10-29 7-19 10-38 

Average(mm)  21.75 15.25 21.5 

Standard Deviation                         12.14   11.61   16.42 
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4.5.3 Concrete Core Test 

It is known that the compressive strength of the concrete not only varies with temperature 

but also changes with other factors, including the rate of heating, duration of the fire, 

loading status of the element, type of aggregate, and water/cement ratio. However, it is 

necessary to obtain the resultant compressive strength of the concrete to determine the level 

of damage and take the required precautions for structural stability. A concrete core test is 

the most reliable way to determine the compressive strength of concrete. In this study, the 

strength values of the damaged concrete were obtained through compression tests. The core 

sample is collected from the structural components of the existing building using a core 

cutter. Pictorial evidence of core sample collection and sample preparation has been shown 

in Fig 3.5. Since water is applied at the time of core cutting, about five days waiting period 

is intended to reduce the effect of moisture gradients used during core drilling. The standard 

procedure for extracting and testing concrete core samples has been followed as described 

in ASTM C42. 

Locations of core were selected after visual inspection of the fire-damaged structures. The 

fire-affected & unaffected column sections were selected for core collection considering 

the minimum disturbance of the existing structure. Since the column and shear wall is the 

key structural component of the building’s stability, 23 core samples were collected from 

the seventh, eighth, and ninth-floor column and shear wall. The equivalent compressive 

strength of concrete has been calculated following the ACI 562 & the result of fire-

unaffected column sections is presented in Table 4-5.  The results show that the equivalent 

compressive strength of the concrete cores collected from fire-unaffected columns is 36.62 

MPa for all three floors, which meets the design strength of 29 MPa. 

Moreover, the core test result of fire-affected column sections is presented in Table 4-6. 

The results show that the equivalent compressive strength of the concrete cores collected 

from fire-affected columns is 24.46 MPa which doesn’t meet the design strength of the 

column as 29 MPa. Core samples of .  9 and 10 nos. have been collected from the fire-

undamaged and damaged beam slab, respectively. The variation of concrete may occur due 

to the uneven burning or heating of different column sections, and hence mechanical 

strength of the concrete core changes in different areas. The equivalent concrete 
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compressive strength for the beam slab of fire unaffected and affected condition is 30.33 

MPa and 23.501 MPa respectively whereas the design strength for beam slab was 24 MPa. 

Table 4-5: Fire Unaffected Column/Shear wall Concrete Equivalent Comp. Strength as per 
ACI 562 

Sl. 
No 

Location 
Length 

(l) 
(mm) 

Diameter 
(d) (mm) 

Correction 
Factor for 
diameter, 

F
dia

 

Core 
Compressive 
Strength, f

core
 

(MPa) 

Corrected 
Core 

Strength, 
f

cc
= f

core 
X 

F
dia

  

1 Core-1 (A3/S3-8F) 134.62 67.06 1.03 41.3 42.539 

2 Core-2( B2/W1-8F) 134.62 67.06 1.03 39.5 40.685 

3 Core-3 (A2/S2-9F) 134.62 67.06 1.03 41 42.23 

4 Core-4 (A3/E1-9F) 134.62 67.06 1.03 43 44.29 

5 Core-5 (B3/N1-9F) 134.62 67.06 1.03 42.5 43.775 

6 Core-6 (D3/N1-9F) 134.62 67.06 1.03 39.8 40.994 

7 Core-7 (D4/E2-9F) 134.62 67.06 1.03 54.1 55.723 

Equivalent Strength Conversion According to ACI 562-12, Section 6.4.3, Page No-22 

Average Core Strength,fcc 44 

Standard Deviation,S.D 5 

Co-efficient of variation, V 0.1173 

Number of observation, n 7 

Co-efficient of variation modification factor, kc 1.15 

Equivalent Compressive Strength, fceq, MPa 36.62 

Table 4-6: Fire Affected Column/Shearwall Concrete Equivalent Compressive Strength as 
per ACI 562 

Sl. 
No 

Location 

Length 

(l)  

(mm) 

Diameter 
(d)  

(mm) 

Correction 
Factor for 
diameter, 

F
dia

 

Core 
Compressive 
Strength, f

core
 

(MPa) 

Corrected 
Core 

Strength, 
f

cc
= f

core 
X 

F
dia

  

1 Core-1 (A2/E3-8F) 134.62 67.056 1.03 29.4 30.28 

2 Core-2 (A4/S3-8F) 134.62 67.056 1.03 33.8 34.81 
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Sl. 
No 

Location 

Length 

(l)  

(mm) 

Diameter 
(d)  

(mm) 

Correction 
Factor for 
diameter, 

F
dia

 

Core 
Compressive 
Strength, f

core
 

(MPa) 

Corrected 
Core 

Strength, 
f

cc
= f

core 
X 

F
dia

  

3 Core-3 (D3/N1-8F) 134.62 67.056 1.03 32 32.96 

4 Core-4(C3/W2-8F) 134.62 67.056 1.03 26.7 27.50 

5 Core-5 (C3/W2-8F) 134.62 67.056 1.03 21.5 22.14 

6 Core-6 (D2/W1-8F) 134.62 67.056 1.03 39.1 40.27 

7 Core-7 (A1/S1-9F) 134.62 67.056 1.03 31.3 32.23 

8 Core-8 (C2/N1-9F) 134.62 67.056 1.03 23.3 23.99 

9 Core-9(C2/S2-9F) 134.62 67.056 1.03 18.8 19.36 

10 Core-10 (A3/S1-10F) 134.62 67.056 1.03 25.9 26.67 

11 Core-11 (B2/N1-10F) 134.62 67.056 1.03 26.7 27.50 

12 Core-12(D1/W1-10F) 134.62 67.056 1.03 28.3 29.14 

13 Core-13 (C2/S2-10F) 134.62 67.056 1.03 19.9 20.49 

14 Core-14 (D2/N2-10F) 134.62 67.056 1.03 33.8 34.81 

15 Core-15 (C1/W1-10F) 134.62 67.056 1.03 35.3 36.35 

16 Core-16 (C3/N1-10F) 134.62 67.056 1.03 37 38.11 

Equivalent Strength Conversion According to ACI 562-12, Section 6.4.3, Page No-22 

Average Core Strength, fcc 30 

Standard Deviation,S.D 6 

Co-efficient of variation, V 0.2117 

Number of observation, n 16 

 Co-efficient of variation modification factor, kc 1.07 

Equivalent Compressive Strength, fceq, MPa 24.46 

 

Moreover, concrete core samples has been collected from beam and slabs also. The 

equivalent concrete compressive strength for beam slab of fire unaffected and affected 

condition is 30.33 MPa and 23.501 MPa respectively (as shown in Table 4-7 & Table 4-8), 

whereas the design strength for beam slab was 24 MPa. 
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Table 4-7:  Fire Unaffected Beam/Slab Concrete Equivalent Compressive Strength as per 
ACI 562 

Sl. 
No 

Location 
Length 

(l) (mm) 
Diameter 
(d) (mm) 

Correction 
Factor for 
diameter, 

F
dia

 

Core 
Compressive 
Strength, f

core
 

(MPa) 

Corrected 
Core Strength, 
f

cc
= f

core 
X F

dia
 

1 Core-1 (A3/44-8F) 134.62 67.06 1.03 32.7 34 

2 Core-2 (A2/32-8F) 134.62 67.06 1.03 39.9 41 

3 Core-3 (B2/33-8F) 134.62 67.06 1.03 30.5 31 

4 Core-4 (C2/22-8F) 134.62 67.06 1.03 43.1 44 

5 Core-5 (A1/74-9F) 134.62 67.06 1.03 32.4 33 

6 Core-6 (C1/56-9F) 134.62 67.06 1.03 32.6 34 

7 Core-7 (B2/15-10F) 134.62 67.06 1.03 55.3 57 

8 Core-8 (C3/34-10F) 134.62 67.06 1.03 32.4 33 

9 Core-9 (C3/29-10F) 134.62 67.06 1.03 33.1 34 

Equivalent Strength Conversion According to ACI 562-12, Section 6.4.3, Page No-22 

Average Core Strength,fcc 38 

Standard Deviation,S.D 8 

Co-efficient of variation, V 0.2181 

Number of observation, n 9 

Co-efficient of variation modification factor, kc 1.09 

Equivalent Compressive Strength, fceq, MPa 30.33 

Table 4-8:  Fire Affected Beam/Slab Concrete Equivalent Compressive Strength as per  
ACI 562 

Sl. 
No 

Location 
Length 

(l) 
(mm) 

Diameter 
(d) (mm) 

Correction 
Factor for 
diameter, 

F
dia

 

Core 
Compressive 
Strength, f

core
 

(MPa) 

Corrected 
Core 

Strength, f
cc

= 

f
core 

X F
dia

  

1 Core-1 (B2/32-8F) 134.62 67.06 1.03 27.9 29 

2 Core-2 (C2/23-8F) 134.62 67.06 1.03 27.5 28 

3 Core-3 (C2/36-8F) 134.62 67.06 1.03 29.8 31 

4 Core-4 (A2/35-8F) 134.62 67.06 1.03 24 25 

5 Core-5 (C3/43-8F) 134.62 67.06 1.03 24 25 

6  Core-6 (C1/35-8F) 134.62 67.06 1.03 27.1 28 

7 Core-7(A3/63-9F) 134.62 67.06 1.03 31.3 32 
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Sl. 
No 

Location 
Length 

(l) 
(mm) 

Diameter 
(d) (mm) 

Correction 
Factor for 
diameter, 

F
dia

 

Core 
Compressive 
Strength, f

core
 

(MPa) 

Corrected 
Core 

Strength, f
cc

= 

f
core 

X F
dia

  

8 Core-8 (C2/27-9F) 134.62 67.06 1.03 22.3 23 

9 Core-9 (B2/27-9F) 134.62 67.06 1.03 27.4 28 

10 Core-10(B3/16-10F) 134.62 67.06 1.03 31.3 32 

Equivalent Strength Conversion According to ACI 562-12, Section 6.4.3, Page No-22 

Average Core Strength, fcc 28 

Standard Deviation,S.D 3 

Co-efficient of variation, V 0.1130 

Number of observations, n 10 

Co-efficient of variation modification factor, kc 1.08 

Equivalent Compressive Strength, fceq 23.501 

4.5.4 Rebar Test 

The rebar tensile strength test is a procedure to determine rebar strength. The mechanical 

properties of steel were significantly affected by elevated temperature. Rebar has been 

collected from the selected place on the eighth-floor roof. The yield strength of new and 

fire-affected rebar has been compared. It is found that the rebar strength has been reduced 

by 15%, as shown in Table 4-9. 

Table 4-9: Tensile strength test for rebar of used and new samples 

 
Sl 
No 
 
 

 
Sample Id 
& 
Location  
 

Nominal 
Dia  
 
 (mm) 

Actual 
Dia 
 
(mm) 

Yield 
Strength 
(Ys) 
(MPa) 

Yield 
Strength 
avg. 
(Ys) 
(MPa) 

Ultimate 
Strength 
(Ts)  
(MPa) 

 Ultimate 
Strength 
avg. (Ts) 
(MPa) 

𝑇𝑠

𝑌𝑠
 

Elon. 
(Gauge 
Length 
= 200 
mm) 
(%) 

1 
Grid- C-2, 
(Col 
Capital)  
8th  Floor 
roof 
of existing 
structure 

10 9.56 402 

392 

520 

497 1.26 

27 

 
2 

10 9.44 382 474 23 

3 10 9.76 364 452 21 
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Sl 
No 
 
 

 
Sample Id 
& 
Location  
 

Nominal 
Dia  
 
 (mm) 

Actual 
Dia 
 
(mm) 

Yield 
Strength 
(Ys) 
(MPa) 

Yield 
Strength 
avg. 
(Ys) 
(MPa) 

Ultimate 
Strength 
(Ts)  
(MPa) 

 Ultimate 
Strength 
avg. (Ts) 
(MPa) 

𝑇𝑠

𝑌𝑠
 

Elon. 
(Gauge 
Length 
= 200 
mm) 
(%) 

1 
New rebar 
of same 
company 

10 10.1 456 

464 

645 

638 1.37 

20 

2 10 10.1 468 635 19 

3 10 10.1 468 635 20 

4.6 Evolution of Material by Fire Temperature 

Fire is an unanticipated phenomenon that causes severe loss of lives and property 

everywhere in the world.  Generally, fires occur either by man-made accidents or natural 

hazards i.e., post-seismic fire events, volcanic incidents, etc. Based on the temp-time 

relationship, fire may be categorized into several types: International Standards 

Organization (ISO) fire, hydrocarbon fire, natural fire, British Standards (BS) fire, and 

parametric fire. The major issue of concern in fire events is the degradation of material 

strength for both concrete and rebar yield strength, tensile strength, elongation, and 

modulus of elasticity. Fire of the studied building has affected the building at 7th to 9th floor 

roof which has been shown the Fig 4.10. 

 

Fig 4.10: 3D View of FR Tower (Fire Affected 7th, 8th & 9th Floor). 
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4.6.1 Development of Parametric Fire Curve 

It is required to choose a fire scenario and simulate structural components' fire resistance 

after specifying the structure's physical state following a fire incident. Regarding the 

seismic scenario, it should be considered that it will significantly impact the earthquake-

damaged building. 

Fire is assumed to happen at the center of the room space, and the temperature is uniform 

inside the compartment. It monotonically increases following the standard time-

temperature fire curve. The standard fire curve is a purely conventional fire action model, 

which does not represent any particular fire that could develop in actual buildings. The 

standard fire curve is mainly used for design purposes. In this study, a parametric fire curve 

has been used to find the more realistic value of real fire. 

The fire zone (Fig 4.11) has been used to calculate (Table 4-10 to Table 4-13) the parametric 

gas temperature and a fire curve has been developed (Fig 4.12) according to Eurocode (En, 

2002) using FIN EC software. 

 

Fig 4.11: Fire zone walls. 
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Table 4-10: Fire Zone Properties 

Wall 

No. 

Start End 
Wall Material(Brick wall with 

Plaster) 
Opening 

X 

[m] 

Y 

[m] 

X 

[m] 

Y 

[m] 

density 
specific 

heat 
thermal 

conductivity 
width height

ρ [kg/m3] c[J/kg/K] λ [W/m/K] b[m] h[m] 

1 0 0 24.97 0 1600 840 0.7 5.0 1.5 

2 24.97 0 24.97 17.77 1600 840 0.7 13.0 1.5 

3 24.97 17.77 0 17.77 1600 840 0.7 2.04 1.5 

4 0 17.77 0 0 1600 840 0.7 13.0 1.5 

Table 4-11:  Material Combustion Properties 

Parameter Floor Material 
(Ceramic Tiles) 

Ceiling Material 

(Combustible Interior 
Design Materials) 

Density, ρ (kg/m3) 2600  60 

Specific Heat, c (J/kg/K) 1000  1030 

Thermal Conductivity, λ (W/m/K) 2.8 0.03 

Table 4-12:  Considered Fire Parameters 

            Fire Parameters Value 

Time of fire development, tlim (min.) 20 

The characteristic fire load density per unit floor area, qfk (MJ/m2) 650 

The factor of combustion, m 0.8 

Factor related to the fire activation risk due to the size of the 
compartment, δq1 

1.53 

Factor related to the fire activation risk due to the type of 
occupancy, δq2 

1.02 

Factor related to the different active fire fighting measures, δn 1.2 
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Table 4-13:  Results of Parametric Fire Curve  

Fire Result Value 

Opening factor, O (m1/2) 0.052 

Thermal absorptivity, b (J/(m2s1/2K)) 1295.3 

The design fire load density, qt,d (MJ/m2) 378.4 

Time for maximum gas temp. tmax (min.) 86.6 

Maximum gas temperature, Θg (°C) 1047.4  

Ventilation Controlled fire 

 

 

Fig 4.12: Time vs. gas temperature curve for parametric fire. 

4.6.2  Calculation of Concrete and Rebar Temperature 

Based on the fire curve constructed by the parametric method, concrete and rebar 

temperature has been calculated according to the Euro code. Fig 4.13 shows temperature 

development of concrete at depths 38 mm and 75 mm has been shown for different time 

duration. Moreover, in Fig 4.14, the rebar temperature has been shown also.The researchers 

(Kodur and Agrawal, 2016) proposed an equation for the temperature of the rebar: 

𝑇𝑠𝑚𝑎𝑥 = 𝜆𝑇𝑓𝑚𝑎𝑥 Equation 4-1

Her𝑒,   𝜆 = 1.45(t  +  ) 0.2 (0.4 + 0.03  ) − 5𝑎 
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Where, Tsmax = maximum rebar temperature; Tfmax = maximum fire temperature; λ = 

modification factor for the cross-section dimensions and fire exposure; th = duration of the 

heating phase (in hours), tc = duration of the cooling phase (in hours); H = section depth 

(m); B = section width (m) and a = axis distance (m).  

 

Fig 4.13: Time vs. concrete temperature at different concrete depths. 

This empirical equation was developed based on the results of hundreds of finite element 

heat transfer analyses with 17 different design fires performed by the researchers. After 

estimating rebar temperature, the strength-temperature relationship can be used to calculate 

the residual strength. 

 

Fig 4.14: Time vs. Rebar Temp at a different location. 
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4.6.3 Heat Transfer Analysis of Column at FIN Software 

The temperature distribution across the cross-section of the beam or column has been 

obtained from the 2D heat transfer analysis. During this analysis, heat transfer mechanisms 

were determined by assuming that heat was distributed through solid structures primarily 

by conduction at the section's boundary. The heat was exchanged with the environment by 

convection and radiation. Heat exchange was based on a Fourier equation for conduction 

in the solids. The section's temperature gradient is calculated using the FEM model using 

the FIN EC software package. The average and gradient temperatures of the section have 

been extracted for thermal stress analysis. Temperature distribution has been shown in Fig 

4.15 and Fig 4.16 for the column and beam sections, respectively. 

 

 
a) Heating on column surface b) Color diagram for concrete temperature 

c) Column C2-1075mmX1075mm d) Temperature contour 

Fig 4.15: Heat Transfer analysis by FIN software for C2 on the 8th floor. 
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a) Heating on beam surface b) Color diagram for concrete temperature 

c) Periphery Beam-750mmx400mm d) Temperature contour 

Fig 4.16: Heat transfer analysis by FIN software for periphery beam on the 8th floor. 

4.6.4 Residual Concrete Compressive Strength Based on Heat Analysis 

Based on the calculated fire temperature, concrete residual compressive strength has been 

estimated per the building code. As per Eurocode (EN 2004), damaged concrete strength 

has been calculated (Table 4-14) using the weighted average method of member cross-

section. Finally, this residual strength has converted to a residual strength curve (Fig 4.17) 

for different temperatures.  

Table 4-14:  Constitutive relationships of high-temperature properties for concrete of 
column (EN, 2002) 

Length 
mm 

Width 
mm 

Develop 
Temp. 

Area 
mm2 

Affected 
area 
mm2 

Core equivalent 
compressive 
strength for 
undamaged 
condition 
f'c (Mpa) 

Residual 
strength 

f'c,r (MPa) 

Concrete 
strength,  

f'c, eq (MPa)

1000 875 1047.4 875000 143600 36.61 0 

24.7 
(very close to 
core strength 
of damaged 
condition) 

920 795 800 731400 124564 36.61 6.432 
844 719 600 606836 90180 36.61 23.665 
784 659 500 516656 56120 36.61 32.281 
744 619 400 460536 68172 36.61 36.619 
692 567 300 392364 48760 36.61 36.619 
652 527 200 343604 159588 36.61 36.619 

496 371 100 184016 184016 36.61 36.619 
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Fig 4.17: Concrete compressive strength reduction with temperature. 

4.7 Summary 

Three main inspection methods have been applied: visual Inspection, non-destructive, and 

laboratory testing. Visual Inspection methods are generally the quickest but least accurate. 

Laboratory testing methods are generally time-consuming and expensive but the most 

accurate. Non-destructive techniques are medium in quickness and accuracy.  

Visual methods have been used to gain a general sense of the extent of damage and to 

identify the bounds of damage. Several methods have been developed primarily based on 

previous experiences with real fires in building structures. A damage classification chart 

(Table 4-1) is used to rate the condition of certain areas of a structure. The damage intensity 

shows that the entire area of the floors is affected by the fire as there is no zero damage 

zone,  nearly 72% of the 7th-floor roof, 80% of the 8th-floor roof, and 75% of the 9th-floor 

roof are burnt moderately (damage rating 0 to 2)(Table 4-2) and 28% of the 7th-floor roof, 

20% of the 8th-floor roof, and 25% of the 9th-floor roof are damaged at different intensities 

(damage rating 3 to 5) (Table 4-2) for both structural and non-structural components. 

Moreover, severe damages on the structural components have been observed at 5% on the 

7th and the 9th-floor roofs, which are 8% for the 8th-floor roof. In addition, the visual 

condition of other non-structural materials, such as aluminum and PVC, are used to 

estimate the temperatures reached in various parts of the structure.  

Various potentially available non-destructive testing methods are used to assess the post-

fire condition of the concrete. Some methods even provided estimates of residual strength 
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loss. The two most popular methods at present, ultrasonic pulse velocity, and carbonation 

depth test, can both delineate areas of damaged concrete but are unsuitable for estimating 

residual strength.  

The most common laboratory testing methods are the concrete core and rebar tensile 

strength tests. This method has determined the strength of concrete and rebar. Although it 

is very accurate, these kinds of tests are expensive and time-consuming. It provides the 

condition of the concrete at particular points in the structure. The column/shear wall 

concrete core equivalent compressive strength has been found as 36.62 MPa and 24.46 MPa 

for pre and post-fire conditions.  The concrete core equivalent compressive strength of 

30.33 MPa and 23.5 MPa has also been found for beam, and slab at pre and post-fire 

conditions, respectively. Moreover, the rebar tensile strength testing shows that it reduced 

by about 15 %. Furthermore, the maximum carbonation depth was 38 mm, indicating the 

concrete damage by fire. 

Moreover, the magnitude of temperature and its distribution is a part that creates thermal 

stress effects (stresses caused by thermal expansion or contraction of the material). 

Temperature distribution has been estimated using FIN EC software. The following steps 

have been followed to estimate the temperature and stress: 

a) The parametric method has been used to calculate the maximum gas temperature. 

The calculated maximum gas temperature is 1047.4oC, and the fire is ventilation 

controlled.  

b) A heat transfer analysis is performed to determine the temperature distribution 

across the cross-section (i.e., the thermal gradient in the element). 

Using the developed temperature across the cross-section, residual concrete compressive 

strength has been calculated using the Euro code. The residual concrete compressive 

strength of the fire-damaged column has been calculated as 24.7 MPa, which is close to 

concrete core equivalent compressive strength for damage condition. 
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CHAPTER 5   

FINITE ELEMENT ANALYSIS OF DAMAGED BUILDING 

5.1 Information 

This chapter describes the step-by-step process from building geometry to finite element 

modeling for the integrated superstructure. Section properties, material properties, dead loads, 

superimposed dead loads, live load, earthquake loads for the peak ground accelerations for the 

43, 475, and 2475 years return periods are discussed accordingly. The properties of fire 

damaged as well as undamaged concrete and rebar has been used to determine the actual 

performace of the structure. Loading properties for linear static analysis are discussed to 

examine the linear capacity of the structure. The nonlinear mathematical model of the 

structure has been incorporated several assumptions, from the selection of idealized 

inelastic component types for each structural member to estimate gravity and seismic loads 

to capture the expected dynamic behavior of structures. All of these effects on the behavior 

of tall buildings have been explained elaborately. NLTHA uses ten pairs of ground motions 

and checks the results in compliance with the determined target performance levels.  

5.2 General Properties of the case Studies 

The building is a reinforced concrete 23-storied commercial building with two (02) 

basements, as shown in Fig 5.1. The total height of the building is 67.85m above ground 

and 5.6m below the ground floor. Storey heights of the basement, ground floor to the third 

floor, and fourth to above floors are 2.8m, 3.3m & 3.05m, respectively. The building users 

use the basements for car parking. The building has two staircases, including one fire stair, 

though its width is only 1m. 

The office space mainly occupies the floor area with a lobby area near the lift core and 

staircase. There are five and four grids in the global x and y directions. The grid spacing, 

office space arrangement, and location of the lift lobby and staircases are shown in . There 

are shear walls on the western part of the building. The thickness of all the shear walls is 

300 mm. All shear walls are built to the full height of the building, i.e., from the basement 
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to the roof. The typical cross-sections of the beams and columns are shown in Fig 5.2. There 

are four types of columns, both square and rectangular, and the cross-sectional dimensions 

of columns C1, C2, C3, and C4 are 975 x 1225 mm, 1075 x 1075 mm, 1200 x 1200 mm, 

and 375 x 1050 mm, respectively, at the ground floor. 

 

Fig 5.1: Typical floor plan & 3D view of the building. 

Column size has changed at the ground, third, fifth, seventh, tenth, and seventeenth-floor 

levels. Columns C1, C2, C3, and C4 have cross-sectional dimensions of 750 x 1000 mm, 

875 x 1000 mm, 1000 x 1000 mm, and 375 x 1050 mm, respectively, in the fire-affected 

zone (i.e., the seventh, eighth, and ninth floors). It is a flat slab building with perimeter 

beams. The cross-sectional dimension of the beam is 750 × 400 mm, as shown in fig. The 

center-to-center spacing of column ties and beam stirrups is 250 mm and 150 mm, 

respectively, for 10 mm diameter rebar. The overall slab thickness is 187.5 mm, with a 

column capital of 250 mm. The center-to-center spacing of the slab bottom rebar is 125 mm 

in both directions for a 12 mm diameter. Moreover, the spacing of slab top rebar at the mid-

column strip is 125 mm and 100 mm, respectively, for 12 mm and 16 mm dia. rebar. The 

building is supported by a mat foundation that is 1450 mm thick. The clear covers for the 

mat foundation, column, shear wall, beam, and slab are 75 mm, 37.5 mm, 25 mm, 37.5 mm, 

and 19 mm, respectively. 
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As mentioned in the working drawing of the building, the specified concrete compressive 

strength of the columns was 29 MPa, whereas the specified strength of the beam and slab 

was 24 MPa. Moreover, the specified yield strength of the reinforcement was 420 MPa. 

 

Column C1 

 

 

Column C2 

 

Column C3 

 

Column C4 

 

 

 Fig 5.2: Cross-section of columns and beam with rebar arrangements. 

5.3 Material Properties (Linear) 

Table 5-1: Property of fire-affected and unaffected concrete (Pekelnicky et al., 2012) 

Material Property Value 

Fire unaffected Fire affected

Concrete compressive 
strength, f’c (Mpa) 

Column 36.6 24.5 

Beam& Slab 30.3 23.5 

Modulus of Elasticity, E(Mpa)  4700*√f c 

Rebar Yield Strength, fy (MPa) 420 392 

Expected Tensile Strength, fu (MPa) 491* 458.6* 

Modulus of Elasticity, E (MPa) 21000 

*Expected tensile strength factor for nonlinearity-1.3(concrete) & .17(reinforcement); 
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5.4 Material Properties (Nonlinear) 

The non-linear properties of concrete and rebar are shown in Fig 5.3. The meander model 

is considered for concrete, whereas the kinematic hardening model is considered for 

hysteretic responses of the rebar. 

Concrete non-linearity Rebar non-linearity 

Fig 5.3: Material nonlinearity. 

5.5 Nonlinear Hinge Properties 

Beam and column elements were modeled as nonlinear frame elements with lumped 

plasticity by defining plastic hinges at both ends of beams and columns. In this study, user-

defined deformation-controlled (ductile) hinge properties were implemented. The plastic 

hinge locations were assumed and defined on the two ends of the column and beam 

elements. The seismic performance evaluation was carried out following seismic codes 

(Fema356, 2000). Fig 5.4 presents the hinge properties and strain limit at different 

performance objectives and the nonlinear hinge behavior backbone curve. 

-40

-30

-20

-10

0

10

-0.012 -0.007 -0.002 0.003

S
tr

es
s,

 M
P

a

Concrete Strain, mm/mm

-700

-350

0

350

700

-0.12 -0.06 0 0.06 0.12

S
tr

es
s,

 M
P

a

Rebar Strain, mm/mm



72  

Beam Column 

a) Strain limit at a different point 

b) Backbone Curve 

c) IO, LS, and CP strain levels 

Fig 5.4: Beam & Column Hinge Properties. 

5.6 Load Consideration 

The load patterns and combinations considered for preliminary force-based analysis are 

presented in Table 5-2 and Table 5-3, respectively. The building has been analyzed by Etabs 

software. Since the torsional irregularity exist in the studied builidng, neccessary steps has 

been taken as per building code during analysis (torsional amplification factor considered) 

and design (30% orthogonal seismic forces considered). The PMM (demand-capacity) ratio 

has been checked for the concrete columns and shearwall using load combinations before 

going into the non-linear analysis of the structure.  



73  

Table 5-2:  Load Consideration 

Load Pattern Loads Seismic Design Parameter   

Self Wt. (DL) As per frame weight      S1=  0.3, SS= 0.75 (MCE);  

     S1=  0.2, SS= 0.50 (DBE);   

     S1= 0.13, SS= 0.33 (SLE);    

     Site Class: C; SDC: C; 

      I=1; R=5.5; Cd =4.5, wd =2.5 

*SDC- structural design category 

Floor Finish(DL) 1.2 kN/m2  

Floor Live Load(LL) 3.0  kN/m2  

Roof Live Load(LL) 1.4 kN/m2  

Partition Wall Load(DL) 2.4 kN/m2  

Table 5-3: Load Combination 

Load Combination 

1.   1.4DLa 

2.   1.2 DL + 1.6Lf + 0.5 Lrb 

3. 1.2DL +1.6 Lr + Lfc 

4. 1.2D + 1.6W + Lf + 0.5 Lr 

5. 1.2DL + 1.0 Lf + 0.5 Lr+ 1.0Ex/y
d
 ±0.3Ey/x 

6. 0.9D + 1.6We 

7. 0.9DL + 1.0Ex/y
d
 ±0.3Ey/x 

aDead Load; bRoof Live Load; cFloor Live Load; dEarthquake Load; eWind Load 

5.7 Seismic Parameters for Different Earthquake Level 

Seismic design parameters are also given in Table 5-4 considering intermediate moment 

resisting frames and soil type SC  based on the soil investigation report following 

Bangladesh National Building Code, (2020). Moreover, the specral acceleration curve for 

different earthquake level has been shown in Fig 5.5. 

Table 5-4:  Seismic parameters 

Earthquake 
Level 

Return 
Period 
(Years) 

Probability of 
Exceedance 

Seismic Parameters 

S1 Ss Fa Fv SDS SD1 

MCE 2475 2 % in 50 years 0.3 0.75 0.15 1.725 0.23 0.32 

DBE 475 10 % in 50 years 0.2 0.5 0.15 1.725 0.38 0.23 

SLE 43 50 % in 30 years 0.13 0.33 0.15 1.725 0.536 0.14 
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Fig 5.5: Spectral acceleration curve at different earthquake levels. 

5.8 Linear Static Analysis 

Based on the above mentioned considerations, a 3D finite element analysis model has been 

developed using commercially available finite element analysis software. The geometry, 

material properties, and loadings are strictly followed as per BNBC (2020), as mentioned 

earlier. In analysis, the crack section has been considered for beam, column, shear wall, and 

slab as per the National Building Code of Bangladesh. 

5.8.1 Modal Analysis 

The properties of building under vibration was determined by modal analysis. The 1st 

vibration mode was translation in X direction with 4.02  and 4.19 sec time period, 2nd 

vibrational mode was translation in Y direction with 3.70 and 3.86 sec time period, 3rd 

mode was in torsion with 2.33 and 2.37 sec time period and 4th mode was also in torsion 

with 1.24 and 1.31 sec time period. Tweenty six vibrational modes were considered for 

modal analysis and approximately more than 90% of the total mass from the ground level 

was participating in modal analysis. The time period for first three vibrational mode is 

considered as fundamental period. The time period, freequency and their  shapes are shown  

Table 5-5 and Fig 5.6. 
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Table 5-5:  Fundamental period and frequency 

Mode 

Before Fire Effect After Fire Effect 

Period Frequency 
Circular 

Frequency Period Frequency 
Circular 

Frequency 

sec cyc/sec rad/sec sec cyc/sec rad/sec 

1 4.02 0.25 1.56 4.19 0.24 1.50 

2 3.70 0.27 1.70 3.86 0.26 1.63 

3 2.33 0.43 2.70 2.37 0.42 2.66 

4 1.24 0.81 5.07 1.31 0.77 4.81 

 

 
a) 1st Mode b) 2nd Mode 

  

c) 3rd Mode d) 4th Mode 

Fig 5.6: First four-mode shape. 
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5.8.2 Column Moment Curvature 

A comparison of column moment-curvature between pre and post-fire conditions for 

columns C1 & C2 is shown in Fig 5.7. The curve shows that for same amount of moment, 

the rotation for post-fire condition is more than the pre-fire condition. Compressive strength 

of concrete, axial load on the RC sections, longitudinal and transverse reinforcing ratios are 

the parameter that affects moment curvature relationship. Column moment capacity 

decreases by 11-12% for the decrease of concrete compressive strength and rebar tensile 

strength due to the fire effect.  

a) Column C1 b) Column C2 

Fig 5.7: Column Moment Curvature. 

 

5.8.3 Column Interaction Diagram 

Column interaction diagram has been made for pre and post-fire conditions for C1 & C2 

columns as shown in Fig 5.8. Compressive strength of concrete, tensile strength and 

arrangement of reinforcements are the parameter that affects column interaction diagram. 

Column axial capacity decreases 26 -27%  at post-fire condition than the pre-fire condition. 

The column capacity may be result of  the decrease of concrete compressive strength and 

rebar tensile strength due to the fire effect. The weak storey irregularity has been checked 

at post-fire condition following BNBC (2020) and found non susceptible due to fire effect.   
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a) Column C1 b) Column C2 

Fig 5.8: Column Interaction Diagram. 

5.8.4 Deflection 

The displacement demand of the building has been determined for both axes. The 

displacement demand for pre and post-fire conditions have been shown in Fig 5.9. Due to 

the fire effect, material strength & member sizes have been reduced. As a result, the lateral 

stability of the structure is also reduced. The maximum displacement at the 2475 yrs 

earthquake return period is 1.91m & 2.19m, which is 1.28m & 1.46m for 475 years return 

period and 0.85m & 0.97m for 43 years return period at pre and post-fire conditions, 

respectively. Maximum deflection increases by about 10-20% (Table 5-6). 
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Fig 5.9: Maximum Deflection. 

Table 5-6: Drift and deflection increase for fire effect 

 
Floor 

Deflection Increase Deflection Increase Drift  Increase Drift   Increase 

X (%) Y (%) X (%) Y (%) 

14F 18 18 4 8 
13F 18 18 5 10 
12F 19 19 8 12 
11F 20 20 14 15 
10F 20 20 25 20 
9F 18 18 37 26 
8F 14 14 36 26 
7F 10 10 25 20 
6F 6 6 12 13 
5F 5 5 7 10 
4F 3 3 4 8 
3F 3 3 3 6 
2F 2 2 2 5 
1F 2 2 2 4 
GF 2 2 1 4 
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5.8.5 Drift 

The fire effect has reduced material capacity and member sizes. Due to the structural lateral 

capacity reduction, the drift ratio also increases by 26-37 % (Table 5-6) for the fire affected 

floors. The storey drift in X direction has been found beyond the allowable limit as 

prescribed in BNBC (2020) whereas in Y direction found within allowable limit.  

Fig 5.10: Storey drift. 
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5.8.6 Stiffness 

The overall stiffness of the structure at different floor level is shown in Fig 5.11 for both 

pre and post-fire conditions. Generally, the stiffness depends on the modulus of elasticity 

& cross-sectional area of concrete. The stiffness of the fire-affected floor has been reduced 

by up to 28% as shown in Table 5-7. Since the strength and cross-sectional area have been 

reduced, the stiffness is also affected. Due to stiffness reduction the displacement of the 

structure increases, as a result soft storey irregularity may be developed. Stiffness and 

deflection based soft storey irregularity has been checked at post- fire condition and found 

non existence.   

 

Table 5-7:  Stiffness loss due to fire 
effect 

Floor 
Level 

Stiffness loss due to fire 
effect 

Stiffness X 
(%) 

Stiffness Y 
(%) 

18 F 4 7 
17 F 4 7 
16 F 4 8 

15 F 4 9 

14 F 5 10 

13 F 6 12 
12 F 9 14 
11 F 13 17 

10 F 22 22 

9 F 28 27

8 F 28 27

7 F 22 22 

6 F 12 15 

5 F 8 12 

4 F 5 10 
 

 

Fig 5.11: Storey Stiffness. 
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5.8.7 Column PMM Ratio 

The column demand capacity ratio has been shown in Fig 5.12  & Table 5-8. The figure 

and table show that the column bearing capacity reduces. The column demand capacity 

ratio of column C2 at grid B/3 is found within the allowable limit (<1) for MCE, DBE, and 

SLE earthquake levels at pre and post-fire conditions. But the demand capacity ratio of the 

C1 column at grid A/1 is found within the allowable limit before the fire condition. In 

contrast, the demand capacity ratio is greater than 1 for the MCE, DBE, and SLE earthquake 

levels for post-fire conditions. The demand capacity ratio increases by 40-46% & and 39-

44 % for columns C1 & C2, respectively. This may occur due to the structure's loss of 

strength and stiffness. 

a) Column C2 at grid B-3 b) Column C1 at grid A-1 

-2 F

0 F

2 F

4 F

6 F

8 F

10 F

12 F

14 F

16 F

18 F

20 F

22 F

24 F

0 0.25 0.5 0.75 1

Fl
o
o
r 
Le
ve
l

PMM Ratio

Pre-Fire MCE Post-Fire MCE

-2 F

0 F

2 F

4 F

6 F

8 F

10 F

12 F

14 F

16 F

18 F

20 F

22 F

24 F

0 0.3 0.6 0.9 1.2

Fl
oo

r 
L

ev
el

PMM Ratio

Pre‐Fire MCE Post‐Fire MCE



82  

c) Column C2 at grid B-3 d) Column C1 at grid A-1 

e) Column C2 at grid B-3 f) Column C1 at grid A-1 

Fig 5.12:  Column PMM ratio. 
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Table 5-8: Variation of column PMM ratio due to fire effect 

FLOOR 

PMM ratio variation due to fire 

effect for column C2 (Grid-E/7) 

PMM ratio variation due to fire 

effect for column C2 (Grid-E/7) 

MCE (%) DBE(%) SLE(%) MCE (%) DBE(%) SLE(%)

21 F 4 3 1 2 2 4 

20 F 4 3 1 2 2 4 

19 F 4 2 1 2 1 3 

18 F 2 2 1 2 1 3 

17 F 3 2 1 1 1 3 

16 F 3 2 1 1 1 3 

15 F 3 2 1 1 1 3 

14 F 3 1 1 1 1 4 

13 F 4 2 1 1 1 3 

12 F 3 2 1 2 1 3 

11 F 3 2 1 2 1 4 

10 F 3 2 1 2 2 4 

9 F 44 43 43 43 42 46 

8 F 40 41 41 41 41 45 

7 F 39 39 40 40 40 44 

6 F 2 2 2 1 1 2 

5 F 2 2 2 0 0 2 

4 F 2 2 1 0 0 3 

3 F 1 1 1 0 0 3 
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5.8.8 Capacity of Shearwall 

Shear wall contibutes maximum 47% and 55% of total base shear in X and Y directions 

respectively. The demand capacity ratio of shearwall has been shown in Fig  5.13. The 

figure show that the demand capacity ratios of shearwall for post-fire condition at 7th ,8th 

and 9th floor increases remarkably than pre-fire condition.  The demand capacity ratio of 

shearwall W1 and W2 is found beyond the allowable limit (>1) for MCE earthquake levels 

at pre and post-fire conditions. In contrast, the demand capacity ratio is within the allowable 

limit (<1)   for the DBE, and SLE earthquake levels. This may occur due to the structure's 

loss of stiffness and strngth for concrete and rebar. 

a) Shearwall 1 b) Shearwall 2 
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c) Shearwall W1 d) Shearwall W2 

e) Shearwall W1 f) Shearwall W2 

Fig  5.13: Shearwall demand dapacity ratio. 
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5.9 Nonlinear Time History Analysis (NLTHA) 

The investigation has been extended to Non-Linear Time History (NLTH) analysis to 

understand the actual response of the building under seismic excitation. In this study, ten 

nos. well-established ground motions have been selected for NLTHA. The ground motions 

are Chi-Chi, Hollister, Imperia, Kobe, Denali, Landers, Loma Prieta, Northridge, Trinidad, 

and Bhuj. The properties of the ground motions, magnitudes of the earthquake, PGA, and 

other seismic data have been shown in Table 5-9. These are recorded earthquakes and will 

be scaled to approximately 0.3g, 0.2g, & 0.13g to represent an MCE, DBE, and SLE 

condition, respectively.  The earthquake ground motions are presented in terms of ground 

acceleration vs time in Fig 5.14. For nonlinear analysis, FNA usually uses a Ritz vector 

customized with P-Delta based on the gravity loads. It is important to use P-delta as it is 

critical in adequately determining stability behavior. Time history analysis uses the time 

history of input force or acceleration, which is then united to get the response. Finally, the 

motions are applied to the 3D finite element model developed by structural analysis 

software.  

Table 5-9: Reference ground motions data used in the analysis 

EQ 
Serial 

EQ Name Station Year Magnitude PGA(g) 

1 ChiChi CHY002 1999 7.6 0.098 

2 Hollister Hollister City Hall 1961 5.6 0.036 

3 Imperia Aeropuerto Mexicali 1979 6.5 0.160 

4 Kobe Abeno 1995 6.9 0.138 

5 Denali Carlo (temp) 2002 7.9 0.074 

6 Landers Forest Falls Post Office 1992 7.3 0.080 

7 Loma Prieta Gilroy Array 1989 6.9 0.038 

8 Nortidge Alhambra - Fremont School 1994 6.69 0.046 

9 Trinidad Rio Del overpass 1983 5.7 0.028 

10 Bhuj Ahmedabad(ISC) 2001 7.7 1.038 
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Ground motions are matched with local seismic data i.e., the response spectrum that gives 

the actual seismic demand. The time functions have been scaled with seismo-match 

software for the target response spectra for the return periods of 43, 475, and 2475 years. 

The displacement demand is the expected outcome from the ten ground motion data. The 

original time functions have been scaled up to the target acceleration values for 2475 years, 

475 years, and 43 years of earthquake events. The scaled period vs. acceleration for the 

time function and response spectrum have been plotted in Fig 5.15 to Fig 5.20.  

 

Fig 5.14:  Time history functions of ten different ground motions. 
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Fig 5.15: Scaled Time history function- 2475 Years. 

 

Fig 5.16: Scaled Response Spectrum- 2475 Years. 
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Fig 5.17: Scaled Time history function- 475 Years. 

 

Fig 5.18: Scaled Response Spectrum- 475 Years. 
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Fig 5.19: Scaled Time History Function- 43 Years. 

 

Fig 5.20: Scaled Response Spectrum- 43 Years. 
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5.10 Interpretation of Result for Performance-Based Analysis 

Non-Linear Time History (NLTH) analysis includes ground motion with Period. Putting 

the Ground motion into NLTHA enables us to get seismic demand. It reflects the 

displacements demand of the structure due to the ground motion. Time history analysis uses 

the time history of input force or acceleration directly, which is then united to get the 

response. Based on the NLTHA following observations are made:  

5.10.1 Base Shear 

The base shear comparison from different analyses were made between pre-fire and post-

fire conditions for different time history functions, as shown in Fig 5.21~Fig 5.26. The base 

shear obtained from nonlinear time-history analysis based on ten pairs of ground motions 

under MCE earthquake level was highest whereas that obtained from SLE earthquake level 

had lowest base shear. Moreover, the figure clearly shows that the base shear obtained from 

Trinidad & Hollister is considerably higher than resulting from other GMs. The maximum 

base shear of different GMs for pre and the post-fire condition is 60599 KN & 62532 (SLE); 

144156 KN & 145426 KN (DBE), and 184393 KN & 187944 KN (MCE), respectively. 

  

Fig 5.21: Base shear at different GMs for pre-fire MCE condition. 
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Fig 5.22: Base shear at different GMs for post-fire MCE condition. 

 

Fig 5.23: Base shear at different GMs for pre-fire DBE condition. 
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Fig 5.24: Base shear at different GMs for post-fire DBE condition. 

 

Fig 5.25: Base shear at different GMs for pre-fire SLE condition. 
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Fig 5.26: Base shear at different GMs for post-fire SLE condition. 

5.10.2 Drift Ratio 
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The largest inter-storey drift is observed for Trinidi. Inter-storey drift ratio increased at 7th, 

8th, and 9th  due to the fire effect. The average inter-storey transient drift ratio values of each 

analysis for assessment of service level (SLE) and collapse prevention level (MCE) is 0.3% 

and 2.7%  respectively.  As per ASCE 41-13 the allowable limit states to check the 

performance criteria of the of structure service level (SLE) and collapse prevention level 

(MCE) is <0.5% and <4.5%  respectively. The difference in behavior among different 

earthquakes is further appreciated by referring to Fig 5.28 to Fig 5.29 

-30000

-15000

0

15000

30000

0 5 10 15 20 25 30 35 40 45 50

B
as

e 
S

he
ar

, K
N

Time, sec

chichi holistr imperia kobe landers

lomapr northridge trinidi bhuj



95  

 

 

Fig 5.27: Storey drift ratio for different GMs (post-fire MCE condition). 
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Fig 5.28: Maximum storey drift ratio in the X direction for MCE, DBE & SLE condition (for Trinidad GMs). 
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Fig 5.29: Maximum storey drift ratio in the Y direction for MCE, DBE & SLE condition (for Trinidad GMs). 
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5.10.3 Concrete and Rebar Stress-Strain Curve 

As per the philosophy of the performance-based design approach, concrete and rebar strain 
is one of the key parameters to determine the internal stress-strain features of the structure. 
Detailed comparative fiber stress, strain, and states of fibers of a wall at the 7th-floor level 
are presented in Table 5-10 & Fig 5.40. For fiber hinge states of the shear wall, all hinges 
are in the range of A to IO state. Maximum fiber strain of shear wall concrete for pre and 
post-fire conditions is 0.0009 & 0.001 (SLE); 0.0022 & 0.0024 (DBE) and 0.0037 & 
0.0043(MCE), respectively. Maximum fiber strain of shear wall rebar for pre and post-fire 
conditions is 0.00076 & 0.00083(SLE); 0.0015 & 0.0018(DBE) and 0.0036 & 
0.0042(MCE), respectively. According to ASCE 41-13, these strain values are also 
acceptable (εc<0.005, εt<0.05). Moreover, the strain results of other hinges are also shown 
in Fig 5.30~Fig 5.35 

 

Fig 5.30: Rebar stress-strain curve for hinge W8H19 (7F), fiber-19. 

 

Fig 5.31: Concrete stress-strain curve for hinge W8H19 (8F), fiber-17.

-600

-400

-200

0

200

400

600

-0.004 -0.002 0 0.002 0.004S
tr

es
s,

 M
P

a

Rebar Strain, mm/mm

chichi

holistr

imperia

kobe

landers

lomapr

northridge

trinidi

bhuj

-50

-40

-30

-20

-10

0

10

-0.004 -0.002 0 0.002 0.004

S
tr

es
s,

 M
P

a

Concrete Strain, mm/mm

chichi

holistr

imperia

kobe

denali

landers

lomapr

northridge

trinidi

bhuj



99  

Fig 5.32: Rebar stress-strain curve for hinge W2H18 (8F), fiber-19 for MCE, DBE & SLE condition.
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Fig 5.33: Concrete stress-strain curve for hinge W8H19 (7F), fiber-4 for MCE, DBE & SLE condition. 
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Fig 5.34: Concrete stress-strain curve for hinge W2H18 (8F), fiber-17 for MCE, DBE & SLE condition.
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Fig 5.35: Concrete stress-strain curve for hinge W278H16 (9F), fiber-1 for MCE, DBE & SLE condition. 
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5.10.4 Moment Rotation Curve of Hinges 

Hysteretic responses of wall hinges at the seventh, eighth, and ninth-floor levels are presented in Fig 5.37 to Fig 5.39. The colors of different ground 

motions highlight their hysteretic response regarding moment rotation responses. Maximum hinge rotation of shear wall for pre and post-fire 

condition is 0.0017 rad & 0.0018 rad (SLE); 0.0041 rad & 0.0045 rad (DBE) and 0.0064 rad & 0.0079 rad (MCE), respectively. The amount of 

moment carrying capacity of the wall also depends on the size of the wall and its direction to the ground motions.  

a) Hinge C2H31(8F)  b) hinge B2H29(8F) 

Fig 5.36: Hysteretic Response of Hinge for different GMs. 
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Fig 5.37: Shear wall moment rotation curve for hinge W8H19 (7F), for MCE, DBE & SLE condition.
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Fig 5.38: Shear wall moment rotation curve for hinge W2H18 (8F), for MCE, DBE & SLE condition. 
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Fig 5.39:  Shear wall moment rotation curve for hinge W278H16 (9F), for MCE, DBE & SLE condition. 
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Fig 5.40: Comparative strain for various fibers of concrete and rebar for W8H19 (7F) hinge at MCE & DBE condition. 

 

Fig 5.41: Comparative rotation of various wall hinges of 7th floor at MCE & DBE condition. 
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Table 5-10: Fiber stress and status of hinge-W8H19 (7F) 

Fiber 
No. 

Fiber 
Area 

Pre-Fire DBE Condition
Post-Fire DBE 

Condition 
Fiber 
Strain

Increase

(%) 

Pre-Fire MCE 
Condition 

Post-Fire MCE 
Condition 

Fiber 
Strain

Increase

(%) Fiber 
Stress 

Fiber 
Strain 

Fiber 
Status

Fiber 
Stress

Fiber 
Strain

Fiber 
Status 

Fiber 
Stress 

Fiber 
Strain

Fiber 
State 

Fiber 
Stress 

Fiber 
Strain

Fiber 
Status 

1 112 2.66 0.00150 A to IO 2.31 0.00158 A to IO 5.4 3.86 0.00327 A to IO 3.12 0.00394 A to IO 20.7 

2 224 2.56 0.00150 A to IO 2.27 0.00157 A to IO 5.0 3.94 0.00326 A to IO 2.99 0.00393 A to IO 20.5 

3 224 2.42 0.00149 A to IO 2.21 0.00156 A to IO 4.4 4.04 0.00325 A to IO 2.75 0.00390 A to IO 20.2 

4 224 2.28 0.00149 A to IO 2.16 0.00155 A to IO 3.9 3.86 0.00323 A to IO 2.42 0.00388 A to IO 20.0 

5 224 2.13 0.00149 A to IO 2.1 0.00154 A to IO 3.3 3.67 0.00322 A to IO 2.44 0.00386 A to IO 19.7 

6 224 2.01 0.00148 A to IO 2.05 0.00152 A to IO 2.8 3.71 0.00321 A to IO 2.48 0.00383 A to IO 19.5 

7 112 2.06 0.00148 A to IO 2.03 0.00151 A to IO 2.4 3.74 0.00320 A to IO 2.51 0.00381 A to IO 19.2 

8 8.4 299.56 0.00150 A to IO 315.26 0.00158 A to IO 5.3 487.83 0.00326 A to IO 489.7 0.00394 A to IO 20.6 

9 8.4 298.83 0.00150 A to IO 312.87 0.00157 A to IO 4.7 487.77 0.00325 A to IO 489.61 0.00391 A to IO 20.4 

10 8.4 298.11 0.00149 A to IO 310.48 0.00155 A to IO 4.2 487.72 0.00324 A to IO 489.53 0.00389 A to IO 20.1 

11 8.4 297.39 0.00149 A to IO 308.08 0.00154 A to IO 3.6 487.67 0.00323 A to IO 489.44 0.00387 A to IO 19.9 

12 8.4 296.66 0.00148 A to IO 305.69 0.00153 A to IO 3.0 487.61 0.00321 A to IO 489.36 0.00384 A to IO 19.6 

13 8.4 295.94 0.00148 A to IO 303.3 0.00152 A to IO 2.5 487.56 0.00320 A to IO 489.27 0.00382 A to IO 19.3 
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Table 5-11: Hinge state and status of 7th floor wall 

Wall 
Fiber 
No. 

Fiber 
Area 

Pre-Fire DBE Condition Post-Fire DBE Condition Fiber 
Rotation

Increase

(%) 

Pre-Fire DBE MCE 
Condition 

Post-Fire MCE Condition Fiber 
Rotation

Increase

(%) Moment 
(kN-m) 

Rotation 
(rad) 

Fiber 
Status

Moment 
(kN-m)

Rotation 
(rad) 

Fiber 
Status

Moment 
(kN-m) 

Rotation 
(rad) 

Fiber 
Status 

Moment 
(kN-m)

Rotation 
(rad) 

Fiber 
Status 

W1 1 112 43 0.0019 A to IO 49 0.0024 A to IO 24.6 71 0.0044 A to IO 67 0.0049 A to IO 12.0 

W2 2 224 4645 0.0036 A to IO 3572 0.0045 A to IO 23.5 3154 0.0073 A to IO 3085 0.0093 A to IO 26.6 

W3 3 224 2239 0.0020 A to IO 1526 0.0020 A to IO 1.9 1786 0.0037 A to IO 1632 0.0042 A to IO 14.4 

W4 4 224 5016 0.0036 A to IO 3793 0.0040 A to IO 11.3 4622 0.0067 A to IO 4795 0.0082 A to IO 23.2 

W5 5 224 289 0.0036 A to IO 279 0.0040 A to IO 10.6 708 0.0066 A to IO 769 0.0082 A to IO 25.5 

W6 6 224 13643 0.0018 A to IO 8192 0.0018 A to IO 4.1 10372 0.0032 A to IO 10696 0.0039 A to IO 19.0 

W8 7 112 48 0.0023 A to IO 41 0.0023 A to IO 3.3 80 0.0042 A to IO 76 0.0047 A to IO 11.2 

W9 8 8.4 105 0.0020 A to IO 115 0.0022 A to IO 7.1 135 0.0039 A to IO 169 0.0045 A to IO 16.9 

W12 9 8.4 109 0.0022 A to IO 107 0.0022 A to IO 2.3 136 0.0040 A to IO 106 0.0045 A to IO 11.4 

W13 10 8.4 10973 0.0032 A to IO 8203 0.0036 A to IO 14.1 9316 0.0074 A to IO 8613 0.0088 A to IO 18.2 

W15 11 8.4 159 0.0018 A to IO 118 0.0023 A to IO 24.8 132 0.0040 A to IO 231 0.0046 A to IO 16.3 

W278 12 8.4 10169 0.0038 A to IO 9105 0.0047 A to IO 23.5 12016 0.0057 A to IO 12600 0.0061 A to IO 7.6 
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Fig 5.42: Comparatives of column hinge (W8H19-8F) rotation for MCE & DBE condition. 

 

Fig 5.43: Comparatives of beam (8F) hinge rotation for MCE & DBE condition. 
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5.11 Summary 

Full three-dimensional modeling of 23 storied with 02 basement FR tower has been performed 

by structural analysis software. Forced based design (FBD) has been conducted by the elastic 

linear analysis for the return periods of 43, 475, and 2475 years, and the corresponding PGA 

values are 0.13g, 0.2g, and 0.30g. Linear analysis has been performed and the deflection and 

drift and column PMM ratio for the post-fire condition found as 10-20%, 20-37% and 39-46% 

increase respectively than the pre-fire condition. Moreover, the global stiffness of the structure 

has been reduced by 28%.  

For the determinations of the structure's nonlinear dynamic response Non Linear Time History 

analysis have been performed. Mander’s hysteresis model for the confined and unconfined 

concrete, park strain hardening hysteresis model have been applied for NLTHA. The ten 

devastating earthquake time function has been scaled to the target seismic accelerations. NLTH 

results have been examined to check the displacement, drift ratio, strain and moment-rotaion 

responses.  The strain valuses compared for the 43 years, 475 years and 2475 years return 

periods. The maximum concrete strain in the fiber of the shear wall was found 0.0001, 0.0024, 

and 0.0043 for the 43 years, 475 years, and 2475 years return periods post fire condition 

Maximum fiber strain of shear wall rebar for pre and post fire condition is 0.00076 & 

0.00083(SLE); 0.0015 & 0.0018(DBE) and 0.0036 & 0.0042(MCE) respectively. The 

concrete and rebar strain of shearwall were evaluated for the three return periods of the 

earthquake and found 10-17% strain increase for post-fire condition. Moreover, the drift curve 

of fire affected floor has been deflected slightly (slope changes from straight line to curve) 

from the regular floor. Maximum hinge rotation occurred at beam-18 for DBE and beam-4 

for MCE condition which indicates 20-34% increase due to fire effect . Moreover,  hinge 

rotation of column and shearwall fiber has been increased noticeably. 
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CHAPTER 6  

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

In this study, post fire seismic responses of a fire damaged 23 storied commercial building with 

2 basements has been evaluated. All identifiable influencing parameters must be taken into 

consideration for such damage assessment Post-fire structural capacity in terms of strength 

and serviceability is very crucial for a building as it decides the restoration and rehabilitation 

of the building. A comprehensive methodology has been presented for the assessment of the 

residual load-bearing capacity after exposure to fire. The damage states of different 

component for 7th, 8th and 9th floor of the studied building is determined using on-site visual 

inspection, non-destructive testing and the removal of concrete core and testing of 

reinforcement samples for engineering judgment. 

Several on-site and laboratory-based techniques are used to aid in the diagnosis of the RCC 

component’s condition. The most direct method of estimating the compressive strength of 

in situ concrete is performed by testing cores cutting from the structure. ACI 562 has been 

used to calculate the equivalent concrete core strength. The UPV test is for the estimation 

of concrete strength based on the relationship between pulse velocity and compressive 

strength. Carbonation depth is found by spraying a freshly broken/drilled surface with a 

phenolphthalein indicator.  

Inspection of fire-burnt material helps to predict the maximum gas temperature. Finite 

element analysis has been performed to calculate the fire temperature in association with 

the visual inspection. The maximum gas temperature has been used to calculate the stress 

of structural members, developed by the fire effect. Based on the fire stress developed on 

structural member, material’s residual capacity has been calculated and compared. 

Subsequently, the FBD design has been performed by conducting a linear static analysis 

following Bangladesh National Building Code 2020.  

Linear static analysis has been performed using commercially available finite element analysis 

software to predict the global displacement, storey drift, and the demand-capacity ratio of 

concrete columns for the return period of 43, 475, & 2475 years. A series non-linear time 
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history analysis has been conducted for ten different seismic ground motions that also helped 

to estimate the base shear, drift ratio, material strain, and hinge rotations for 43, 475, and 2475 

years return periods. The limiting value of acceptance criteria was evaluated following the 

ASCE/SEI 41. The base shear, displacement capacity, and concrete & rebar strain moment 

rotation have also been evaluated following the acceptance criteria. The performance 

parameters satisfied the requirements as per the ASCE/SEI 41-13 guide specification. Based 

on those investigations, the following conclusions can be made: 

a) As per visual inspection, the beam and column capital of slabs are the most 

significantly damaged structural elements. The concrete cover from several parts of 

the slabs has split out. The concrete clear covers of the slab and its reinforcement 

were exposed and visible in many places on the fire-damaged floors. Structural 

members like columns, walls, beams, and slabs were cracked because of the thermal 

expansion and some explosions that occurred during the fire. Also, the plaster of 

the building was damaged slightly because of the temperature rise. Thermal 

expansion of the materials caused visible vertical deformation to iron or aluminum 

expansion joints.  

 

b) The damage classification chart presents the damage intensity or damage level in 

the different fire-affected areas of the building. The damage intensity shows that the 

entire area of the floors is affected by the fire as there is no zero damage zone,  

nearly 72% of the 7th-floor roof, 80% of the 8th-floor roof, and 75% of the 9th-floor 

roof are burnt moderately (damage rating 0 to 2) and 28% of the 7th-floor roof, 20% 

of the 8th-floor roof, and 25% of the 9th-floor roof are damaged at different 

intensities (damage rating 3 to 5) for both structural and non-structural components. 

Moreover, severe damages on the structural components have been observed at 5% 

on the 7th and the 9th-floor roofs, which is nearly 8% for the 8th-floor roof.  

 

c) The average concrete compressive strength of the damaged columns was reduced by 

as high as 33% of the actual strength (lower on the surface, higher towards the center).  

In the damaged section of the vertical member, the compressive strength of the 

concrete was found 24.5 MPa which is less than the undamaged section of strength 

of 36.6 MPa. In addition, the compressive strength of several samples taken from 

the damaged sections of horizontal members (beam and slab) is found 23.5 MPa 
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which is also lower than the undamaged strength of 30.3 Mpa. Moreover, the rebar 

tensile strength testing shows that the strength is reduced by 15 % approximately. 

This may indicate that the quality of the concrete is lower than that stated for the 

pre-fire condition . Furthermore, the maximum carbonation depth was 38 mm, 

indicating the concrete damage by fire. 

d) The parametric method has been used to estimate the maximum gas temperature 

numerically using the computer program FIN EC software. The maximum gas 

temperature is 1047.4oC, and the fire is ventilation controlled. A heat transfer 

analysis is performed to determine the temperature distribution across the cross-

section (i.e., the thermal gradient in the element). Using the developed temperature 

across the cross-section, residual concrete compressive strength has been calculated 

using the Euro code. The residual concrete compressive strength of the fire-

damaged column has been calculated as 24.7 MPa, which is close to concrete core 

equivalent compressive strength for damage condition. 

e) A decrease in the cross-section area of the beams and column capitals is observed. 

The bond between longitudinal reinforcement and concrete decreases because of 

the spalling and removal of concrete cover. Considering the bond loss between 

concrete and reinforcement with the decrease in the material strength, the load-

carrying capacities of the beams and slabs decreased. Capacity reductions of 11-

12% and 26-27% are observed from the moment-curvature and column interaction 

diagram, respectively.  

f) The deflection and inter-storey drift ratio of the fire-affected stories of the building 

has been increased by 10-20% and 26-37 %, respectively. Ultimate displacements 

were achieved at around a 2.7 % drift ratio at the fire-exposed floor. The global 

stiffness of the building has been reduced by up to 26% in post-fire conditions. The 

stiffness of the structure decreased with fire exposure due to the decrease in elastic 

modulus and tensile strength of concrete after fire exposure. The fire event causes the 

stability loss of the structure. 

g) The demand capacity ratio of column and shear wall has been found beyond the 

allowable limit (>1) in some cases. This may be occured due to loss of stiffness and 

strength of concrete and reinforcements.   

h) The maximum base shear of different GMs for pre and the post-fire condition is 

60599 KN & 62532 (SLE); 144156 KN & 145426 KN (DBE), and 184393 KN & 
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187944 KN (MCE), respectively. The base shear obtained from nonlinear time-

history analysis based on ten pairs of ground motions under the MCE earthquake 

level was found to 3 times and 1.3 times higher than SLE and DBE earthquake 

levels, respectively. Moreover, it has been found that the base shear obtained from 

Trinidi & Holistr ground motion is considerably higher than all other GMs. 

 

i) Based on the performance-based design approach, the concrete and rebar strains are 

key parameters that indicate the hinge states of the structural elements in the range 

of A to IO state. Maximum fiber strain of shear wall concrete for pre and post-fire 

conditions is 0.0009 & 0.001 (SLE); 0.0022 & 0.0024 (DBE) and 0.0037 & 

0.0043(MCE), respectively. Maximum fiber strain of shear wall rebar for pre and 

post-fire conditions is 0.00076 & 0.00083(SLE); 0.0015 & 0.0018(DBE) and 

0.0036 & 0.0042(MCE), respectively. According to ASCE 41-13, these strain 

values are also within the acceptable (εc<0.005, εt<0.05) limit.  

 

j) Hysteretic responses of wall hinges affect the hinge rotation. Maximum hinge 

rotations of shear wall for pre and post-fire conditions are 0.0017 rad & 0.0018 rad 

(SLE); 0.0041 rad & 0.0045 rad (DBE) and 0.0064 rad & 0.0079 rad (MCE), 

respectively. 

This study is an effort to illustrate an standard procedure to assess the fire damaged buiding 

in a seismic zone. The outcomes of the study may helps the stakeholders to understand the 

structural performance level at difference seimic levels and hence take strategic decsions 

as per their requirement and applications.  

6.2 Limitation 

The effects of a fire on a building may not be immediately apparent, and some damage may 

be hidden from view. For example, the fire may have weakened the structural elements of 

the building, but this damage may not be visible without extensive testing or examination. 

In some cases, the data used for the analysis may be incomplete or inaccurate. The extent 

of the fire and the resulting damage may not be fully known, which can make it difficult to 

accurately assess the structural integrity of the building. The severity and duration of the 

fire can vary widely depending on a number of factors, including the fuel source, the 
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location of the fire, and the response time of the fire department. These variables can make 

it difficult to predict the impact of the fire on the building. The properties of building 

materials, such as concrete and steel, can be affected by high temperatures. However, the 

exact extent of this effect may not be known, and there may be variability in how different 

materials respond to fire. The analytical methods used for post-fire seismic analysis may 

have limitations, particularly when it comes to predicting the behavior of complex 

structures or systems. Additionally, the accuracy of the analysis may be influenced by the 

assumptions made about the building's geometry, material properties, and other factors. 

6.3 Recommendations for Future Research 

This presented study proposed a systematic way for analyzing structure in a post-fire 

earthquake (PFE) scenario. It developed appropriate schemes of analysis for the post-fire 

seismic (PFS) performance of an RC high-rise commercial building. However, the study 

presented here is limited and needs to be expanded to estimate a more realistic fire 

temperature. The study included 2D fire analysis for two types of structural members, i.e., 

column & beam. The 3D modeling of such structures would be the more appropriate way 

to extend this study to understand the behavior of fully developed fire. 

Moreover, using the performance-based framework, it is possible to determine the 

structure's potential repair and retrofitting cost under a potentially seismic event. The 

research can be extended to the collapse fragility and repair cost using the performance-

based framework. Regional data has to be made available to estimate the repair cost and 

construction time properly.  
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