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CHAPTER ONE: INTRODUCTION 

 

1.1 General 

     Concrete is regarded as the most widely utilized construction material 

globally, owing to its cost-effectiveness and ease of application, which 

have contributed to its widespread use in the construction sector. One of 

the most important factors in favoring this material is its compressive 

strength. Because heavy structures and conventional materials have 

numerous negative effects on the structure, lightweight concrete (LWC) 

has become more popular in recent years. This is the type of concrete 

employed in this study [1]. In the field of civil engineering, concrete 

that is lightweight is crucial. It is utilized in structural components like 

beams, slabs, and walls. In addition, it is utilized to create lightweight 

building blocks that serve as thermal insulation in contrast to 

conventional building blocks. Because concrete is lightweight and can 

be used effectively in structural components like walls, slabs, and 

beams, it lowers loads in contrast to conventional building blocks, it 

also creates lightweight blocks that serve as thermal insulation. In 

addition, insulation and low weight lower heating and cooling energy 

consumption. Additionally, because of their lightweight, structural parts 

may be made smaller, which lowers installation costs. The slabs are 

thought of as one of the structural components that use lightweight 

concrete slabs, which greatly reduces the structure's overall weight. 

When compared to wood and iron, typical concrete's primary drawback 

as a building material is its relative weight (2200 to 2500 kg/m3) [2]. In 

all circumstances, the building components weigh a lot in relation to the 
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loads. Since light concrete weighs less than 2000 kg/m3, it should be 

the preferred option Additionally, structural concrete weighing 1400 to 

1900 kg/m3 can be produced at a slightly higher cost, and semi-

structural concrete for internal blocks weighing 900 kg/m3 can be 

produced and effectively utilized as interior walls. In general, light 

concrete weighs less than 2,000 kilograms per cubic meter. Their use is 

intended to lessen the foundations by lowering the self-weight. Much 

focus has been paid to the necessity of creating cost-effective and 

efficient ways to strengthen, repair, or improve existing structures 

Wang (2007) [3], design modifications, increased loads, and the desire 

to fix deterioration brought on by years of usage are usually the driving 

forces behind strengthening an existing building. concrete can be 

significantly affected by fire exposure, which can compromise the 

structural integrity and safety of buildings. Exposed concrete can be 

severely damaged by fire, endangering a building's safety and structural 

soundness. Several variables, including the type of concrete used, the 

presence of reinforcing materials, and the fire's strength and duration, 

affect how a fire affects concrete [4]. 

 

1.2 Lightweight Concrete. 

      Lightweight concrete is considered one of the modern construction 

materials that has received considerable attention in civil engineering 

due to its reduced density compared to normal-weight concrete. This 

type of concrete is produced by using lightweight aggregates or by 

introducing air voids into the concrete mix, resulting in a lower overall 

structural weight, lightweight concrete helps reduce the dead load on 

structures, which improves structural efficiency and can lead to more 
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economical foundation designs. It also offers better thermal and sound 

insulation properties compared to conventional concrete. However, its 

mechanical strength is generally lower than that of normal-weight 

concrete, which requires careful consideration in structural applications 

and design [5]. 

 

1.3 General Applications of Lightweight Concrete in Structural Systems. 

      The general applications of lightweight concrete in structural 

systems are mainly based on its primary advantage, which is reducing 

self-weight while maintaining an acceptable level of strength. 

Therefore, it is used in the following cases: 

 a-Structural slabs :It is used in floor and roof slabs to reduce dead loads 

on beams, columns, and foundations, especially in multi-storey 

buildings. 

b- Bridges: It is applied in bridge decks and pavement components to 

reduce the load on supporting elements and improve structural 

efficiency. 

Precast elements: This includes precast walls, façade panels, and 

concrete units, where the reduced weight facilitates transportation and 

installation. 

c-High-rise buildings: It helps reduce the overall load on columns and 

foundations, leading to smaller structural member sizes and lower 

construction costs.  
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1.4 Advantages and Disadvantages of Lightweight Concrete. 

Advantages: 

1. Reduced self-weight: Low density decreases dead loads on 

structural members, leading to smaller sections for beams, 

columns, and foundations. 

2. Improved structural efficiency: Reduces overall load demand, 

which is especially beneficial in high-rise buildings and long-span 

structures. 

3. Thermal insulation: Provides better heat resistance compared to 

normal-weight concrete, improving energy efficiency in 

buildings. 

4. Sound insulation: Offers improved acoustic performance, 

making it suitable for residential and commercial buildings. 

5. Ease of handling and construction: Lighter elements are easier 

to transport, lift, and install, especially in precast systems. 

Disadvantages : 

1. Lower compressive strength: Generally weaker than normal-

weight concrete, limiting its use in heavily loaded structural 

elements. 

2. Higher material cost: Production materials and lightweight 

aggregates can be pricier. 

3. Higher creep and shrinkage: May experience greater long-term 

deformations compared to normal concrete. 

4. Durability concerns: In some cases, it may be more sensitive to 

environmental effects if not properly designed or cured, leading to 

potential issues such as reduced lifespan or increased maintenance 

needs over time. 
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5. Workability issues: Some mixes may require special handling 

and mix design control to achieve desired performance, 

particularly in terms of consistency and ease of placement, which 

can affect the overall quality of the concrete structure. 

 

1.5 Slab Definition. 

    A roof slab is a horizontal structural element, usually made of 

reinforced concrete, placed at the top of a building as part of its load-

bearing system. It supports vertical loads such as the roof's own weight, 

equipment, and thermal effects, transferring these loads to supporting 

structural members such as beams, columns, or load-bearing walls [6]. 

Roof slabs play a crucial role in the structural integrity of buildings by 

evenly distributing both dead loads (self-weight and permanent 

fixtures) and live loads (maintenance workers, occasional usage) to the 

structural supports [7]. They can function as either flexible or rigid 

diaphragms, influencing how lateral loads from wind or seismic forces 

are distributed, in addition to slabs supported on beams ,the common 

types include: 

- Flat Slab / Flat Plate: Supported directly on columns or walls, often 

used in commercial and residential buildings. 

- Waffle Slab: Contains a ribbed grid structure to reduce weight and 

increase load capacity, suitable for large-span areas. 

Roof slabs also offer added benefits such as fire resistance, acoustic 

insulation, and flexibility in installing services and insulation systems 

Kreo.net [8]. 
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1.5.1 Solid Slab Types  

1.5.1.1 Slab in One Way  

   The slab can only be supported on opposing sides, loads are carried 

perpendicular to the supporting beams, resulting in a mostly 

unidirectional structural action of the slab. However, as Fig.1-1 

illustrates, the introduction of intermediate beams may result in a one-

way slab. Perpendicular to the support beam, this form of slab only 

sustains loads in one direction [9] .  

 

1.6 Properties of Normal Concrete Under Fire Conditions. 

     When ordinary concrete is exposed to high temperatures, its main 

components cement, water, and aggregates undergo significant physical 

and chemical changes that impact its structural performance. Once the 

temperature exceeds about 100 °C, the bound water within the cement 

paste begins to evaporate, weakening the bond that holds the aggregates 

together and reducing mechanical strength. As the temperature 

continues to rise, structural degradation accelerates, further diminishing 

the concrete’s load-bearing capacity and overall integrity Cavill (2004) 

[10]. 

 

1.7  Properties of Lightweight Concrete Under Fire Conditions.  

     The growing demand for lightweight structural concrete is due to 

its numerous benefits, making it an important material in construction. 

Lightweight concrete LWC is commonly used in various types of 

structures, especially tall buildings, where it is crucial to reduce the 

overall mass. LWC can improve the structural response and meet 

design specifications. A notable example of the advantages of LWC is 
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the Southwestern Bell building in Kansas City. The building's designers 

opted for lightweight expanded shale concrete instead of traditional 

sand and gravel concrete. This change allowed them to safely add 14 

levels, effectively doubling the building's height to 28 stories. During 

the construction of the Southwestern Bell building, ready-mix concrete 

factories were not widely available, so concrete was mixed on-site. This 

presented technical challenges in creating a consistent and workable 

mix and in setting the concrete in column and beam forms, especially 

with the limited mixing equipment available. However, these 

challenges were overcome by utilizing technical expertise developed at 

the University of Kansas .in addition to its use in tall buildings, LWC 

was also applied to construct garden walls, windows, and stairs. LWC 

is particularly suitable for small homes with load-bearing walls and roof 

and panel construction due to its lower strength. It is also used in the 

production of prestressed and precast structural components, where 

panels serve as internal thermal insulators [11] . 

 

1.8 Factors Influencing the Fire Resistance of Concrete 

  Fire resistance is a critical property in the structural design of 

buildings, particularly those exposed to high thermal or environmental 

hazards. Several interrelated factors affect the fire performance of 

concrete, each contributing to the material’s ability to maintain 

structural integrity under fire conditions. The main influencing factors 

can be outlined as follows: 

A- Concrete Mix Design 

The composition of the concrete mix plays a vital role in determining 

its fire resistance. Concrete with higher density and a lower water-to-
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cement ratio generally exhibits better performance under fire exposure. 

Such mixes are less prone to spalling a phenomenon where surface 

layers of concrete break off due to internal pressure caused by heat and 

moisture. The quality of materials and the homogeneity of the mix are 

also essential for enhancing thermal resistance. 

B-Type of Aggregate Used 

The type of aggregate incorporated into the mix significantly 

influences concrete's behavior under elevated temperatures. Natural 

aggregates, such as sand and gravel, tend to offer better fire resistance 

compared to lightweight aggregates, which may be more susceptible to 

degradation when exposed to intense heat [12] . 

C-Steel Reinforcement 

The presence of steel reinforcement within concrete has a notable 

impact on its performance during a fire. As temperatures rise, steel 

begins to lose its mechanical properties, reducing the load-bearing 

capacity of the structure. This can lead to partial or total failure of 

structural elements if not properly addressed in the design phase . in this 

context, the current study examines the behavior of a reinforced 

concrete slab exposed to uniform fire exposure. Figure 1.2 shows the 

effect of fire on the building and the resulting damage to the concrete 

[13]. 
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Figure 1.1 Examples of Structures Subject to Fire. 

 

1.9    LECA Concrete (Lightweight Concrete). 

      Lightweight Expanded Clay Aggregate (LECA) is produced by 

firing natural clay in a rotary kiln at temperatures between 1100 °C and 

1200 °C, resulting in lightweight, porous, ceramic pellets with a hard 

outer shell and honeycombed interior structure [14]. When used as a 

substitute for conventional coarse aggregates in concrete, LECA 

significantly alters the concrete density, thermal performance, and 

handling characteristics. One of the most notable properties of LECA is 

its low bulk density, typically in the range of 300–800 kg/m³, which is 

substantially lower than crushed stone or gravel. This reduced density 

directly translates into lighter structural elements and can lower the 

overall dead load of buildings by up to 40%, which is particularly 

beneficial in high‑rise and seismically active regions. Despite its 
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lightweight nature, LECA demonstrates sufficient mechanical stability; 

structural lightweight concretes containing LECA commonly achieve 

28‑day compressive strengths between 20–32 MPa, in compliance with 

ASTM C330 specifications. The aggregate’s porous internal structure 

offers excellent thermal insulation (thermal conductivity as low as 

0.097 W/m·k) and acoustic dampening capabilities. This property 

makes LECA-based concrete an attractive choice for energy‑efficient 

construction, as it can reduce HVAC energy demands by approximately 

15%. Additionally, LECA is chemically inert, highly durable in 

aggressive environments, and resistant to freeze–thaw cycles and 

chloride penetration, making it suitable for marine and chemically 

exposed structures [15]. Furthermore, LECA’s rounded particle shape 

improves the workability of fresh concrete, facilitating easier placement 

and compaction .Its ceramic composition renders it non‑combustible, 

maintaining structural integrity even under prolonged high‑temperature 

exposure .From a sustainability perspective, LECA is produced from 

abundant natural raw materials, is recyclable, and contributes to green 

building certification credits due to its role in reducing energy 

consumption and structural material usage. These combined properties 

make LECA-based concrete highly versatile, suitable for structural and 

non‑structural applications such as precast panels, lightweight slabs, 

bridge decks, wall elements, and insulating screeds, shows Fig. 1.3. 
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Figure 1.2: Shape the LECA Aggregate. 

 

  1.10 Problem Statement 

    When concrete slabs are exposed to fire while under structural load, 

their resistance gradually decreases, potentially leading to loss of 

stability and collapse. Hence, it is important to study the behavior of 

slabs during fire to understand their performance and ensure the 

structural safety of buildings. This study focuses on comparing the 

mechanical and thermal properties of both ordinary concrete and 

lightweight concrete when exposed to high temperatures. This includes 

evaluating residual mechanical strength and flexural strength, as well as 

studying thermal behavior and its impact on structural performance. 

The objective is to investigate whether lightweight concrete, which 

uses lightweight aggregates made from LECA as an alternative to 

coarse aggregate, exhibits better or different performance compared to 

conventional concrete when exposed to fire. 

 

 

 

 



Chapter One                                                                                          Introduction 

 

12 
 

1.11     Study Objective 

      This study aimed to investigate what happens to lightweight 

concrete when heated. This was done by testing its mechanical 

properties and flexural strength using LECA lightweight aggregate. It is 

known that the presence of steel reinforcement significantly affects the 

flexural resistance of a component to fire. Therefore, the effects were 

studied by controlling the proportion of steel reinforcement to increase 

its resistance. 

 

1.12 Aim of Study  

1 -Study the flexural behavior of concrete slabs prepared from 

conventional concrete and lightweight concrete, and conduct a 

comparative study to demonstrate the effect of high temperatures on the 

flexural performance of concrete slabs. 

2- Conduct an experimental study on the effect of temperature 

variations on the structural performance of conventional and 

lightweight reinforced concrete slabs, using two stages: direct exposure 

to an uncontrolled flame, followed by exposure to a controlled fire, 

according to the standard temperature-time curve (ASTM-E119, 2020) 

under 50% of the maximum load. 
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1.13 Thesis Layout. 

     The current thesis is structured as follows: 

Chapter 1: provides a general overview of concrete slabs, including 

their classification and the behavior of lightweight concrete slabs under 

fire conditions. 

Chapter 2: This section provides a comprehensive review of previous 

studies related to concrete slabs, encompassing their classification and 

the behavior of lightweight concrete slabs under fire exposure, along 

with a comparative analysis between earlier findings and the results of 

the current research. 

Chapter 3: This chapter presents the experimental program adopted in 

this study, including the materials used, specimen preparation, and 

testing procedures. It also describes the methodology employed to 

investigate the behavior of lightweight concrete slabs under fire 

conditions, along with the parameters considered in the experimental 

work. 

Chapter 4: his chapter presents the results obtained from the 

experimental program and provides a detailed discussion of the 

observed behavior of lightweight concrete slabs under fire conditions. 

The results are analyzed in terms of the selected parameters, and 

compared with relevant previous studies to highlight similarities and 

differences in behavior 

Chapter 5: This chapter presents the main conclusions drawn from 

the experimental program and the results analysis of lightweight 

concrete slabs under fire conditions. 
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CHAPTER TWO: LITERATURE REVIEW 

 

2.1 Introduction 

   The impact of fire on concrete structures and the creation of a 

trustworthy algorithm to forecast the true thermal and structural 

reaction of any structural element have been the subjects of countless 

studies throughout the evolution of fire safety engineering. The main 

goal of this chapter is to provide an overview of the state of the 

science and literature on reinforced concrete slabs made of regular 

concrete and lightweight reinforced concrete and the impact of fire 

and temperature on the structural behavior of reinforced concrete 

slabs, this review focuses on a comprehensive assessment of concrete 

behaviour under fire exposure, with particular emphasis on 

reinforced concrete slabs' thermal and structural responses. The main 

topics addressed are as follows: 

1-Role of Fire Condition on Concrete. 

2-Fire Loading Scenarios and Heating Regimes in Concrete Research 

3-Structural and Material Response of Normal-Weight Reinforced 

Concrete Slabs under Elevated Temperatures 

4-Thermo-Mechanical Performance of Lightweight Reinforced Concrete 

Slabs under Fire Conditions 

 

 Role of Fire Condition on Concrete.2 2.  

    Despite significant progress in fire research, there is still no widely 

agreed-upon definition of fire since the definitions of the primary 

international standards currently in use are ambiguous. Heat, oxidizer 

(oxygen), and fuel were the three fundamental elements of the Fire 
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Triangle hypothesis, which was first proposed Seito et al. (2008) 

[16], According to this theory, removing any one of these elements 

from the triangle will directly put out the fire. But the notion was 

reworked after the halon extinguishing agent, now called the Fire 

Tetrahedron Fig. 2-1 was discovered. The Fire Tetrahedron, on the 

other hand, is composed of heat, oxidizer, fuel, and chain reaction. 

Heat is the element that ignites, maintains, and facilitates the 

propagation of a fire. The oxygen in the air, also known as an 

oxidizer, is essential for burning. Fuel is what spreads fire and can be 

solid, liquid, or gaseous. The chain reaction allows the burning 

process to continue on its own. The flames radiate heat which is 

transferred to the fuel. By breaking it up into smaller pieces, it 

produces a continuous (self-sustaining) cycle in which the particles 

burn and combine with oxygen to radiate heat back into the fuel, as 

shows in Fig. 2-1. 

 

 

Figure 2-1 Fire Tetrahedron [16]. 
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      Concrete is well-known for its good performance at high 

temperatures because it has thermal properties that make it low in 

thermal conductivity and not flammable. Concrete's parts are denser 

and bigger than those of other materials, such as metal and wood, 

which means they may survive longer. Also, concrete doesn't let out 

any harmful fumes when it gets hot. So, some people would say that 

concrete is not a basic part of the fire tetrahedron because it is not a 

solid fuel. Flammable materials that are solid, liquid, or gas and burn 

in a fire affect concrete. 

This flammable charge usually originates from solid cellulose-based 

materials including doors, furniture, office supplies, carpeting, 

draperies, etc. in both residential and commercial structures. 

According to multiple studies, a more exposed portion of concrete 

typically loses around 25% of its initial compressive strength when 

heated to temperatures around 300°C and roughly 75% when heated 

to 600°C. Fire-exposed concrete undergoes significant temperature 

changes.  

 A more exposed section of the concrete loses its initial compressive 

strength, since hot surface layers have a significant tendency to 

separate from the cooler layers within the element, according to 

multiple studies. Across the globe, this kind of detachment is known 

as spalling. The first object to catch fire, the fire performance 

characteristics of objects nearby, and the item's distribution across 

the environment all influence the spread of small amounts of fire 

Neville, (1981) [17]. 
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2.3 Fire Loading Scenarios and Heating Regimes in Concrete 

Research. 

   To investigate the effects of heat exposure and confirm the 

structure's resistance, the simulation of the real fire action needs to be 

schematically depicted. As a result, a simulation of the temperature-

time connection is used. All of the adopted fire curves are expressed 

using the temperature-time(T-t) link. Time-temperature curves, 

which are idealized models of "standard fires," or flames in rooms, 

are the foundation of most fire resistance tests. Because the tests 

follow pre-established time-temperature curves, it is easy to calculate 

the heat load imparted to a test specimen at any given time during 

testing Lie, (1992) [18]. The typical fire test time-temperature curves 

for several countries are displayed in Fig. 2-2. 

 

 

Figure 2-2: ISO 834 and ASTM E119 Time-Temperature Curves [18]. 
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2.3.1 ISO834 

    The most used curve for planning and analyzing structural 

components and structures is the ISO834 standard curve. Since 

paper, wood, fabric, etc. are thought to be the primary fire source, it 

is also known as the cellulosic curve. In the first ten minutes, the 

temperature rises from 20 to 671°C, which is an extremely high 

slope. The temperature reaches 945°C after an hour ISO-834, 1975. 

The following equation represents the temperature-time increase T(1) 

(in. °C):- 

(𝑇) = 𝑇0 + 345𝑙𝑜𝑔10(8𝑡 + 1)………… . (2 − 1) 

where t is the time in minutes and T0 is the ambient temperature, which 

is typically taken to be equal to 20 °C. 

 

2.3.2 Fire Resistance Testing According to ASTM E119 

    Together with the corresponding ISO 834 temperatures, the ASTM 

E119 curve, which depicts the fire-time connection, is specified by 

distinct points, as indicated in Table 2-1. The following simplified 

formula generally matches the ASTM Ellingwood & Shaver, (1979) 

[19] :- 

 In hours 

𝑇 = 20 + 750(1 − 𝑒−3.7955𝑡ℎ) + 170.41√𝑡ℎ....... th in hours.(2-2)  
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Table 2-1 ISO834 and ASTM-E119 Time curves at various point 

ISO 834 Temperature ASTME119 Temperature Time 

20 20 0 

568 538 5 

671 704 10 

842 843 30 

945 927 60 

1049 1010 120 

1153 1093 240 

 

2.3.4 Flame Fire 

   The heating stage at the start of a fire, known as ignition, is 

characterized by a slow increase in temperature, no impact on the 

chamber's characteristics, and no risk of property or human life being 

destroyed by structural collapse. This stage, which is often referred 

to as the pre-ignition phase Costa (2003) [20] as shown in Fig. 2-3, 

concludes at the ignition moment. 

• The phase marked by a sharp shift in temperature rise is called 

ignition.  

All of the flammable items in the chamber burn at this stage. 

The hot gases' temperature stays over 300°C until it reaches 

the curve's apex, which is usually higher than 1000°C. 

• Following the complete extinguishment of the flammable 

elements in the chamber, the cooling phase is the one that 

represents the slow drop in the temperature of the gases in the 

surrounding environment.  

• When there are no fresh firewood loads to fuel the flame, heat loss, or 

the fire's slow cooling, starts. 
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Figure 2-3 Fire Development Curve [20]. 

 

2.4 Structural and Material Response of Normal-Weight Reinforced 

Concrete Slabs under Elevated Temperatures. 

     Fire is a critical factor in the safety and durability of civil 

engineering structures. Reinforced concrete slabs, commonly used in 

floor and ceiling construction, are designed to withstand loads and 

environmental conditions. However, when exposed to fire their 

performance can be significantly degraded. 

      In his study Gabriel [21] looked at how fire affected reinforced 

concrete slabs and showed how intricate physicochemical changes 

controlled by the mix proportions and composition of the concrete 

determine its thermal reactivity. Ultra-high-performance concrete 

reacts differently to heat than normal-strength and high-performance, 

concrete. Transient creep is a crucial component of concrete's fire 

performance that, if ignored, could result in erroneous structural 

analysis, especially in columns. Spalling, a decrease in compressive 

strength, and a weaker link with reinforcement are typical failure 
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processes. The basic goals of fire-resistance design are to minimize 

heat transmission to allowable levels and maintain an efficient 

concrete cover. Spalling is a concern that is made worse by limited 

concrete permeability, and recent developments in thermo-hydro-

mechanical finite element models (THM-FEM) have greatly 

improved the predicted outcome. 

This can be mitigated by incorporating polypropylene fibers or 

applying thermal barriers to exposed surfaces. Concrete fire 

resistance is assessed through three primary methods: direct fire 

testing, prescriptive approaches, and performance-based methods, the 

latter including advanced finite element analyses. While 

performance-based design is still emerging in some countries, it 

represents a growing shift toward enhanced fire safety in structural 

engineering, as shown in Fig. 2-4. 

 

Figure 2-4 Shows the Comparative for to Temperature and Strength [21]. 

 

    Zhaohui Huang [22] presented a sophisticated computational 

model to evaluate how concrete spalling affects the structural and 
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thermal behavior of fire-exposed reinforced concrete slabs. In 

order to accurately simulate spalling effects, the model expands 

upon a tiered approach in which spalled layers are represented as 

elements without thermal or mechanical resistance. 

In a 10-story structural model, the study examined 16 scenarios 

with differing levels of spalling and fire compartment locations. 

The impact of spalling in central sections is considerably lessened 

by thermal restraint from nearby cooler structures, according to 

the results. On the other hand, because of their restricted heat 

confinement, corner slabs are more susceptible additionally, the 

study highlighted the role of compressive membrane action, which 

helps mitigate the structural impact of spalling. This research 

provided one of the first numerical demonstrations of how 

concrete spalling critically influences slab performance under fire 

conditions, as shown in Figure. 2-5. 

 

Shows The Comparative for to Temperature and Time [22]. Figure 2.5  

       

    The impact of moisture accumulation in cooler areas of the 

concrete cross-section was highlighted, Yong Wang [23] that 

looked at the thermal behavior of reinforced concrete (RC) 
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slabs under fire circumstances. Based on a thorough analysis 

of current constitutive laws and design guidelines, the study 

presented a numerical model to evaluate the thermal 

performance of RC       slabs at high temperatures. 

The study suggested new constitutive models for concrete 

that account for the material's thermal and mechanical 

reactions to fire exposure. Both large-scale and small-scale 

fire tests on easily supported RC slabs were used to validate 

these models. The effects of concrete material laws, size 

effect, moisture content, and transient strain on slab 

performance during fire were investigated using parametric 

analysis. Findings revealed that moisture content 

significantly affects temperature distribution and structural 

response. The proposed models demonstrated reasonable 

accuracy in predicting fire resistance times, albeit with 

conservative estimations compared to experimental data. 

Moreover, the study found that existing standards, such as 

ASCE, tend to underestimate mid-span deflection and 

overestimate fire resistance duration, as shown in  Fig.2-6. 

 
Figure 2-6 Shows the Relationship Between Emotion and Stress According to the Source 

[23]. 
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       Saeed [24] also studied the fire behavior of one-way reinforced 

concrete slabs, focusing on fire resistance and structural post-fire 

hazards during the cooling phase. Using standard (ISO 834) and 

parametric fire tests, the study determined the "maximum risk time" 

the period between fire extinguishment and potential collapse.     

Sixteen reinforced concrete slabs were analyzed using the finite 

difference method to evaluate the effects of grout, concrete cover 

thickness, and live load ratio. The results showed that fire resistance 

increased with concrete cover thickness, and that unstacked slabs 

often performed better during the heating phase. However, grout 

improved resistance during the cooling phase by providing additional 

thermal insulation, increasing the cover thickness from 15 mm to 30 

mm improved fire resistance by up to 120%, while grout added up to 

a 162% improvement for thinner covers. Despite these 

improvements, the slabs remained vulnerable after cooling, with 

internal temperatures sometimes exceeding surface temperatures. 

Overall, the study confirmed that the thickness of the cover and 

plaster significantly affected fire performance, while the live load 

ratio consistently reduced fire resistance by approximately 28% ,as 

shown in Fig. 2-7. 
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Figure 2-7 Shows the Curve Between Temperature and Time [24 ] . 

     Wang Yong [25] a numerical model for analyzing the thermal 

behavior of reinforced concrete (RC) slabs exposed to high 

temperatures, incorporating the effects of moisture accumulation in 

cooler regions of the concrete, known as "moisture clog." The study 

introduced enhanced concrete constitutive laws, based on a detailed 

review of existing literature and design standards, to better predict 

mechanical and thermal behavior during fire exposure. 

These proposed laws were validated through full-scale and small-

scale fire tests on simply supported RC slabs. Parametric analyses 

examined the influence of moisture content, transient strain, concrete 

material properties, and slab size on fire performance. Results 

confirmed the potential of the suggested models for predicting RC 

slab behavior under fire conditions, as shown in Figure 2-8. 
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Figure 2-8 Shows the Curve Between load and deflection [25] 

   prolonged exposure to high temperatures on concrete with various 

aggregate morphologies. A study by Shyamala et al. [26] 

summarized the results, showing a continuous decrease in 

compressive, tensile, and flexural strength, with rapid deterioration 

above 500°C due to water loss, quartz transformation, and expansion. 

Factors such as aggregate morphology, age, heating duration, load, 

cooling method, and water-to-carbon ratio affected performance. The 

study emphasized the need for further research on the thermos 

plasticity of concrete to select safer materials for fire-exposed 

structures.    

 Wang. Y.[27] investigated twelve continuous RC slabs under 

different fire scenarios to evaluate post-fire behavior. The study 

found that traveling fires caused more severe cracking and increased 

the risk of sudden punching shear failures, while higher 

reinforcement ratios enhanced residual stiffness and load capacity. 
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Overall, the post-fire strength could be effectively predicted using 

punching shear theory, emphasizing the importance of reinforcement 

detailing and accurate fire scenario modeling in resilient slab design ,

as shown in Figure.2-9. 

 

 

              Figure 2-9 Show the Curve Between load and deflection [27 ] 

     Wang [28], studied twelve reinforced concrete slabs under 

different fire scenarios to assess post-fire behavior. They examined 

the effects of reinforcement detailing, steel ratio, and fire type on 

deflection, load capacity, cracking, and failure. Results showed that 

traveling fires caused earlier and more severe cracking, often leading 

to punching shear failures, while higher reinforcement ratios 

improved stiffness but increased brittle failure risks. The study 

compared prediction methods, finding that slab geometry and 

reinforcement had greater impact than fire direction. Traditional 

models were less accurate for moving fires but remained valid for 

uniform exposure. Overall, combining ACI 318-08 with deflection 

criteria was recommended as a practical approach for estimating 
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residual slab capacity, emphasizing the need for scenario-specific fire 

design. 

The impact of fire exposure on the mechanical characteristics of 

concrete was examined by Ali [29] 800 °C was reached during the 

two and six hours that the specimens were exposed to fire. 150 mm 

cubes' compressive strength and 100 x 100 x 400 mm prisms' 

flexural strength were measured. The compressive strength of the 

concrete dropped by 38% more after 6 hours of burning than it did 

after 2 hours. After burning, the concrete's density decreased by 8%, 

and its elastic modulus and rupture also decreased. 

 

2.4 Thermo-Mechanical Performance of Lightweight Reinforced 

Concrete Slabs under Fire Conditions. 

    The Effect of Fire on a Lightweight Reinforced Concrete Slab. 

Fire resistance primarily refers to the performance of structural 

elements in buildings, rather than the materials themselves. However, 

the properties of a material significantly influence how well it 

performs within a structural element. This section will discuss how 

fire affects concrete. First, it is non-combustible, unlike materials 

such as wood. Second, it acts as a good insulator due to its low 

thermal diffusion rate, especially when compared to steel. However, 

there are two major challenges associated with concrete at high 

temperatures. The first is the deterioration of mechanical properties 

at high temperatures, which can be exacerbated by explosive scaling. 

This phenomenon results in material loss, a reduction in the concrete 

cross-section, and exposure of the reinforcing steel to high 

temperatures. The second challenge relates to the physical and 
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chemical changes in the material due to heating. These factors can 

negatively impact a concrete element's ability to effectively isolate, 

separate, and support loads. 

      A research study on methods for assessing the residual strength 

of reinforced concrete structures after fire exposure, focusing on 

nondestructive and semi destructive testing techniques, was 

conducted by Wroblewska [30]. The study demonstrated that 

concrete deterioration at high temperatures especially near the 

surface is often underestimated by conventional core-based 

destructive testing methods, which do not take into account the 

heterogeneous distribution of damage within the cross-section. 

The study highlighted the importance of determining the depth of the 

severely damaged surface layer, as this area may not contribute to 

structural integrity. Standard compressive strength testing of 

extracted cores is limited by its inability to capture strength changes 

along the specimen axis. Alternatively, laboratory methods such as 

the air permeability index, dynamic elastic modulus, and layered 

compressive strength tests have been proposed to more accurately 

assess thermal damage. Advanced techniques such as X-ray 

diffraction and scanning electron microscopy can also be used to 

estimate temperature exposure across a structural element. For on-

site assessment, semi-destructive methods, such as pull-out, 

discontinuity, fracture, internal fracture, and probe penetration tests, 

offer faster and more cost-effective alternatives [31]. Although these 

methods are limited in depth and accuracy, they provide valuable 

insights into the surface condition of fire-damaged concrete when 

full laboratory testing is impractical, as shown in Figure 2-10. 
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Figure 2-10 show the relationship between the temperature and stress according to ACI 

and EURP [31] 

 

    Lightweight reinforced concrete (LWRC) slabs are widely used in 

civil engineering for floor and ceiling construction due to their 

advantages in reducing dead weight, improving seismic performance, 

and enhancing thermal insulation properties Shbeeb [32], A two-way 

slab, characterized by its load distribution in both directions, is often 

utilized in buildings and structures where large spans are required 

Abdullah [33] the behavior of lightweight concrete, especially when 

exposed to fire, can differ significantly from normal-weight concrete. 

This report discusses the effects of fire on lightweight reinforced 

concrete two-way slabs, including the impact on the material 

properties, structural performance, and potential failure mechanisms 

[34]. 

   Altalib [35] studied the properties of lightweight concrete 

composed of LECA as a substitute for conventional aggregates under 

the influence of high temperatures. During this study, the mechanical 
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properties of concrete were analyzed, as well as the residual 

characteristics of tensile and flexural strengths. Four samples were 

prepared using mix designs without fibers and Nano-SiO₂, samples 

with different proportions of Nano-SiO₂, samples with different 

proportions of fibers, and samples containing both fibers and Nano-

SiO₂.. The results showed damage to the samples without Nano-SiO₂ 

and fibers, discoloration, reduced strength, and reduced weight. 

However, adding Nano-SiO₂ fibers, or using them together, 

improved the properties of concrete at all temperatures. Due to Nano-

SiO₂, its pozzolanic interactions improve the microstructure, and the 

fibers prevent cracks in the concrete. This study summarized the 

effect of changing the size of the samples on compressive strength. 

The results showed an increase in the strength of samples with 

smaller sizes, resulting in conversion factors for non-standard 

samples to standard ones, as Shon in Figure. 2-11. 

 

Figure 2-11 Image containing details of the search form[35]. 
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     In the construction industry, lightweight concrete is an innovative 

material that offers reduced weight without compromising essential 

mechanical and structural qualities. This paper provides a 

comprehensive analysis of lightweight concrete slabs, addressing 

their characteristics, applications, challenges, and recent 

advancements. Their performance in various structural scenarios is 

evaluated through experimental data analysis and a review of 

existing scientific literature . Because of its strength and adaptability, 

concrete is frequently utilized in building. Conventional concrete's 

substantial weight, however, might provide difficulties, especially in 

situations with strict load constraints or lightweight structural 

designs. In order to overcome these difficulties, lightweight concrete 

has been created by using lightweight aggregates or air-entraining 

methods to lower density. Lightweight concrete has a density of less 

than 2000 kg/m³, which is lower than that of conventional concrete, 

which normally weighs between 2200 and 2500 kg/m³. By adding air 

spaces or lightweight particles to the mixture, this decreased density 

is accomplished .lightweight Concrete Slab Features being 

lightweight reduces the dead load on buildings because of its high 

porosity, thermal and acoustic insulation provides exceptional 

insulation qualities lightweight slabs are easy to handle and install.to 

move and set up. Mechanical Properties: They offer enough 

compressive strength, depending on the kind of aggregate utilized. 

     Alaa Fahd [36] investigated the mechanical deterioration of 

lightweight concrete (LWC) after fire exposure, focusing on the use 

of steel fibers and nano silica as reinforcement additives. With the 

increasing demand for sustainable and fire-resistant building 
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materials, four concrete mix designs were tested: plain LWC, LWC 

with steel fibers, LWC with Nano silica, and LWC with both. After 

heating the samples to 200°C, 400°C, and 600°C, the results showed 

that while all samples lost strength, those containing steel fibers 

and/or Nano silica retained significantly better compressive and 

tensile properties and exhibited less damage. 

The study concluded that the addition of steel fibers and Nanosilica 

improves the fire resistance of LWC by reducing cracking, 

enhancing bonding, and increasing peak stress. These materials offer 

a promising solution for developing more durable and resilient 

concrete structures. 

  Huang Zhuhai [37] This study presented a comprehensive model 

that integrates the effects of concrete spalling on the behavior of 

reinforced concrete slabs during fires. The model is based on the 

author's previous layering technique. The research begins with a 

detailed analysis of uniformly loaded reinforced concrete slabs 

subjected to varying degrees of concrete spalling under a standard 

fire regime. In addition, a conventional reinforced concrete building 

was examined through a series of analyses of its floor slabs, which 

were subjected to varying levels of concrete spalling.  

     Mona [38] summarized an experimental study on the behavior of 

21 self-compacting concrete (SCC) reinforced concrete slabs and 

their ability to withstand maximum loads in buildings by testing the 

concrete's mechanical properties and flexural strength using steel, 

polypropylene, and fiberglass (2250 × 1000 × 100 mm). The tested 

slabs were exposed to two controlled elevated temperatures (400 and 

800°C) in addition to the ambient temperature. The slab samples 
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were loaded to 50% of the maximum load before combustion; these 

loads were assumed to be equivalent to the service load during fire 

exposure. The fire exposure tests lasted for 120 minutes. At 400°C 

and 800°C, the deflections increased after 120 minutes of fire 

exposure to 50% of the maximum load. When a plaster layer was 

added to the panels, the deflections after 120 minutes of fire 

exposure were reduced for panels with 10 mm and 20 mm plaster 

layers at 400°C and 800°C compared to SSC panels without a plaster 

layer under the same load conditions. For the plaster-coated slabs, 

the temperature decreased. The residual strength of the slabs exposed 

to temperatures of 400°C and 800°C for the thermally insulated 

plaster slabs remained high, as shown in Figure. 2-12. 

 

Figure 2-12 Relation Between Time and Deflection [38]. 

 

      Klak and Jomaa’h [39] investigated the flexural behavior of one-

way reinforced lightweight aggregate concrete slabs exposed to 

elevated temperatures. The study found that higher LECA content 

and increased temperature reduced flexural strength, stiffness, and 
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load-bearing capacity, while deflections increased. Incorporating 

LECA affected the structural performance under fire condition. 

 

2.6 Concluding Remarks      

    This chapter provides an overview of research related to fire 

exposure and its effects on concrete, reinforcing steel, and reinforced 

concrete slabs. Observations from previous research indicate the 

following: 

1. In the reviewed research, only one fire mode was used. 

2. Reduction in the strength of reinforcing steel and concrete 

under hot conditions. 

The main objective of this chapter is to identify knowledge gaps to 

demonstrate the uniqueness of the study, which can be summarized 

as follows: 

A review of the literature reveals a paucity of information on how 

high temperatures affect lightweight concrete slabs. 

Comparing specimen firing methods (exposing them to high 

temperatures), no comparative research has been conducted between 

the current method (direct flame method) and the American Code 

119 and ISO 834 methods. 
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CHAPTER THREE: EXPERIMENTAL PROGRAM 

 

3.1 Introduction 

Laboratory tests of the materials, casting and testing of models, were 

conducted in the laboratories of the university of Misan and university Tikrit. 

This was part of an experimental work aimed studying the structural behavior 

of RC slabs exposed to high temperatures. The experimental program included 

testing twenty models of steel-reinforced NRC and LWC slabs. The study 

focused primarily on analyzing the flexural behavior of reinforced concrete 

slabs with regular steel reinforcement when exposed to fire, with careful 

monitoring of the effects of various factors on the flexural resistance, loss of 

stiffness, and deterioration of the mechanical properties of concrete under the 

influence of heat. The main variables affecting the structural performance of 

the models were also identified, such as the type of concrete, the longitudinal 

reinforcement ratio, method of burning, duration of burning as detailed in 

Table 3-1 which shows the model design and the variation in their properties& 

Fig. 3.1, which shows flow chart. This study aims to provide a deeper 

understanding of how high temperatures affect the structural behavior of LWC 

slabs, thus contributing to the development of safer and more efficient fire-

resistance designs for concrete structures. 

Table 3.1: Parameters of the Study. 

Seq. Slab Variables Details 

1 Concrete type NRC and LWC were used 

2 Burning periods Variable fire exposure periods 

3 Method of Burning 
Using two methods such as direct burning and 

ISO834 and ASTM-E119 

4 Reinforcement ratio Variable ratio of steel rebar 
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Figure 3.1 Flow Chart of Experimental Work. 

 

 

 

 

 

Experimental Work 
 

Materials: Cement, Sand, lightweight grave, LECA, Water, and Superplasticizer 
 

 Fresh concrete Tests: Slump test 
  

 

 Hardened concrete Tests: Compressive strength, Splitting tensile strength, 

and Modulus of rapture 
  

 

 RC slab fabrication  
 

Normal Concrete Slab  
  

Lightweight Slab  
 

Member Flexural Testing  

Direct Burning Evaluation of Ten 

Lightweight and Normal Concrete 

Specimens at 25°C, 300°C, and 400°C 

 

Burning Models of Ten Lightweight 

and Normal Concrete Specimens at 

25–400–800°C According to ISO 834 

and ASTM E119 
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3.2 Specimens Symbol. 

      The naming and coding of the experimental work models were adopted as 

follows: 

SN1Dρ-25 

S=Slab                                 ρ=Steel Reinforcement Ratio 

N=Normal Concrete            D=Direct Flare                    25=Temperature 

 

SL1Aρ^-800 

S=Slab                                   ρ^= Denies Steel Reinforcement Ratio 

L=Lightweight Concrete       A=ASTM-E119                             

800=Temperature. 

 

3.3 Testing Program 

The first stage of the research process involves selecting the construction 

materials used and conducting physical and chemical tests on them. This aims 

to determine the basic properties of each material and study its suitability for 

use in concrete mixes. These tests help determine the optimal and most 

compatible proportions of cement, aggregate, water, and additives, ensuring 

high mechanical properties and consistent quality of the concrete produced. 

The second stage involves preparing and testing experimental models to 

determine the mechanical properties of the proposed concrete mixes, such as 

compressive, tensile, and flexural strength, as well as studying workability and 

density. By analyzing the results of these tests, the best concrete mix that 

achieves the desired performance is selected. Following this, the final models 

of reinforced concrete slabs are cast according to the selected proportions and 

then subjected to burning with two methos and then testing until failure to 
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study their behavior. This procedure enables a comprehensive assessment of 

the performance of slabs in terms of their load-bearing capacity, resistance to 

deformation, and the nature of ultimate fracture. These results also contribute 

to understanding the structural properties of reinforced concrete and 

developing design methods that enhance efficiency and safety in future 

engineering applications. 

 

3.4 Materials  

     The sample selection process was carried out with utmost care in terms of 

quantity, type, and quality, based on an extensive study aimed at ensuring an 

accurate representation of realistic construction conditions. This step was 

carefully implemented before the concrete slab pouring process began, 

ensuring that the mix components were compatible with the research objectives 

and experimental requirements. The materials used in this research included 

cement, natural aggregate, natural sand, water, and a superplasticizer, all of 

which are commercially available in local markets. These materials were 

carefully selected to be representative of the materials actually used in typical 

construction projects, with the goal of achieving realistic results and enabling 

their field applicability in engineering projects.  

3.4.1 Cement 

This study used exclusively Iraqi Portland cement produced at the Cresta 

plant to ensure uniformity of the material used and to obtain accurate and 

comparable results. Tests on the study materials were conducted in the 

laboratories of the University of Misan, following precise methodological 

procedures, to evaluate the chemical and physical properties of the cement used 

before it was used in the mixing and casting of concrete forms. The cement 

was transported and stored with utmost care to preserve its properties. It was 

stored in a dry environment at a moderate temperature to prevent moisture 
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absorption or any undesirable chemical reactions that might affect the quality 

of the results. A comprehensive set of chemical and physical laboratory tests 

was also conducted according to the American standard [40]. These tests 

included determining the initial and final setting time, sulphate content, and 

volume stability, in addition to testing the fineness and specific gravity. The 

results of these tests showed complete compliance with the requirements of 

Iraqi Specification [41], confirming the quality of the cement and its suitability 

for use in this research. The selection of this type of cement was based on the 

results of these precise tests, which demonstrated its high efficiency and 

stability in various environmental conditions, making it suitable for 

lightweight reinforced concrete applications within the framework of the 

current study. Details of the tests and results are presented in Tables 3-2 & 3-

3, which illustrate the chemical and physical properties used in the evaluation. 

Table 3-2 : Physicals Properties of Ordinary Portland Cement [41]. 

Physical Properties Test Results Limit of Iraqi specification 

Vicat time of Setting 

Early: 

Ultimate: 

 

Two Hours 

Less than Four 

 

More than forty-five 

Less than ten 

strength of mortars 

3 day (Mpa) 

7day (Mpa) 

28day (Mpa) 

 

Twenty-One 

Twenty-eight 

Thirty-five 

 

More than fifteen 

More than twenty-three 
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Table 3-3 : Chemical Composition of Cement [41]. 

Compound Composite Weight Limits 

Limes 64% N-A 

Silicas 21% N-A 

Alumina’s 4.6% N-A 

Iron oxidizes 3.3% N-A 

Magnesians 2.4% ≤5% 

Sulphates 2.3% ≤2.8% 

ignitions 3.6% ≤4% 

Insolubles residuals 1.2% ≤1.5% 

Limes fullness issue 0.750% (0.66-1.02) % 

T. silicates 50.7% N-A 

D. silicates 18.3% N-A 

T. aluminates 8.1% N-A 

Tetracalcw alumminoferites 9.9% N-A 

 

3.4.2 Aggregate 

A. Fine aggregate (Sand): 

In this investigation, it was brought from Basra in southern Iraq. The 

maximum grain size is 4.75 mm. To evaluate the particle size distribution of 

the sand, the sieve analysis test was performed according to [42]. This test 

method involves passing the sand through a series of sieves with different mesh 

sizes to separate and measure the different particle sizes present in the sample. 

The results of the sieve analysis help determine the gradation and suitability of 

the sand for use in concrete. Tables 3-4 & 3-5 and Fig. 3.2 show case the sand 

grading used for normal concrete in the study. These tables provide detailed 

information about the particle sizes and their corresponding percentages within 

the sand sample. 
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Table 3-4: Grading of the Fine Aggregate. 

 

Table 3-5: Physical Properties of the Fine Aggregate. 

Physical Properties Tests No.5/1984Limits 

Specific gravities Kn\m3 2.65 - 

SO3 0.33 Less than half 

Preoccupation % 1.10 - 

bulk density Slack Kg\m3 1646 - 

 

It is worth noting that the sand used in this investigation complies with 

Iraqi Specifications [43], indicating that it meets the required standards and 

specifications outlined by the Iraqi authorities. By conducting these tests and 

ensuring compliance with relevant standards, the study authors aimed to ensure 

the quality and appropriateness of the sand as a crucial component in the 

concrete mixture. This meticulous approach enhances the reliability and 

validity of the research findings and supports the overall integrity of the study. 

 

Figure 3.2 Grading Graph of Fine Aggregate. 

0.1 1 10

p
a

ss
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g
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sieve opening (mm)

Semi-Log Graduation Curve   

Upper Limit

Lower Limit

 

 

size of Sieves  

 

% Passing percentages 

Fines aggregates No.5/1984Limits(Zone 2) 

1 10 100 100 

2 4.75 99 90-100 

3 2.36 90 75-100 

4 1.18 75 55-90 

5 0.60 53 35-59 

6 0.30 17 8-30 

7 0.15 2 0-10 
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B. Coarse aggregate (Gravel):  

    The coarse aggregate used in this study has rounded particles with a 

maximum nominal size of 19 mm. It was obtained from the Amarah. This 

particular source was chosen for its high purity and homogeneity of physical 

properties, as well as its local availability and common use in construction 

work, making it suitable for research applications aimed at stimulating the 

realistic conditions of concrete structures in Iraq. The aggregate was subjected 

to a series of standard laboratory tests to determine its physical properties, such 

as specific gravity, water absorption, sintering resistance, and particle 

gradation, to ensure its compliance with the quality requirements of the Iraqi 

specifications. The detailed results of these tests are presented in Table 3-6 , 

which shows a precise comparison between the aggregate gradation used and 

Iraqi Standard Specification [44]. Test results showed that the aggregate used 

met the Iraqi standard specifications, demonstrating its high quality and 

suitability for use in reinforced concrete production. The rounded shape of the 

aggregate particles also helped improve concrete workability and reduce 

interparticle friction, which positively impacts the consistency and mechanical 

performance of the concrete mix under various loading conditions. 

Table 3.6 Grading of the Coarse Aggregate. 

No. 
Sieve 

size 

Cumulative 

passing% 

Limits 

according to 

IQS 45/1984 

Iraqi 

specification 

lower limit 

Iraqi specification 

upper limit 

1 37.5 100 100 100 100 

2 20 100 97.5 95 100 

3 14 84.63 85 80 90 

4 10 46.64 45 30 60 

5 5 2.92 5 0 10 

 



Chapter Three                                                                  Experimental Program                                                                                              

44 

 

 

Figure 3.3 Grading Graph of Coarse Aggregate. 

C. Coarse Aggregate (LECA)  

The coarse aggregate used in this study is lightweight, consisting of 10 

mm spherical particles. It was carefully selected to meet the research objectives 

of studying the properties of reinforced lightweight concrete. This aggregate 

has a bulk density nearly two to three times lower than that of natural gravel, 

which significantly contributes to reducing the overall concrete density and 

improving thermal insulation while maintaining adequate mechanical strength. 

The physical and engineering properties of this lightweight aggregate were 

studied through a series of laboratory tests, including specific gravity, water 

absorption, slump resistance, and particle gradation, to ensure its compliance 

with the requirements of the Iraqi standard specifications. The detailed results 

of these tests are included in Tables 3-7 and 3-8 in addition to Fig. 3.4, which 

provide a precise comparison between the gradation of the lightweight 

aggregate used and Iraqi Standard Specification [45]. Test results showed that 

the aggregate used falls within the permissible limits according to Iraqi 

specifications, confirming its suitability for use in the production of high-

performance lightweight concrete. Its regular spherical shape also helped 
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improve concrete workability and reduce water consumption, which 

contributes to improving the quality of the concrete mixes used in the study 

and achieving higher cohesion between its components. 

 

 

 

 

 

Figure 3.4  Lightweight aggregate (LECA) 

Table 3-7: Typical properties for LECA [46]. 

Properties LECA Aggregate 

Density (Kg/m3) 650 

Bulk density (kg/m3) 450 

Grain size (mm) 10 

H2O absorption 24 h (%) 0 

Fineness modulus (FM) --- 

Shape round 

 

Table 3.8 Grading of Coarse Aggregate for LECA. 

Sieve size Cumulative passing% 
Limits according to IQS 

45/1984[46] 

20 100 100 

12 92 100-90 

9.5 55 70-40 

4.75 14 15-0 

2.33 2 5-0 

 

3.4.3 Water 

In this investigation, R.O. water was utilized for both the Preparation and 

curing of the specimens. R.O. water is a purified form of Water obtained 

through the reverse osmosis process, which removes impurities and 

contaminants from the Water. The use of R.O. water in concrete specimen 
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preparation ensures that the Water does not introduce any unwanted impurities 

or chemicals that could potentially affect the properties or performance of the 

specimens. It helps maintain the purity and consistency of the Water used in 

the concrete mixture. Additionally, R.O. water was employed to cure the 

specimens [46]. 

3.4.4 Superplasticizer 

        Chemical admixtures play an important and fundamental role in 

controlling the mechanical properties of concrete, in addition to their direct 

impact on workability and other structural characteristics. Among the most 

important of these admixtures are water reducers, which are the primary factor 

in improving the workability of concrete mixes. They make the mixture more 

fluid and easier to pour while reducing the amount of water required to achieve 

optimal workability [47]. 

Among the most prominent chemical additives that have witnessed rapid 

development and widespread adoption in the building materials market are 

superplasticizers, also known as high-range water-reducing agents. These 

additives are used in the production of highly fluid concrete or self-compacting 

concrete, as they contribute to achieving a mixture with good segregation 

resistance while maintaining the required cohesion and homogeneity. In this 

study, Viscocrete 180 GS, a superplastic admixture [48]. It was selected for its 

high water-reducing capacity and improved concrete mix homogeneity without 

adversely affecting setting time or concrete compressive strength. Table 3-9& 

Fig. 3.5 shows the detailed properties and test results of Viscocrete 180 GS, 

including density, viscosity, water-reducing ratio, and effect on setting time. 

The results demonstrate that the use of this admixture significantly improved 

the overall performance of concrete mixes and achieved advanced mechanical 

properties that meet the requirements of experimental research. 
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Table 3-9: Types Appearances and Relative Density of Superplasticizers. 

Superplasticizer 
Chloride 

content 
Relative density Appearance 

Sika ® Viscocrete 180 

GS 
NIL 1.095 kg/It dark blue liquid 

 

 

Figure 3.5 Shows the Details and Properties of Admixture. 

3.4.6 Steel Reinforcement. 

     In this study, 8 mm and 10 mm diameter reinforcing steel bars were used to 

strengthen concrete specimens. The reinforcing steel underwent tensile testing 

to determine its mechanical properties, such as yield strength, ultimate tensile 

strength, and elongation, according to the American [49],[50] specification for 

carbon steel reinforcement used in reinforced concrete. The test results showed 

that the bars used had mechanical properties that met the standard criteria, 

confirming their suitability for use in experimental models. This adherence to 

specifications contributes to ensuring the accuracy of the results and achieving 

a realistic representation of the structural behavior of the reinforced concrete 

elements under different loads, see the Table 3-10 showing the test results, and 

see the Fig .3.6 showing the testing device. 
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Table 3-10: Steel Rebars Properties. 

Bar size 

(mm) 

Test results 

Yield stress 

(N/mm2) 

Ultimate Strength 

(N/mm2) 

Elongation 

(%) 

10 512 601 18.1 

8 445.5 603 21.2 

 

 

 

 

 

 

 

 

Figure 3.6 Showing the Testing Device. 

3.5 Mix Concrete Mix Design and Mixing Procedures 

• All materials and equipment required for the casting process 

must be prepared in advance to ensure accuracy, consistency, 

and safety during testing.  

• The preparation process involves several precise stages. First, 

the wooden molds, made of high-quality plywood, are 

thoroughly cleaned to remove any dust, impurities, or residues 

that could affect the surface finish of the specimens.  

• These molds are then coated with a thin layer of oil or a 

suitable anti-adhesive to prevent the concrete from sticking to 

the mold surfaces. The prepared molds are designed in two 

sets: the first set consists of ten panels manufactured at the 

University of Maysan, as shown in Table 3.17. 

•  The second set also consists of ten panels, manufactured at the 

University of Tikrit, as detailed in Table 3.18. The dimensions 
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of the first set of panels are 1000 mm in length, 400 mm in 

width, and 80 mm in depth, respectively, according to the 

required specimen thickness.  

• The second set of molds measures 2250 x 1000 x 100 mm. In 

addition to wooden molds, steel molds of various standard 

dimensions are used for casting control samples. These include 

cubic molds with internal dimensions of 150 x 150 x 150 mm, 

cylindrical molds of 150 x 300 mm, and prismatic molds 

measuring 100 x 100 x 500 mm. All steel molds are similarly 

oiled to facilitate mold removal and maintain sample 

dimensional accuracy. Equipment for measuring the 

workability of fresh concrete, including the standard shrinkage 

cone, must also be cleaned and prepared for use. 

•  Steel reinforcing bars are then prepared according to the 

design and dimensions specified in the experimental design 

table, ensuring correct cutting, bending, and positioning. 

Furthermore, the chemical admixture, particularly the 

superplasticizer, is prepared according to the manufacturer's 

instructions to achieve the required workability without 

excessive water addition. The raw materials for concrete 

production are then systematically arranged. For ordinary 

concrete, these materials include ordinary Portland cement 

(OPC), natural sand, crushed gravel, and reverse osmosis (RO) 

water. For lightweight concrete, lightweight expanded clay 

aggregate (LECA) is used instead of gravel, while maintaining 

the consistency of the other components. The concrete mix is 

formulated according to American standards. A hand trowel 

must be provided to level the surfaces of the freshly cast 
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samples and ensure uniformity across all samples. design and 

mixing procedure for Concrete Mixtures as shown Table 3-11. 

Table 3.11 Proportions of constituent materials mixes. 

Type of Concrete NRC LWC 

Cement (kg/m3) 400 400 

Sand (kg/m3) 820 850 

Gravel (kg/m3) 1100 ---- 

LECA (kg\m3) ---- 350 

W/C (kg/m3) 180 115 

Superplasticizer % 1 2 

fc (MPa) 30 30 

Density) kg\m3)  2322 1870 

Specified Concrete Mix Design ACI-211.1-91[52] ACI-211.2[53] 

 

3.6 Fresh Concrete Tests 

In the experimental program, an important aspect was the selection of 

appropriate concrete mixtures to achieve the desired concrete properties. This 

involved carefully choosing the proportions of various ingredients, such as 

cement, aggregates, Water, and any additional admixtures or fillers, based on 

the specific objectives of the study. The fresh concrete mixtures investigate the 

consistency of concrete during the casting. Once the concrete mixtures were 

prepared, then the hardened tests were performed such as casting cubes and 

cylinders Etc.  

3.6.1 Slump Test 

       Slumps test is used to evaluate the workability and consistency of 

fresh concrete. It is one of the most common tests used to assess the 

properties of fresh concrete. The purpose of the test is to determine 

the fluidity of the concrete mix and its ability to flow and compact 

without segregation. To perform the test, all required materials and 

tools are prepared, including a sample of fresh concrete, a slump 
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mold in the shape of a cone with a height of 305 mm, a bottom 

diameter of 200 mm, and a top diameter of 100 mm. A metal 

stamping rod 400 mm in length and 13 mm in diameter, as well as a 

flat metal base plate, are also required. The surface of both the base 

plate and the mold is cleaned to ensure it is free from impurities or 

excess moisture. The mold is then placed firmly on the flat base. It is 

filled with concrete in three equal layers, each representing 

approximately one-third of the mold’s height. After placing each 

layer, the concrete is compacted using the metal rod by applying 25 

vertical strokes, ensuring uniform distribution of the mix without 

disturbing the previous layers. Once the final layer is placed, the 

concrete surface is leveled using the rod to remove excess material 

and ensure it is flush with the mold’s edge. The mold is then lifted 

slowly and vertically, without any tilting or lateral movement, to 

avoid disturbing the concrete sample show Table 3-12& Fig. 3.7. 

Table 3.12 Results of the Concrete Slump Test 

Mix No. Concrete type 
Slump Value (mm) 

of First group 

Slump Value 

(mm) of Second 

group 

1 LWC 92 90 

2 NRC 95 87 

 

The concrete is observed after settling, and the amount of settling is 

measured as the vertical difference between the mold height and the highest 

point of the concrete mass after settling. This value is usually expressed in 

millimeters or inches. The amount of settling is recorded and interpreted based 

on the desired degree of workability of the concrete mix. A higher settling 

value indicates a higher fluidity, while a lower settling value indicates a more 

cohesive and solid mix. The settling test results are presented in the following 
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table and figure, which illustrate the measured values for the concrete mixes 

used in this study and their compliance with the design requirements [52]. 

 

Figure 3.7 Slump Test of Fresh Concrete. 

3.7 Hardening Test. 

In the laboratory, most specimens for hardened concrete testing are cast 

into metal or plastic molds according to predetermined dimensions and 

standards. After casting, the specimens are left undisturbed for approximately 

24 hours. This is the period during which the concrete undergoes initial setting 

and early strength development due to the hydration reaction between water 

and cement. After 24 hours, the molds are carefully demoulded to ensure that 

no damage or cracking occurs during the demoulding process. The specimens 

are then transferred to water curing tanks, where they are fully immersed in 

clean water to maintain a humid, homogeneous environment that allows the 

hydration process to continue. Water curing is one of the most common and 

effective curing methods. It maintains the moisture and temperature of the 

concrete, which helps continue the chemical reactions within the cement paste 

and improves the strength and durability of the concrete over time. Specimens 

remain in water for the specified curing period until they reach the required 

testing age, whether 7 days, 28 days, or another period depending on the test 
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type. Following these precise steps ensures that concrete specimens have 

reached the required level of hydration and structural maturity before being 

subjected to hardened state tests, enhancing the accuracy and scientific 

comparability of results. 

3.7.1 Tests for Concrete Properties 

3.7.1.1 Compressive Strength Test 

     In this study, concrete cubes with dimensions of (150 x 150 x 150) mm were 

cast for both normal concrete (NRC) and lightweight concrete (LWC) to 

determine the compressive strength. The casting process was carried out 

according to standard procedures to ensure accurate results representing the 

actual behavior of concrete under loads  [53]. After casting, all specimens were 

cured in water tanks for the standard curing period of (28 days) to ensure 

continuous hydration and full development of the concrete's mechanical 

strength. See the Table 13-  3  and Fig   3. .8 showing the results of the 7-28-day 

examination, and see the figure showing the testing device for the models 

prepared for operation. 

Multiple concrete mixes of lightweight concrete were created to achieve the 

required strength through trial and error; however, even after achieving this 

strength, conventional concrete still provides a higher load-bearing capacity 

compared to lightweight concrete. 
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Table 3-13: Compressive strength test at 7-28 days. 

Compressive strength (MPa) 

Age 

Lightweight 

concrete Group 

1 

(laboratory 

Misan) 

Lightweight 

concrete Group2 

(laboratory 

Tikrit) 

Normal 

concrete 

Group1 

(laboratory 

Misan) 

Normal 

concrete Group 

2 

(laboratory 

Tikrit) 

7 days 

22.6 23 30.668 30.7 

25.927 24.5 30.353 31.353 

25.286 25.2 33.54 33.54 

Average 

of 7 

days 

24.457 24.23 

31.5 31.8 

28 days 

 32.4  33.1 40.5 40.5 

 30.5  30.5 40.8 40.8 

 29.7  29.7 39.8 42.1 

Average 

of 28 

days 

30.87 31.1 40.4 41.13 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Compressive Test of Concrete. 

This curing method is one of the most effective methods for maintaining 

the moisture necessary for cementitious crystal growth, which improves 

concrete durability and increases its compressive strength. The specimens were 

gradually loaded until failure to determine the maximum load the specimen 

could withstand.  
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3.7.1.2 Splitting Tensile Strength 

     For the lightweight concrete (LWC) specimens and cylindrical samples 

measuring 150 mm in diameter and 300 mm in height, the splitting tensile 

strength test was performed in accordance with the procedures outlined [56]. 

This standardized test method is designed to determine the tensile strength of 

cylindrical concrete specimens by subjecting them to a diametral compressive 

force that induces tension within the specimen. The test was conducted using 

a universal testing machine (UTM) with a maximum load capacity of 2000 kN, 

as illustrated in Fig. 3.9. Prior to testing, all specimens were inspected to ensure 

that their surfaces were smooth, clean, and free from visible defects or 

irregularities that could influence the accuracy of the results. During testing, 

each cylindrical specimen was carefully positioned horizontally between the 

compression platens of the machine, ensuring that the longitudinal axis of the 

cylinder was perpendicular to the applied load. To achieve uniform load 

distribution and to minimize stress concentrations at the points of contact, two 

thin wooden strips or layers of soft padding were placed along the top and 

bottom generatrixes of the cylinder. The loading process was initiated 

gradually to prevent impact or shock loading, and a continuous, steady vertical 

pressure was applied until visible cracking and ultimate failure occurred. 

Unlike conventional compressive strength testing [57], the applied load in this 

test acts perpendicular to the cylinder’s axis, inducing tensile stresses along the 

vertical plane that ultimately lead to specimen splitting show Table 3-14 and 

Fig. 3.9 . 

Splitting tensile strength is determined using Eq. (3-1): 

 

                    𝑓𝑡=2𝑃/𝜋𝑙𝑑............................................(3-1) 

where: 

𝑓𝑡 = Splitting tensile strength (MPa). 
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P = Maximum applied load (N). 

d = Diameter of the specimen (mm). 

l = Length of the specimen (mm). 

Table 3.14 Results of Splitting Tensile Strength 

Type of 

concrete 

Splitting Tensile Strength (N/mm2) 28-Day 

Cylinder 1 Cylinder 2 Cylinder 3 Average 

LWC 
2.7 2.3 2.3 2.4 

2.9 2.4 2 2.43 

NRC 
3.4 3.51 4 3.63 

3.3 3.8 4 3.7 

 

 

Figure 3.9: Splitting Tensile Test. 

3.7.1.3 Flexural Strength 

In the study, the flexural strength of the concrete specimens for each 

replacement ratio was evaluated using the results obtained from testing prisms. 

The flexural strength testing followed the [55] standard, which provides 

guidelines for conducting third-point loading tests on concrete slabs. Test 

prisms with dimensions of (100 x 100 x 500) mm was cast and cured under the 

same conditions as the specimens used for the compressive strength tests. The 
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curing conditions typically involve maintaining a specified temperature and 

moisture level to promote proper hydration and the development of strength in 

the concrete. For the flexural strength testing, a testing machine with a capacity 

of 2000 kN (kilonewtons) was used. This loading configuration induces 

bending stresses within the slab, allowing for the determination of its flexural 

strength. Flexural strength (𝑀𝑃𝑎) is obtained by Three simply supported 

prisms with dimensions of (100x100x500) mm tested as revealed in Fig. 3.10. 

The prism specimen was fabricated and tested after 28 days. The flexural tests 

were carried out according to the American specification [56]  . The modulus 

of rupture was calculated using Eq. (3-2): 

          𝑓𝑟 =
3𝑝𝐿

2𝑏𝑑2
…………………………………… . . (3 − 2) 

where: 

  𝑓𝑟 = Modulus of rupture (MPa) 

 p = Maximum applied load (N) 

 L = Span length (mm) 

 b = Width of the specimen (mm) 

 d = Depth of the specimen (mm) 

 

 

Table 3.15 Flexural Strength Result. 

 

Type of 

concrete 

Average Flexural Strength (N/mm2) 28 Day 

prismatic 1 prismatic 2 prismatic 3 

LWC 
4.85 5.34 4.51 

5.15 5.01 4.6 

NRC 
3.6 3.51 3.4 

3.25 3.62 3.84 
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Figure 3.10 :Flexural Strength Test Prism  Test Sof  LWC, (b) Prism Test of NRC. 

 

3.8 Slab Details. 

The study involved the preparation and testing of a set of RC concrete 

slabs specifically designed to investigate the effects of fire and high 

temperatures on the behavior of both types of reinforced concrete: normal 

concrete and lightweight concrete. The experimental work was divided into 

two main methods for testing the fire resistance of concrete: the direct flame 

method and the ASTM-E119 method, based on ISO 834 show Table 3-18 and 

Fig. 3.11. This was done to accurately compare the two methods in terms of 

the structural and thermal performance of the concrete elements.  

In the firest method (ASTM-E119/ISO 834), larger models measuring 

2250 × 1000 × 100 mm were prepared to simulate the behavior of real-world 

structural slabs. This method followed American standards for testing 

concrete's fire resistance, exposing the models to standard temperatures 

according to the ISO 834 curve for a fixed duration of 120 minutes. This 

method was characterized by precise control of the heat-up curve over time to 

ensure the consistency and comparability of the experimental conditions. Three 
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main temperatures were used in the experiments: 25°C, 400°C, and 800°C, 

designated as T25, T400, and T800, respectively.  

 

Table 3.16: First Series Models. 

ISO834& ASTM-E119  

Slab Dimension (2250*1000*100) mm 

Seq. ID Thickness 

Burning 

Period 

minute 

Degree of 

temperate 

C˚ 

Concrete Type 

1 SN1 Aρ-25 100 120 25 Normal concrete 

2 SN 2Aρ-400 100 120 400 Normal concrete 

3 SN 3Aρ-800 100 120 800 Normal concrete 

4 SN4Aρ^-400 100 120 400 Normal concrete 

6 SN5A ρ^-800 100 120 800 Normal concrete 

1 SL1A ρ -25 100 120 25 Lightweight concrete 

2 SL2Aρ -400 100 120 400 Lightweight concrete 

4 SL3A ρ -800 100 120 800 Lightweight concrete 

5 SL4A ρ ^-400 100 120 400 Lightweight concrete 

6 SL5Aρ^-800 100 120 800 Lightweight concrete 
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Figure 3.11: Slab Details. 

 

In the Second method (Random exposure), models with relatively small 

dimensions (1000 × 400 × 80mm).  
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Table 3.17: Second Series Models. 

Direct Burning method (Random Exposure of fire) 

Slab Dimension (1000 x 400) Thickness (80) mm 

Seq. ID Concrete Type 

Thickness 

(mm) 

 

Burning 

Period 

minute 

Degree of 

Temperate 

C˚ 

1 SN1Dρ-400 Normal concrete 80 75 400 

2 SN5Dρ^-400 Normal concrete 80 75 400 

3 SN4Dρ-300 Normal concrete 80 75 300 

4 SN3Dρ^-300 Normal concrete 80 75 300 

5 SN2Dρ-25 Normal concrete 80 75 25 

6 SL1Dρ-400 Lightweight concrete 80 75 400 

7 SL2Dρ^-400 Lightweight concrete 80 75 400 

8 SL4Dρ-300 Lightweight concrete 80 75 300 

9 SL5Dρ-25 Lightweight concrete 80 75 25 

10 SL3Dρ^-300 Lightweight concrete 80 75 300 

 

These models in Table 3-17 and Fig .3.12 were directly exposed to flame 

in a special fire furnace, with one surface of the model exposed to the direct 

flame without any additional protection, to simulate the conditions of a direct 

fire in buildings. This method included several key variables, most importantly 

the type of concrete, the reinforcement ratio, and the flame exposure time, 

which 75 minutes, in addition to the slab thickness and the direct firing method. 

Symbols such as (ρ) indicated a standard reinforcement ratio, and (ρ^) 

indicated an increase in reinforcement [57] . 
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Figure 3.11: Datils of slab  

 

 

Figure 3.12: Slab Details. 

3.9 Mould Preparation and Casting Procedure 

Prior to the fabrication of moulds and casting the concrete, twenty moulds 

were used in this work.  

3.10 Fabrication  

The dimensions of these moulds are the same dimensions of the fabricated 

slabs. They were cleaned and oiled using a scraper and a steel brush to facilitate 

simple demoulding. The plastic moulds were first coated on the inside with oil 

prior to the casting process and before inserting the reinforcing steel cage. 

Spacers were then placed to ensure the correct positioning of the reinforcing 

steel cage and to maintain the desired concrete cover and diaper. 
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3.11 Process 

• The concrete mixing process lasted approximately 10-12 minutes 

to achieve a uniform mixture. 

• Using vibrators, the mixture was poured into the plastic moulds to 

consolidate the concrete around the cage rebar.  

• Once the concrete was poured, the top surface was levelled and 

smoothed. Subsequently, the specimens were cured. Fig. 3.12 

illustrates the preparation of the moulds, the fabrication process, 

and the casting procedure for the specimens. 

• In the study, a 100 kg mixer was used to mix the concrete. Before 

inserting the reinforcement, cage, or casting control specimens, the 

forms and control moulds were oiled. This oiling process helps to 

ensure that the concrete does not stick to the forms, allowing for 

easy demoulding.  

• To maintain the appropriate concrete cover, steel bars were placed 

inside the forms and securely positioned. 

•  These steel bars act as spacers and ensure that the reinforcement is 

properly embedded within the concrete at the specified depth. All 

ingredients of the concrete mixture, such as aggregates, cement, 

and water, were accurately weighed and carefully placed in a clean 

metal container before mixing. This process ensures the correct 

proportioning of the materials and helps maintain consistency in 

the mixture. Fig. 3.13 illustrates the casting process, which 

involved using plywood forms for the moulds and steel forms.  

• The plywood forms were used to shape the main body of the 

concrete specimens, while steel forms may have been employed for 

specific areas or features requiring additional support or 

reinforcement.  
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• After the concrete was mixed and cast into the forms, the forms 

were left in place for 24 hours to allow the concrete to set. 

Subsequently, the forms were removed, and the specimens were 

immersed in water for a curing period of 28 days. Immersion in 

water is a common method of curing concrete, as it helps maintain 

proper moisture levels and promotes the development of strength 

and durability.  

• Additionally, samples were taken from the cast concrete and 

poured into concrete cubes and cylinders. These samples were used 

to estimate the concrete properties, such as compressive strength, 

which is a fundamental characteristic for assessing the quality and 

performance of the concrete. 

• For Group No. (1), the temperature sensor was put inside the model 

before the casting process started and during the distribution of the 

reinforcing steel. There were two versions linked: one to the bottom 

surface and the other to the reinforcing steel. The second sensor, a 

thermocouple, was connected to the first. The sensor has a head 

that can sense heat and is connected to the portion whose 

temperature has to be monitored. It also has a glass cable that can't 

catch fire and is connected to a device that sends and converts data 

to a computer so that the temperature may be recorded during the 

combustion time. 
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Figure 3.13: Fabrication, Moulds, and Casting of the Specimens for Group 1. 
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Figure 3.14 : Fabrication, Moulds, and Casting of the Specimens for Group 2. 
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3.12 Burning Methods and Fire Exposure 

3.12 .A Thermal and Loading Test of Specimens in Accordance with 

ASTM -E119  and ISO834(Group 1). 

      In this phase of the research, fire and load tests were conducted on 

reinforced concrete slab specimens to investigate their behavior under 

high temperatures and subsequent mechanical loading. The 

experiments were carried out using specialized test facilities designed 

according to ISO 834 and ASTM-E119 standards to simulate realistic 

fire conditions.  

 

Figure 3.15: curve of ISO-834. 

• The specimens were placed inside furnaces constructed from 

insulating refractory bricks, fireproof materials, and fiberglass 

layers, equipped with gas burners or nozzles to ensure uniform 

heat distribution show Figure 3.15 . 
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Figure  3.16: Firebricks for the oven, laser thermometer, and gas supply for 

the burners inside the oven. 

• Steel frames and concrete bases supported the furnaces show 

figure 3.16, while protective roofs and insulation safeguarded 

the measurement and control equipment throughout the testing 

process. 
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 Figure 3.17: The outer iron structure of the furnace 

• Reinforced concrete slabs of dimensions (2250*1000*100) mm 

were prepared with embedded thermocouples to record internal 

temperatures continuously during the heating period. Prior to 

fire exposure, each specimen was gradually loaded up to its 

service load to replicate realistic in-service structural 

conditions. Once the service load was stabilized, the furnaces 

were ignited, following the standard fire temperature curve. 

•  For some tests, the top surface of the slabs was insulated with 

ceramic wool to maintain uniform heat distribution and 

minimize heat loss to the surroundings. The specimens were 

exposed to combined thermal and mechanical loading for 120 

minutes, allowing continuous monitoring of temperature 

development, mid-span deflection, and structural response. 

• Temperature measurements were recorded using infrared 

thermometers or thermocouples connected to multi-channel data 

loggers and dedicated computers for real-time monitoring and 
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automatic data storage. Simultaneously, LVDT at mid-span 

captured deformations and deflections, while hydraulic loading 

systems recorded applied loads continuously. This setup 

allowed synchronized measurement of thermal and mechanical 

responses throughout the heating and loading stages shows Fig. 

3.17& Fig. 3.18. 

   

Figure 3.18: Computer and the device LVDT 

• After completing the fire exposure, specimens were allowed to 

cool naturally in air to prevent thermal shock. once cooled to 
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safe temperatures, the slabs were transferred to hydraulic 

loading platforms, and central loading cylinders gradually 

applied increasing loads while the slab ends were supported on 

rigid steel supports simulating simple support conditions. 

Loading continued from service load up to the ultimate failure 

load in some tests to evaluate the residual strength and post-

fire mechanical performance. Throughout the procedure, the 

development of cracks, deformations, and reductions in 

stiffness, compressive strength, and flexural capacity were 

carefully observed. The continuous and synchronized 

recording of all parameters provided a comprehensive 

evaluation of the reinforced concrete slabs’ behavior under 

realistic fire and loading conditions. 

                                    Load cell                                Hydraulic jack                   spread    

beam                    

Steel shafte 2‟ 

 

 

Fire breicks  

 

Ceramek wool 

Concret block 

Gas burner 

(A) First Series Tesing at University of Tikrit . 
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Figure 3.19: Testing and burning process.  
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Figure 3.20 : Testing Process. 

3.13. B Direct Flame Exposure Method 

• The direct flame exposure test was conducted at the University 

of Misan using a simple furnace with internal dimensions of 

(1500 × 2500 × 1000) mm.  

• The furnace was equipped with three gas-fired burners that 

served as the primary heat sources, providing direct and 

concentrated thermal exposure to the specimens. After igniting 

the burners, the temperature inside the furnace was gradually 
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increased until it reached the target level specified in the 

experimental program, either 300°C or 400°C. Once the 

desired temperature was achieved and stabilized, the exposure 

time was initiated. 

 

  

 

 

 

 

 

 

 

 

   Figure 3. 21 :a-Gaseous Heat Source    b-Laser Thermometer 

• specimens were placed inside the furnace during each test 

cycle, positioned to ensure direct contact with the flame emitted 

from the three burners. The samples were subjected to 

continuous heating for a fixed duration of 75 minutes, while the 

temperature and flame stability were monitored to maintain 

consistent thermal conditions throughout the exposure period.  

• At the end of the designated time, the specimens were left 

inside the closed furnace to cool gradually under natural cooling 

conditions before being removed.  

• This procedure was repeated for all remaining samples until the 

entire burning sequence was completed, shows Fig. 3.21-3.22 . 
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• loading of the specimens was carried out after the completion 

of the fire exposure, during which the slabs were subjected to 

direct flame.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 : Second Series Testing at University of Misan. 
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• The specimens were loaded using the hydraulic testing system 

illustrated in the following figure. A total load of 10,000 kg was 

gradually applied to the slabs until reaching their ultimate 

failure load. During the loading process, vertical deflection was 

carefully monitored using a mechanically installed LVDT. This 

device was positioned at the mid-span of each slab to accurately 

capture the deformation under the applied load shows Fig.3-23 

and 3-24.  

• The recorded deflection data allowed for a precise assessment 

of the slabs’ structural performance following fire exposure 

 

 

 

 

 

Figure 3.23: A Clip Illustrating the Loading and Mechanical LVDT Device. 
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Figure 3.24: Sample Inspection Device.  
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CHAPTER FOUR: RESULTS AND DISCUSSIONS 

4.1   Introduction. 

      This chapter talks about the results of an experiment that looked at reinforced 

concrete slabs made with one-way lightweight concrete and regular concrete. The 

main purpose of this effort is to find out how slabs act structurally when they are 

subjected to very high temperatures and stresses, up to the point of failure. A 

variety of comparisons were made to see how different elements, such as com-

bustion temperature, concrete type (regular concrete and lightweight concrete), 

and heat exposure method (ASTM-E119, direct flame method), affected the re-

sults of this investigation. 

 

4.2  Study of  the Properties of Concrete Under the Influence of High Tem-

perature Using the First Method 

    This methodology included studying the results of reinforced concrete slabs 

under the influence of different degration temperatures according to American 

specifications and standards (ASTM-E119 and ISO-834). This method included 

studying the characteristics of ten specimens. The following variables were con-

sidered (Ambient-400-800) C˚, the percentage of reinforcing steel ratio, and the 

type of concrete (normal concrete and lightweight concrete). 

 

4.2.1   Changes in Temperature During the Burning Stage Under Service 

Load. 

      As part of the thermal testing program for reinforced concrete slabs, the tem-

perature variation with time was recorded during the burning stage while each 

specimen was subjected to its designated service load. The temperature was 

measured at four critical points representing the main zones of heat transfer 

within the slab: the unexposed top surface, chamber, the reinforcement bar at 

mid-depth, and the exposed bottom surface opposite to the fire. This monitoring 
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aimed to accurately capture the heat distribution and transfer through the speci-

men during fire exposure, providing a clearer understanding of the thermal and 

structural response of the concrete under simultaneous thermal and   service load 

conditions Fig. 4.1 . 

The service load can be roughly represented as a percentage of the ultimate load, 

which shows the loads that are not factored in that are acting on the structure 

when it is working normally. It usually falls between 50% of the ultimate load, 

depending on the type of loading and the load factors used in design [58]. 

 

                                                                      Top Surface                        Mid- Surface                 

Bottom Surface 

 

Figure 4.1 The Temperature Distribution on a Sample Slab Level. 

 

        From Fig. 4.2 illustrate the temperature distribution during the combustion 

phase at four points for the loaded concrete fired slabs. Figure indicates a slight 

fluctuation in the chamber temperature depending on the air currents on the test 

day. When the temperature in the combustion chamber was 400°C, the core (mid-

depth) temperature of the slab specimen SN2Aρ-400 reached 190°C, as shown in 

the Fig. 4.2, the temperature distribution on a sample slab of normal reinforced    

concrete. 
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    Figure 4.2 The Temperature Distribution on a Sample Slab of normal Reinforced Concrete. 

      Fig. 4.3 and Fig. 4.4 for specimens SN3Aρ-800\\SN5Aρ^-800 illustrate the 

temperature distribution during the combustion phase at three points for the 

loaded concrete fired slabs. The temperature     measurement of 800°C through 

the model using Thermocouples gave the impression of uniform heat transfer 

through normal concrete. 

Figure 4.3 The Temperature Distribution on a Sample Slab (SNAρ-800) of normal Rein-

forced Concrete. 
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Figure 4.4 The Temperature Distribution on a Sample Slab (SNAρ^-800) of normal Rein-

forced Concrete 

         From Fig. 4.5 and 4.6, at 400C˚\the temperature on the lower surface for the 

sample SL2Aρ-400 reached 200C˚, while the temperature in the lightweight con-

crete samples was about 200 C˚ for the surface of the foam, while the temperature 

of the reinforcing steel was 110 C˚, while the temperature of the upper surface far 

from the fire was 66 C˚. This indicates that heat transfer is uneven throughout the 

section of the lightweight concrete, shows Fig. 4.5. While the slab SL4Aρ^-400 

that was exposed to the same temperature of 400 °C was affected by heat transfer, 

but only slightly shows Fig. 4-6. 
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Figure 4.5 The Temperature Distribution on a Sample Slab (SL2Aρ-400) of lightweight Rein-

forced Concrete. 

 

Figure 4.6 The Temperature Distribution on a Sample Slab (SLAρ^-400) of lightweight 

Reinforced Concrete. 

 

      During the combustion phase under loading at a furnace temperature of 

800°C, the lightweight concrete slab) SL3Aρ-800) recorded a   bottom surface 

temperature directly exposed to fire of approximately 514°C, while the top sur-

face, located away from the fire, remained    significantly lower at only 60°C. 

This considerable thermal gradient indicates limited heat transfer through the slab 
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thickness despite the high furnace temperature, in comparison, the second speci-

men with a higher steel reinforcement ratio SL5Aρ^-800 , subjected to the same 

temperature of 800°C, showed only a slight increase in the bottom surface tem-

perature. This suggests that the denser reinforcement contributed to delaying heat 

propagation toward the internal core of the slab, thereby enhancing its thermal 

resistance under elevated temperatures, show Fig. 4-7 and 4-8. 

 

 

Figure 4.7 The Temperature Distribution on a Sample Slab (SL3Aρ-800) of lightweight       

Reinforced Concrete. 
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Figure 4.8 The Temperature Distribution on a Sample Slab (SL5Aρ^-800) of lightweight Re-

inforced Concrete. 

 

4.2.2 Fire Load Test Results 

Tested under concentrated fire load, two load lines were applied at the third center 

of the specimen using a hydraulic jack. The load was    gradually increased until 

it reached 50% of the maximum load. The   results are discussed in main sections, 

according to concrete type, to   determine the behavior and performance of one-

way slabs under high temperature conditions are: 

A- Load Capacity and Failure Mode. 

B-Load And Deflection Behavior. 

D- Load Versus Steel Ratio. 

E-Ductility. 

F-Stiffness. 

G- Flexural Toughness. 
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4.2.2.1 Load Capacity and Failure Mode 

    All concrete slab specimens were loaded up to their service load while being 

exposed to elevated temperatures in order to simulate the combined effects of 

mechanical and thermal stresses. During this stage, the first visible cracks             

appeared on the bottom surface of the slabs, indicating the onset of interaction 

between thermal degradation and applied loading. 

Following the firing phase, the specimens were allowed to cool gradually to       

ambient temperature and were then reloaded until failure. During the reloading 

stage, a distinct main failure crack developed at the mid-span of the slab,               

accompanied by a limited number of fine secondary cracks branching from it. 

The majority of these cracks were concentrated within the middle third of the slab 

span, where flexural moments reach their maximum and shear stresses are        

minimal. This crack distribution confirms that the failure mechanism was          

predominantly governed by flexural action. The experimental program comprised 

ten slab specimens divided into two main groups based on concrete type:             

normal-weight concrete and lightweight aggregate concrete. Within each group, 

the specimens were further categorized according to thermal exposure conditions 

and reinforcement ratio, as described below. 

Reference specimens, one slab made of normal-weight concrete SN1Aρ-25 and 

one slab made of lightweight aggregate concrete SL1Aρ-25 were tested to failure 

without exposure to elevated temperatures. Both specimens exhibited a              

conventional flexural failure mode characterized by the initiation and gradual 

widening of flexural cracks at mid-span. Failure was accompanied by limited 

concrete crushing in the compression zone, with no significant spalling observed. 

Specimens exposed to 400°C, SN2Aρ-400, SL2Aρ-400 this group included two 

specimens for each concrete type: one with conventional reinforcement and the 

other with dense reinforcement corresponding to a reinforcement ratio of 2%. 

Thermal exposure at 400°C resulted in a noticeable reduction in load-carrying 
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capacity compared to the reference specimens, along with accelerated crack        

development. specimens with dense reinforcement SN4Aρ^-400, SL4Aρ^-400 

demonstrated   improved structural performance, including delayed crack propa-

gation and higher residual load capacity, highlighting the beneficial role of in-

creased reinforcement in mitigating thermal damage. Nevertheless, partial spall-

ing of the bottom concrete cover was observed due to the deterioration of the 

bond between the cement paste and aggregate after heating. 

Specimens subjected to 800°C SN3Aρ-800, SN5Aρ^-800, SL3Aρ-800, 

SL5Aρ^-800 represented the most severe thermal condition and exhibited a     

substantial degradation in mechanical properties and ultimate load capacity.  Fail-

ure in these specimens was characterized by a relatively brittle flexural mode ac-

companied by pronounced spalling of the concrete cover, particularly in the ten-

sile zone. Although dense reinforcement contributed to an improvement in post-

fire residual behavior, the detrimental effect of the high temperature was domi-

nant, and flexural failure could not be prevented. Overall, all tested slabs regard-

less of concrete type, reinforcement ratio, or thermal exposure failed primarily in 

flexure. However, lightweight aggregate concrete slabs consistently exhibited 

wider cracks and lower ultimate loads than their normal-weight concrete coun-

terparts. This behavior can be attributed to the high internal porosity and weaker 

interfacial bonding of lightweight aggregate particles, which facilitated crack 

propagation through the aggregate itself rather than around it, as commonly ob-

served in normal-weight concrete, as illustrated in Fig. 4.9. 
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Figure 4-9 Models After Burning, Loading, and Failure Status. 

 

 

 



 

Chapter Four                                                                     Results and Discussions 

 

 

88 

 

4.2.2.2   Load and Deflection Behavior 

      The vertical center  to  center deflection of all slab specimens was measured 

during fire exposure at each increment of the applied load. Fig. 4.10 illustrates 

the load  deflection relationships for lightweight aggregate concrete slabs, while 

Fig. 4.11 presents the corresponding behavior for normal-weight concrete slabs. 

The failure load was defined as the maximum load recorded during testing, as 

summarized in Table 4-1, whereas the service load was taken as approximately 

50% of the ultimate load.  The lightweight aggregate concrete reference specimen 

SL1Aρ-25 exhibited relatively flexible behavior, with a service load of 23 kN 

and a corresponding deflection of 10.2 mm, while the ultimate load reached 46 

kN with an ultimate deflection of 32.2 mm. As shown in Figure 4.10, this speci-

men exhibited lower stiffness compared to normal-weight concrete slabs.  In con-

trast, the normal-weight concrete reference specimen SN1Aρ-25 sustained a 

higher service load of 26 kN with a smaller deflection of 9.5 mm, and an ultimate 

load of 52 kN with an ultimate deflection of 31 mm, as illustrated in Fig. 4.11. 

This behavior reflects the higher stiffness and load-carrying capacity of normal-

weight concrete under ambient conditions.  For lightweight aggregate concrete 

slabs, specimen SL2Aρ-400 exhibited a reduction in service load to 19.15 kN and 

an increase in service-load deflection to 10.6 mm, corresponding to a 3.7% in-

crease relative to the reference specimen. The ultimate load decreased to 38.3 kN, 

accompanied by a slight increase in ultimate deflection of 2.1%. The load  deflec-

tion curve in Fig. 4.10 shows an earlier deviation from linear behavior, indicating 

stiffness degradation due to thermal exposure.   For normal-weight concrete, spec-

imen SN2Aρ-400 showed a service load of 24.15 kN with a deflection of 10.4 

mm, representing an 8.6% increase compared to the reference specimen. The ul-

timate load was reduced to 48.3 kN, while the ultimate deflection increased 

slightly by 3.1%. As illustrated in Fig. 4.11, normal-weight concrete slabs re-

tained a greater portion of their stiffness compared to lightweight slabs at the 
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same temperature level.  Lightweight aggregate concrete specimens exposed to 

800°C, particularly SL3Aρ-800, exhibited pronounced deterioration in structural 

behavior. The service load dropped to 12.5 kN, while the service-load deflection 

increased to 11.2 mm, representing an 8.9% increase. The ultimate load decreased 

significantly to 25.01 kN, with an ultimate deflection of 32.8 mm. Figure 4.10 

clearly demonstrates a substantial reduction in curve slope, indicating severe stiff-

ness loss.  Conversely, the normal-weight concrete specimen SN3Aρ-800 exhib-

ited a service load of 20.5 kN with a 7.7% increase in deflection, while the ulti-

mate load decreased to 41.01 kN. The ultimate deflection increased by 21% com-

pared to the reference specimen. Although notable degradation occurred, Fig. 

4.11 indicates superior performance relative to lightweight concrete under the 

same thermal condition.  For lightweight aggregate concrete specimens with 

dense reinforcement exposed to 400°C, such as SL4Aρ^-400, the increase in ser-

vice-load deflection was limited to 2.8%, with only minor changes in ultimate 

deflection. This behavior highlights the beneficial role of increased reinforcement 

in controlling deformations, as evidenced by the load–deflection curves in Fig.  

4.10. Similarly, normal-weight concrete specimens with dense  reinforcement, in-

cluding SN4Aρ^-400, exhibited smaller increases in deflection compared to 

specimens with conventional reinforcement, as shown in Fig. 4.11. At 800°C, 

dense reinforcement in specimens SL5Aρ^-800 and SN5Aρ^-800 contributed to 

improved deflection control; however, significant reductions in load capacity 

were still observed due to the severity of thermal damage.  Overall, the load–de-

flection curves in Fig. 4.10 & 4.11 exhibit an initial linear response followed by 

nonlinear behavior after cracking initiation. Lightweight aggregate concrete slabs 

consistently displayed larger deflections and reduced curve slopes compared to 

normal-weight concrete slabs, indicating lower stiffness and higher sensitivity to 

thermal exposure. 
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The increase in deflection at service load remained relatively limited and did not 

exceed approximately 10% for all specimens, whereas the effect of temperature 

was more pronounced at ultimate load levels, particularly at 800°C. Dense rein-

forcement was effective in enhancing residual stiffness and limiting deformation, 

especially under moderate thermal exposure 

: Deflections of Specimens at Service and Ultimate Load.1-Table 4 

 

Specimens 

Service 

Load 

PS 

)kN ( 

Deflection 

at service 

Load (mm) 

% Increase 

in Deflec-

tion at ser-

vice Load 

Ultimate 

Load 

PU 

)kN ( 

Ultimate 

Deflection 

(mm) 

% Increase in 

Deflection at 

the Ultimate 

Load of         

Reference Spec-

imen 

SN1Aρ-25 26 9.5 Reference 52 31 Reference 

SN2Aρ-400 24.15 10.4 8.6 48.3 32 3.1 

SN3Aρ-800 20.5 10.3 7.7 41.01 32.3 21 

SN4Aρ^-400 24.15 10.1 5.9 48.3 31.8 7 

SN5Aρ^-800 20.3 10.2 6.8 40.6 32.1 21 

SL1Aρ-25 23 10.2 Reference 46 32.2 Reference 

SL2Aρ-400 19.15 10.6 3.7 38.3 32.9 2.1 

SL3Aρ-800 12.5 11.2 8.9 25.01 32.8 1.8 

SL4Aρ^-400 19.5 10.5 2.8 39 32.4 0.6 

SL5Aρ^-800 13.5 11.1 8.1 27.03 32.6 1.2 
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Figure 4.10 Load Deflection Curve for Lightweight Specimens. 

 

 

Figure 4.11 Load Deflection Curve for Normal Concrete Specimens. 
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Table 4.2 Percentage Decreasing in Ultimate Load. 

Type 

 concrete 

 

Specimens 

Service 

Load 

Ps 

(Kn) 

%Decrease 

In Service 

Load 

 

Ultimate 

Load 

Pu 

(Kn) 

%Decrease In 

Ultimate Load 

 

N
o
rm

a
l 

SN1Aρ-25 26 Reference 52 Reference 

SN2Aρ-400 24.15 7.1 48.3 7.1 

SN3Aρ-800 20.5 21 40.6 21 

SN4Aρ^-400 24.15 7.1 48.7 7.3 

SN5Aρ^-800 20.3 21.9 41 21.9 

L
ig

h
t 

W
ig

h
t 

SL1Aρ-25 24 Reference 46 Reference 

SL2Aρ-400 19.15 20 38.3 16.7 

SL3Aρ-800 12.5 47 25 45 

SL4Aρ^-400 19.5 18.7 39 15.2 

SL5Aρ^-800 13.5 43 27 41 

 

 

Figure 4.12 Different patterns and Load Conditions Resulting from Heat. 
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2.24. .3  Load Versus Steel Ratio   

        The effect of reinforcement ratios on the ultimate load and deflection of re-

inforced concrete slabs after exposure to high temperatures was investigated, in-

cluding both normal-weight and lightweight aggregate concrete, in comparison 

with reference specimens not exposed to heat. Reinforcement was designed ac-

cording to code requirements with additional steel provided for shrinkage and 

thermal effects to ensure slab safety under elevated temperatures. For the refer-

ence specimens, SN1Aρ-25 for normal-weight concrete achieved an ultimate 

load of 52 kN with an ultimate deflection of 31 mm, while SL1Aρ-25 for light-

weight concrete recorded an ultimate load of 46 kN with a deflection of 32.2 mm. 

These values serve as the baseline for evaluating the effects of thermal exposure 

and reinforcement variations. At 400°C, slabs with conventional reinforcement 

showed a limited      reduction in ultimate load with SN2Aρ-400 and SL2Aρ-400               

experiencing decreases of 7.1% and 16.7%, respectively, and minor    increases 

in ultimate deflection of 3.1% and 2.1%. This indicates that conventional rein-

forcement is capable of maintaining most of the slab stiffness under moderate 

thermal exposure. Slabs with dense reinforcement, SN4Aρ^-400 and SL4Aρ^-

400, exhibited similar reductions in ultimate load of 7.1% and 15.2% with mini-

mal increases in deflection of 2.5% and 0.6%, demonstrating that increased rein-

forcement within code limits enhances slab stiffness, improves crack distribution, 

and limits deformation under moderate heat. At 800°C, normal-weight    concrete 

slabs, SN3Aρ-800 and SN5Aρ^-800, experienced significant reductions in ulti-

mate load of 21–21.9% with minor increases in ultimate deflection of 3.4–4%. 

Lightweight aggregate concrete slabs, SL3Aρ-800 and SL5Aρ^-800, exhibited 

larger reductions of 41–45% while maintaining relatively stable ultimate deflec-

tion at 1.2–1.8%. These results indicate that high temperatures have a greater im-

pact on lightweight concrete due to higher porosity and weaker bonding  between 

aggregate and paste. Dense reinforcement in SN5Aρ^-800 and SL5Aρ^-800 
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helped control deformations and prevented excessive deflection despite the sub-

stantial reduction in load-carrying capacity. Comparing the reinforcement cases 

shows that dense reinforcement   reduces deflection at moderate temperatures and 

limits crack propagation, whereas conventional reinforcement results in slightly 

higher deflection and greater sensitivity to thermal effects, particularly in light-

weight slabs at high temperatures. he results  demonstrate that adopting reinforce-

ment ratios in accordance with code requirements, including additional steel to 

accommodate shrinkage and thermal effects, significantly enhances the structural 

performance of slabs under elevated temperatures. This approach ensures that the 

reinforcement layout within the slab complies with the permissible increases 

specified by the code for heat and shrinkage considerations. As shown in Table 

4-3, slabs with dense reinforcement exhibit improved residual behavior, maintain 

stiffness, and limit deformation compared to slabs with conventional reinforce-

ment, confirming the effectiveness of this design strategy in preserving slab load-

carrying capacity under high-temperature conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 The Different Models and Load Conditions Resulting from Heat and the Ratio of 

Reinforcing Steel. 
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4.2.2.4   Ductility Factor 

      The ductility factor, or the ratio of mid-span deflection at failure loads to the 

mid-span deflection at the initial yielding of tension main reinforcement bars, 

represents the structural member's capacity to    withstand significant deformation 

[59]. Table 4.4 shows the ductility factors for each specimen. It is evident from 

Fig. 4.14 & Fig. 4.15 that the ductility factor decreases as the burning temperature 

rises, the results indicated that the ductility modulus diminished with rising tem-

perature for both concrete types, with lightweight concrete demonstrating a more 

significant reduction than regular concrete. This is attributed to the porous nature 

of lightweight aggregates and their weak interfacial transition zone, making them 

more susceptible to thermal degradation and loss of plastic deformation capacity. 

Normal concrete, on the other hand, had a higher level of ductility because it had 

a larger aggregate density and stronger internal bonding. This meant that it could 

absorb more energy after curing. 

 

Table 4.4: Ductility Index for Specimens under load. 

 

Specimens 

Yield          De-

flection (Δy) 

(mm) 

Ultimate       

Deflection 

(Δu) (mm) 

Ductility 

Factor 

(Δu/Δy) 

SN1Aƿ-25 8.8 31 3.5 

SN2Aƿ-400 10.1 32 3.16 

SN3Aƿ-800 10.3 32.3 3.13 

SN4Aρ^-400 10 31.8 3.18 

SN5Aρ^-800 10.2 32.1 3.14 

SL1Aƿ-25 10.2 32.2 3.15 

SL2Aƿ-400 11.2 32.9 2.93 

SL3Aƿ-800 11.7 32.8 2.8 

SL4A^-400 11 32.4 2.95 

SL5Aρ^-800 11.5 32.6 2.83 

Note: Ductility Factor = Ultimate Deflection / Yield Deflection, Yield Deflection (Δy) 

Ultimate Deflection (Δu) 

 



 

Chapter Four                                                                     Results and Discussions 

 

 

96 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

D
u

ct
il

it
y

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-14 The Resulting Patterns and Ductility. 

 

 

 

 

 

 

 

Figure 4-15: The Ductility Index. 
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4.2.2.5   Stiffness  

     A body’s stiffness K measures how resistant an elastic body is to. It is a func-

tion of Young's modulus E, the second moment of area I of the beam cross-section 

about the axis of interest, length of the beam, and beam boundary condition. The 

bending stiffness of a beam can analytically be derived from the equation of beam 

deflection when it is applied by a force [60]. See the Table 4-5 and Fig. 4.15 

showing the details of the stiffness.  

𝑘 = 𝑝\𝑤………… . . (4 − 1) 

where p is the applied force and w is the deflection. 

The results show that the stiffness (K) decreased gradually with increasing tem-

perature for all specimens due to the reduction in the modulus of elasticity and 

deterioration of the internal concrete structure. Normal weight concrete speci-

mens exhibited a moderate and uniform reduction in stiffness, whereas light-

weight concrete specimens showed a more pronounced decrease, particularly at 

400°C, indicating higher sensitivity to elevated temperatures. Furthermore, the 

nearly constant or slightly reduced deflection observed in lightweight concrete at 

800°C does not indicate an increase in stiffness, but rather premature failure at 

lower load levels, suggesting increased brittleness at higher temperatures. 

Table 4-5 Stiffness of the Specimens 

 

Specimens 

0.7*Pu 

(kN) 

Deflection 

(mm) 

Stiffness 

K 

(kN\mm) 

SNAƿ-25 36.4 31 1.17 

SNAƿ-400 33.81 32 1.06 

SNAƿ-800 28.707 32.3 0.89 

SNAè-400 33.81 31.8 1.06 

SNAè-800 28.42 32.1 0.89 

SLAƿ-25 32.2 32.2 1.00 

SLAƿ-400 26.81 32.9 0.81 

SLAƿ-800 17.507 32.8 0.53 

SLAè-400 27.3 32.4 0.84 

SLAè-800 18.921 32.6 0.58 
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Figure 4.16 Specimen and Stiffness Resulting from Thermal Effect. 

 

4.2.2.6 Absorption Energy. 

     One definition of flexural strength is the ability to resist crack formation. An-

other interpretation is that flexural strength is a measure of a material's capacity 

to absorb energy [61] . The data in the Table 4-6   below represent the energy 

absorption of reinforced concrete slabs under high heat for both lightweight and 

normal concrete show Fig. 4-16.           

Table (4-6) The Data in the Table Represent the Absorption Energy. 

 

Specimens 

The area under the curve 

(Absorption Energy) 

(kN.mm) 

% Decrease of the             

Absorption Energy 

SN12Aƿ-25 1420 Reference 

SN2Aƿ-400 1310 7.7 

SN3Aƿ-800 1210 14.7 

SN4Aρ^-400 1320 7 

SN5Aρ^-800 1250 12 

SL1Aƿ-25 890 Reference 

SL2Aƿ-400 805 9.5 

SL3Aƿ-800 624 29.8 

SL4Aρ^-400 801 10 

SL5Aρ^-800 615 30 
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Figure 4.16 The Energy Absorption. 

 

4.3 Study of the Properties of Concrete Under the Influence of High Tem-

perature Using the second Method  

     This section included a study of the mechanical properties of reinforced con-

crete slabs under high temperatures, according to the standard of direct flame ex-

posure for a period of 75 minutes. This methodology involved studying the prop-

erties of ten samples, taking into account the following variables: ambient tem-

perature  (25-300-400°C), the percentage of reinforcing steel, and the type of con-

crete (normal and lightweight).   

4.3.1 Changes in Temperature During the Burning Stage  

        As part of a thermal testing program for reinforced concrete slabs, models 

were exposed to direct flame under two temperature conditions (300C˚-400C˚). 

This procedure was designed to simulate real-world fire conditions in order to 

evaluate the thermal and structural behavior of the slabs under direct flame expo-

sure. During the burning phase, temperature changes over time were continuously 

recorded to track heat transfer  
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across three main zones representing the heat transfer pathway in the model: the 

furnace zone combustion chamber, representing the fire    environment, the lower 

surface of the slab directly exposed to the flame, and the upper surface of the slab 

on the side not exposed to the flame. This division helped to clarify the tempera-

ture difference across the depth of the slab and determine the rate of heat transfer 

from the exposed surface to the core of the section and then to the lower, unex-

posed surface. Fig. 4.17 and 4.18 and 4.19 ,4.20 illustrate the pattern of tempera-

ture change with slab depth during the heating period, showing the clear differ-

ence between the upper and lower surfaces. 

 

 

 

 

 

 

 

 

Figure 4-17 Show the Temperature Distribution at SN4Dρ- 300C˚. 
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Figure 4-18 show the temperature distribution at SN3Dρ^-300C˚. 

 

Figure 4-19 Show the Temperature Distribution at SN5Dρ^-400C˚. 
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Figure 4-20 Show the Temperature Distribution at 400C˚. 

 

          At the higher exposure of lightweight models, as shown in Fig. 4-21 and 4-

22 and 4-23. a more pronounced thermal increase was recorded in all three re-

gions. The top surface temperature approached the furnace temperature. The top 

surface remained at relatively low temperatures, confirming the insulating capac-

ity of the concrete. 

 

 

 

 

 

 

Figure 4-21 Show the Temperature Distribution at SL3Dρ^-300C˚. 
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Figure 4-22 show the temperature distribution at SL4Dρ-300C˚. 

 

Figure 4-23 Show the Temperature Distribution at SL1Dρ-400C˚. 
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4.3.2 Post Fire Behavior  

         Specimens here were tested under a centrally concentrated load after being 

exposed to a direct flame, with a linear load placed in the third center of the spec-

imen using a hydraulic jack. The results are    discussed in several main sections 

according to the variables used:    ambient temperature, (25C˚-300C˚-400C˚), re-

inforcing steel ratio, and concrete type. The aim of this research is to determine 

the behavior and performance of one-way slabs at high temperatures: 

A-Load Capacity and Failure Mode. 

B-Load and Deflection Behavior. 

D-Load-to-Steel Ratio. 

E-Ductility. 

F-Stiffness. 

G-Flexural Strength. 

 

4.3.2.1 Load Capacity and Failure Mode. 

     The first set consists of five samples made exclusively from reinforced con-

crete slabs using normal concrete. These samples were prepared under standard 

conditions and to uniform dimensions to ensure the accuracy and reliability of the 

results. The main objective of this set is to establish a baseline for comparison 

and provide a reference for evaluating the mechanical response and failure be-

havior of normal   concrete slabs under loading conditions applied with direct 

exposure to high temperatures. This group includes one control sample, and the   

other samples were recorded at ambient temperatures (25C˚-400C˚-300C˚). 

The applied load at the onset of the observed service response in the tensile zone 

of the tested slab is defined as the service load. Table 4.7 summarizes the exper-

imental values for service and failure loads, experimental observations showed 

that the service load, visually recorded during testing, occurred at different load 

levels among the samples. The Decrease in service Load and ultimate load ratio 
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ranged from 26% to 46% indicating that the temperature increase resulting from 

fire exposure had only a minor effect on this ratio, despite the significant decrease 

in both individual loads (PS and Pu). These results suggest that increasing the 

temperature Exposure to high temperatures leads to a gradual deterioration in 

both the service and ultimate loads due to the loss of bond between the cement 

paste and the reinforcing steel, as well as a decrease in the mechanical strength 

of the concrete with increasing temperature. 

Table 4-7 Percentage Decrease in Ultimate Load. 

% Decrease in         

Ultimate Load      

concerning Refer-

ence 

% Decrease in      

service Load        

concerning           

Reference 

Ultimate 

Load (𝐏𝐮) 

(𝐤𝐍) 

Service 

Load 

(𝐏s) (𝐤𝐍) 

 

 

Specimens 

Reference Reference .581  7.25 SN2DCρ-25 

41.6 25 10.8 5.4 SN4DCρ-300 

35 17 12 6 SN3Dρ^-300 

62 34 9.5 4.75 SN5Dρ^-400 

52 39 8.8 4.4 SN1Dρ-400 

 

          Figures 4-24 illustrate the failure patterns of (SN3Dρ-300(and (SN4DCρ-

300(specimens, which were tested under Ć300 . Both slabs exhibited a predomi-

nantly flexural failure pattern, characterized by the formation of a large vertical 

crack in the mid-span region extending from the tension face upwards towards 

the compression zone. The cracks gradually widened with increasing applied load 

until concrete crushing occurred in the upper compression zone, indicating the 

final failure stage. 

Fig. 4-24 illustrate the failure patterns of SN1Dρ^-400 and SN5Dρ^-400 speci-

mens Minor secondary cracks appeared near the path of the main crack, indicating 

a gradual deterioration in stiffness and stress redistribution within the tension 

zone with increasing load. The absence of diagonal cracks near the supports con-

firmed that shear effects were minimal and that both specimens failed purely flex 

rally. Therefore, the overall failure pattern can be classified as flexural crush 
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failure, where reinforcement yielding was followed by concrete      crushing at 

the compression face.  The second group consisted of five samples of lightweight 

reinforced concrete slabs. These samples were prepared under standard condi-

tions and to uniform dimensions to ensure the accuracy and reliability of the re-

sults. The main objective of this group was to establish a baseline for comparison 

and to study the changes in mechanical properties and failure behavior of light-

weight concrete slabs under applied loading conditions resulting from direct ex-

posure to high temperatures. This group included one control sample in addition 

to the other samples, whose temperatures were recorded   between (25-300- 400) 

C˚. Table 4-8 shows the service and ultimate load results for the tested lightweight 

reinforced concrete slabs exposed to high temperatures. Each sample showed a 

distinct response depending on its reinforcement ratio and level of heat exposure. 

 

Table 4-8: Shows the service and Ultimate Load Results 

 

Specimens 

Service 

Load 

(𝐏s) 
(𝐤𝐍) 

Ultimate 

Load 

(𝐏𝐮) 

(𝐤𝐍) 

% Decrease 

In Service 

Load Con-

cerning    Ref-

erence 

 %Decrease In 

Ultimate Load 

Concerning      

Reference 

SL5DCρ-25 8.9 17.8 Reference Reference 

SL4Dρ-300 6 12 32 32 

SL1Dƿ-400 3.75 7.5 57 57.8 

SL2Dρ^-400 5.4 10.8 39 39.3 

SL3Dρ^-300 8.4 16.8 5 5.6 

 

     Fig. 4-24 illustrate the failure pattern of lightweight concrete specimens 

(SL3Dƿ^-300(and (SL4Dƿ-300(, tested at 300 °C under thermal stress. The 

specimens exhibited a rapid bending failure pattern, characterized by a dominant 

vertical crack in the mid-span extending upwards from the tension surface to-

wards the compression zone. The main crack gradually widened with increasing 

applied load. These figures show that the bending cracks were nearly parallel, and 
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no cracks were observed near the support zones. The crack pattern in the slabs   

also exhibits similar behavior.  Fig. 4-24 show the failure pattern of lightweight 

concrete specimens SL1Dƿ-400  and SL2Dƿ^-400 tested at 400C˚. The speci-

mens exhibited a flexural failure mode with a main vertical crack at mid-span 

extending from the tension face toward the compression zone. As the load in-

creased, the main crack widened, and parallel bending cracks formed along the 

span, while no cracks appeared near the supports.  The experimental results indi-

cate that  increasing the temperature has a significant effect on the failure  behav-

ior of normal-weight reinforced concrete slabs after fire exposure and loading to 

ultimate capacity. At moderate temperatures, such as 25°C to 400°C, failure ini-

tially appears as flexural bending with limited surface cracking. This form of fail-

ure is accompanied by a moderate  reduction in service and ultimate loads due to 

partial deterioration of the bond    between the cement paste and reinforcing steel, 

as well as a decrease in the mechanical stiffness of the concrete.  at higher           

temperatures, such as 300°C and 400°C, the failure becomes more    pronounced, 

characterized by severe flexural bending with branching cracks and noticeable 

spalling of the outer concrete cover. This behavior reflects the increasing impact 

of temperature on the load-carrying capacity of the slabs, as elevated heat weak-

ens the bond between the aggregate and cement paste and increases the brittleness 

of the concrete, reducing stiffness and increasing deflections prior to reaching 

ultimate failure. Overall, it can be concluded that the mode of failure evolves 

from limited bending with minor cracking to severe bending with spalling of the 

concrete cover as the temperature rises. Furthermore, the results demonstrate that 

higher temperatures lead to a gradual decrease in both service and ultimate loads, 

highlighting the deterioration of the concrete’s mechanical properties and the par-

tial loss of interaction between the concrete and reinforcing steel under thermal 

exposure. 
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Figure 2-24 The Failure Pattern in Normal and Lightweight Concrete. 

4.3.2.2 Load and Deflection Behavior. 

      The load–deflection response of concrete slabs provides critical    insight into 

their structural performance and deformation capacity under high thermal expo-

sure. In this study, both normal-weight and lightweight concrete specimens ex-

hibited noticeable changes in deflection with increasing temperature, reflecting 

the influence of   thermal degradation on concrete stiffness and bond integrity 
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with reinforcing steel. For normal-weight concrete specimens, the reference sam-

ple SN2DCρ-25 exhibited a service deflection of 6 mm and ultimate deflection 

of 20 mm. Exposure to 300°C SN4DCρ-300resulted in a moderate increase in 

service deflection to 7 mm (14%) and ultimate deflection to 21.5 mm (6.9%). At 

400°C SN5Dρ’-400 and SN1Dρ-400, deflections increased further to 7.01–7.2 

mm at service load (14.4–16.6%) and 22.6–22.8 mm at ultimate load (11.5–

12.2%). This increase in deflection is attributed to microcracking in the cement 

matrix, weakening of the concrete-steel bond, and partial loss of stiffness in the 

concrete, which becomes more pronounced as temperature rises .   For lightweight 

concrete specimens, the reference SL5DCρ-25 exhibited higher baseline deflec-

tions of 8 mm at service load and 23 mm at ultimate load. After exposure to 300°C 

SL4Dρ-300 and SL3Dρ’-300, service deflections increased to 9–8.3 mm (3.6–

11.1%) and ultimate deflections to 24–24.5 mm (4.16–6.12%). At 400°C 

(SL1Dρ-400 and SL2Dρ’-400), service deflections reached 10–10.5 mm (20–

23.8%), while ultimate deflections remained in the range of 23.9–24.1 mm (3.7–

4.5%). The higher deflection tolerance of lightweight concrete is mainly due to 

its greater internal porosity and lower modulus of elasticity, which allows more 

deformation under load without immediate failure. However, despite higher ser-

vice deflections, the ultimate deflection   increases were relatively moderate, sug-

gesting that structural integrity is maintained under high temperatures, albeit with 

reduced stiffness .  Overall, the data indicate that elevated temperatures lead to a 

gradual increase in service and ultimate deflections for all slabs, with the     mag-

nitude of deflection increase being more pronounced in lightweight concrete at 

service load, while normal-weight concrete shows a more consistent increase at 

ultimate load. The underlying mechanisms include thermal-induced microcrack-

ing, reduction in bond strength between reinforcement and concrete, and de-

creased concrete stiffness, which collectively explain the observed deflection be-

havior see Table 4-25 and Fig. 4-21& Fig.4-26. 
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Table 4-9 Service Load and Ultimate Deflection. 

 

Specimens 

Deflection 

at service 

Load (mm) 

% Increase 

in Deflection 

at service 

Load 

Ultimate 

Deflec-

tion 

(mm) 

% Increase in Deflection 

at The Ultimate Load of      

Reference Specimen 

SN2DCρ-25 6 Reference 20 Reference 

SN4DCρ-300 7 14 21.5 6.9 

SN3Dρ’-300 6.5 7.6 21 5 

SN5Dρ’-400 7.01 14.4 22.6 11.5 

SN1Dρ-400 7.2 16.6 22.8 12.2 

SL5DCρ-25 8 Reference 23 Reference 

SL4Dρ-300 9 11.1 24.5 6.12 

SL1Dƿ-400 10.5 23.8 24.1 4.5 

SL2Dρ’-400 10 20 23.9 3.7 

SL3Dρ’-300 8.3 3.6 24 4.16 

 

 

Figure 4-25  Load and Deflection Curve for normal Reinforced Concrete Slabs. 
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Figure 2-26  Load and Deflection Curve for Lightweight Reinforced Concrete Slabs. 

 

Table 4-10 The Effect of Temperature on Load. 

Type 

concrete 

 

Specimens 

Ultimate load 

Pu (kN) 

Decreasing% in 

Pu 

L
ig

h
tw

ei
g
h

t 

C
o
n

cr
et

e
 

SL5DCρ-25 17.8 Reference 

SL4Dρ-300 12 32 

SL1Dƿ-400 7.5 57 

SL2Dρ^-400 10.8 39 

SL3Dρ^-300 16.8 5.6 

N
o
rm

a
l 

C
o
n

cr
et

e
 

SN2DCρ-25 18.5 Reference 

SN4Dρ-300 10.8 41 

SN3Dρ^-300 12 35 

SN5Dρ^-400 9.5 48 

SN1Dρ-400 8.8 52 
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Figure 4-27 The Effect of Temperature on Load. 

4.3.3.3  Varying Reinforcement Ratios and Loading Conditions. 

           Table 4-11 summarizes the experimental results of reinforced concrete 

slab specimens subjected to elevated temperatures of 25°C, 300°C, and 400°C, 

considering different reinforcement ratios and loading conditions. The results 

clearly demonstrate that increasing the exposure temperature leads to a progres-

sive reduction in the ultimate load capacity of all specimens. This degradation is 

primarily attributed to the deterioration of concrete stiffness, thermal damage to 

the cement matrix, and weakening of the bond between concrete and reinforcing 

steel under high-temperature conditions. For the lightweight concrete slabs, the 

reference specimen SL5DCρ-25, tested at ambient temperature, achieved an ul-

timate load of 17.8 kN. Upon exposure to 300°C, specimen SL4Dρ-300 exhibited 

a significant reduction in ultimate load to 12 kN, corresponding to a decrease of 

32.5%. In contrast, specimen SL3Dρ^-300, which incorporated a higher rein-

forcement ratio, showed a markedly lower reduction of only 5.6%, sustaining an 

ultimate load of 16.8 kN. This behavior highlights the beneficial role of increased 

reinforcement in enhancing flexural resistance and mitigating heat-induced 

strength degradation. At a higher temperature of 400°C, the influence of 
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reinforcement ratio became more pronounced. Specimen SL1Dƿ-400, character-

ized by a lower reinforcement content, recorded the lowest ultimate load of 7.5 

kN, with a substantial reduction of 57.8%. Meanwhile, specimen SL2Dρ^-400, 

containing a higher reinforcement ratio, maintained a comparatively higher ulti-

mate load of 10.8 kN, limiting the reduction to 39.3%. These results indicate that 

adequate reinforcement contributes to improved load redistribution, enhanced in-

ternal cohesion, and restraint of  thermally induced cracking in lightweight con-

crete slabs. A similar trend was observed for the normal-weight concrete slabs. 

The reference specimen SN2DCρ-25 achieved an ultimate load of 18.5 kN at 

room temperature. When exposed to 300°C, specimen SN4Dρ-300 experienced 

a reduction in ultimate load to 10.8 kN, representing a 41.6% decrease, whereas 

specimen SN3Dρ^-300, with a higher reinforcement ratio, sustained a higher ul-

timate load of 12 kN, with a lower reduction of 35.1%. This confirms the positive 

influence of increased reinforcement in preserving flexural capacity under mod-

erate thermal exposure. Under 400°C exposure, specimen SN1Dρ-400 showed a 

pronounced decrease in ultimate load to 8.8 kN, corresponding to a reduction of 

52.4%, while specimen SN5Dρ^-400 maintained a slightly higher capacity of 9.5 

kN, with a reduced loss of 48.6%. The improved performance of specimens with 

higher reinforcement ratios can be attributed to the ability of steel reinforcement 

to bridge cracks, delay stiffness degradation, and maintain structural integrity de-

spite the reduction in concrete strength at elevated temperatures. Overall, the ex-

perimental results presented in Table 4-11 and illustrated in Fig. 4-28 confirm 

that while elevated temperature adversely affects the ultimate load capacity of 

reinforced concrete slabs, increasing the reinforcement ratio significantly miti-

gates this effect. Higher reinforcement ratios enhance internal cohesion, limit the 

propagation of thermal cracks, and improve the residual load-carrying capacity, 

particularly under severe thermal exposure.  
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Table 4-11 Steel Reinforcement Ratio and Ultimate Load. 

 

Specimens 

Ultimate load 

Pu (kN) 

%Decreasing 

In (Pu) 

SL5DCρ-25 17.8 Reference 

SL4Dρ-300 12 32.5 

SL1Dƿ-400 7.5 57.8 

SL2Dρ^-400 10.8 39.3 

SL3Dρ^-300 16.8 5.6 

SN2DCρ-25 18.5 Reference 

SN4Dρ-300 10.8 41.6 

SN3Dρ^-300 12 35.1 

SN5Dρ^-400 9.5 48.6 

SN1Dρ-400 8.8 52.4 

 

 

Figure 4-28 The Effect of Temperature on Load When Controlling the Reinforcement Ratio. 

 

4.3.3.4   Ductility 

       The term "ductility" describes the ability of reinforced concrete components 

to withstand a large displacement before failure show  Fig. 4-29 & 4-30. The ratio 

of the maximum deflection (Δu) to the yield deflection (Δy) is known as the duc-

tility index (D.I) The results reveal that all of the models that were exposed to 

direct flame heat kept their ductility, with ductility index values ranging from 
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2.23 to 2.85. This means that the elements could absorb strain before breaking. It 

was noted that (SN) models attained much greater ductility index values than (SL) 

models, indicating enhanced elasticity when subjected to heat. Additionally, the 

higher slump at the yield point was accompanied by a slight increase in the ulti-

mate slump; however, for certain models, the ductility index decreased. This phe-

nomenon is because high temperatures make concrete and steel less rigid, which 

is what causes the characteristics to break down. The results show that direct 

flame exposure lowers ductile efficiency, although the behaviour stays within 

structurally acceptable limits, which is derived from the load-deflection curve 

show Table 4-12. 

Table 4-12 Ductility Index. 

 

Specimens 

Deflection 

at yield 

Load (mm) 

Ultimate 

Deflection 

(mm) 

%Ductility In-

dex 

SL5DCρ-25 8.9 23 2.58 

SL4Dρ-300 9 24.5 2.72 

SL1Dƿ-400 9.67 24.1 2.49 

SL2Dρ^-400 10.7 23.9 2.23 

SL3Dρ^-300 10.66 24 2.25 

SN2DCρ-25 7 20 2.85 

SN4Dρ-300 8 21.5 2.68 

SN3Dρ^-300 7.8 21 2.69 

SN5Dρ^-400 9.2 22.6 2.45 

SN1Dρ-400 9.4 22.8 2.42 

 



 

Chapter Four                                                                     Results and Discussions 

 

 

116 

 

 

Figure 4-29 Ductility for Specimen. 

4.3.3.5 Stiffness 

The stiffness of a structural element is calculated using the formula k = 0.7Pu / 

w, where Pu is the uitamate load (kN) and w is the deflection (mm). Stiffness 

represents the ability of a slab to resist deformation under loading. The table's 

results demonstrate that the samples that were directly exposed to flame were 

much softer than the control samples. This shows how high temperatures can 

change the properties of materials. he results indicate that specimen (SL1Dρ-400) 

exhibited the greatest reduction in stiffness, with a decrease of approximately 

60% compared to the reference specimen. This reduction can be attributed to the 

deterioration of the modulus of elasticity of both concrete and reinforcing steel at 

elevated temperatures. In contrast, specimen (SL3Dρ^-300) showed only a minor 

reduction of about 9%, indicating that it retained a significant portion of its stiff-

ness after heating. Furthermore, it was observed that normal-weight concrete 

(SN) specimens consistently exhibited higher stiffness values than lightweight 

concrete (SL) specimens after exposure to elevated temperatures, Table 4.13 
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shows the stiffness values of the tested slabs, while Fig. 4.32 illustrates their be-

haviour under load.  

Table 4.13 The Stiffness Values 

 

Specimens 

0.7*Pu (Kn) Deflection 

(mm) 

Stiffness 

K=0.7Pu\w 

SL5DCρ-25 12.46 23 0.542 

SL4Dρ-300 8.4 24.5 0.343 

SL1Dƿ-400 5.25 24.1 0.218 

SL2Dρ^-400 7.56 23.9 0.316 

SL3Dρ^-300 11.76 24 0.490 

SN2DCρ-25 12.95 20 0.648 

SN4Dρ-300 7.56 21.5 0.352 

SN3Dρ^-300 8.4 21 0.400 

SN5Dρ^-400 6.65 22.6 0.294 

SN1Dρ-400 6.16 22.8 0.270 

 

 

Figure 4-30 The Stiffness of the Working Models Using Direct Flame Exposure. 
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4.3.3.6 Energy Absorption. 

        The area under the load-deflection curve is used to calculate the energy ab-

sorption of concrete slabs. Data presented in Table 4.14 indicate that energy ab-

sorption increases significantly with higher applied loads. Additionally, elevated 

temperatures affect the slab properties, The table results indicate that the models' 

capacity to absorb energy significantly diminished when subjected to direct fire. 

This reduction is attributed to the high temperatures, which caused both the con-

crete and reinforcing steel to lose their structural integrity. Model (SL1Dρ-400) 

experienced the most substantial decrease in energy absorption, plummeting by 

53%. This demonstrates that the element's ability to dissipate energy prior to fail-

ure was severely compromised. Conversely, model (SL3Dρ^-300) exhibited the 

smallest decline at 12.8%, suggesting that it retained a greater level of energy 

absorption capacity at lower temperatures. Additionally, it was observed that the 

(SN) models generally displayed an average reduction of 25% to 45%, outper-

forming some (SL) models. These variations can be attributed to differences in 

temperature and the extent of thermal damage sustained by the concrete compo-

nent. Overall, the data clearly illustrate that direct exposure to fire considerably 

diminishes the ability to absorb energy, resulting in noticeable changes in their 

ability to absorb energy shows Fig. 4-33. 

Table 4.14 Energy Absorption Data. 

 

Specimens 

The Area Under the 

Curve (Energy           

Absorption.), (kN. 

mm) 

% of The Decrease 

in 

Energy Absorption. 

SN2DCρ-25 200 Reference 

SN4Dρ-300 110 45 

SN3Dρ^-300 150 25 

SN5Dρ^-400 130 35 

SN1Dρ-400 118 41 

SL5DCρ-25 195 Reference 

SL4Dρ-300 140 28 

SL1Dƿ-400 90 53 

SL2Dρ^-400 112 42 

SL3Dρ^-300 170 12.8 
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Figure 4.31 Energy Absorption. 

 



Chapter Five                                                          Conclusions and Recommendations 

120 
 

CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATION 

 

    5.1 Introduction 

       This chapter presents the discussion and analysis of the 

experimental results of reinforced concrete slabs made from both 

ordinary and lightweight concrete after exposure to elevated 

temperatures. The experimental program included ten specimens for 

each heating method, in which two different heating procedures were 

applied:(direct flame heating(and )gradual heating according to the ISO-

834 standard fire curve and the American standard ASTM- E  .(911  

After 28 days of curing, the specimens were heated according to their 

designated method and then tested under flexural loading until failure. 

The results were analyzed in terms of ultimate load, mid-span 

deflection, stiffness, ductility, energy absorption, and failure modes, to 

evaluate the structural behavior of the slabs under high-temperature 

conditions. 

 

 5.2 Conclusions 

         This research aimed to evaluate the structural behavior of normal 

and lightweight concrete slabs under high temperatures using two 

different heating methods: 

1. Direct flame heating. 

2. Gradual heating according to the ISO-834 standard curve and ASTM-

E119. 

The results were analyzed based on the ultimate load, deflection, 

stiffness, ductility, energy absorption, and failure modes.  
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5.3   Flexural Behavior of Concrete Slabs at Exposed Fire 

1. Ultimate Load: 

a. Slabs exposed to direct flame at 300–400 °C showed a significant 

reduction in load capacity (41-62) % for normal concrete and (32-57) 

% for lightweight concrete compared with the reference slabs. 

b. Slabs subjected to ISO-834 gradual heating at 400–800 °C (7-21) % 

for normal concrete and (16-40) % for lightweight concrete. 

2. Deflection: 

a. Direct flame specimens exhibited larger deflections due to rapid 

thermal gradients (8-4) % for normal and lightweight. 

b. According curve ISO834-ASTM-E119: Gradually heated slabs 

maintained lower deflections, reflecting slower stiffness degradation 

(2.5-1.2) % for normal and lightweight concrete. 

3. Stiffness: 

a. Both heating methods reduced initial stiffness, more pronounced in 

direct flame specimens (32-42) % for normal and lightweight. 

b. ISO-834 exposure preserved a higher portion of the stiffness (15-

25) % for normal and lightweight concrete.  

4. Ductility: 

a. The direct-flame-heated specimens recorded higher ductility 

ratios, ranging between )2.55–2.5(% for both normal-weight and 

lightweight concrete slabs. 

b. Specimens heated under the ISO-834 curve showed comparatively 

lower ductility ratios, within the range of )3.14–2.8(% for normal-

weight and lightweight concrete. 

5. Energy Absorption: 
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a. The direct-flame-heated specimens recorded decrease 

(36.5-33.9) % to the energy for both normal-weight and 

lightweight concrete slabs. 

b. Specimens exposed to the ISO-834 heating curve to the 

energy decrease (10-20) % for normal-weight and 

lightweight slabs. 

6. Failure Mode: 

a. The direct flame exposure produced non-uniform surface damage, 

accompanied by, localized and irregular cracking patterns, 

indicating uneven thermal distribution across the slabs. 

b. In contrast, the ISO-834 heating method resulted in a clear flexural 

failure pattern due to the more uniform temperature distribution, 

while surface spalling was observed in both heating methods. 

7. Effect of Increased Reinforcement  

a. Direct Flame Exposure: Moderate reinforcement resulted in a 

slight increase in ultimate load and reduced deflection at elevated 

temperatures. 

b. A significant deterioration in stiffness, ductility, and energy 

absorption was observed, along with a decrease in cracking and a 

widening of gaps, upon rapid heat exposure. 

c. Heating According to ISO-834: 

a- The slabs exhibited higher ultimate load-bearing capacity with 

less deflection compared to the reference samples when subjected to 

high heat using this method and according to the established study 

variables. 

b- A deterioration and failure in stiffness and ductility, as well as an 

increase in energy absorption, were observed when the studied 
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working samples were heated according to this specification, but to a 

lesser extent than with the first method, direct flame exposure 

heating. 

 

5.4 Recommendations 

1. It is recommended to adopt gradual heating according to the ISO-

834 standard and the ASTM-E119 standard for evaluating the 

performance of concrete slabs, as the ISO temperature curve 

provides a more accurate and realistic assessment of slab behavior 

compared to direct flame exposure. 

2. The complete replacement of LECA aggregate is not advised, as it 

causes significant deterioration in concrete under high 

temperatures; partial replacement is preferred to maintain good 

thermal and mechanical performance. 

3. Lightweight concrete is recommended for applications requiring 

higher fire resistance, as it demonstrated better ductility, higher 

energy absorption, and improved resistance to thermal 

deformation compared to ordinary concrete. 

4. Reinforcement ratio should be increased only within reasonable 

limits, as moderate increases improve ultimate load, reduce 

deflection, and enhance stiffness, ductility, and energy absorption 

under high temperatures without causing other structural issues. 

5. The ISO-834 method is recommended for future studies involving 

large structural elements such as columns or bridges, as it provides 

a better representation of the actual mechanical deterioration of 

concrete properties under high temperatures, enabling a more 

accurate and realistic evaluation of structural performance. 
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6. Alternative aggregates, such as recycled aggregates, are 

recommended for future studies, with reliance on the ISO-834 

temperature curve and ASTM standards, as they provide the most 

reliable and accurate results for evaluating concrete performance 

under elevated temperatures. 

7. Improvement the lightweight R.C. slab  with smart martial 

[Reactive powder ,Fiber ,Recycle Matreal], Improve the hardened 

properties of concrete .  
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APPENDIX (A) 

 Flexural strength of reference slab according to ACI-318-18 

 All slabs were designed according to ACI-318-18 Code. The steps of  analysis of 

the reference slab as follows. 

Date : 

 𝑓𝑦 = 445.5  𝑀𝑃𝑎   ,  𝑓𝑐` =  24   𝑀𝑃𝑎   L = 850 ,  b= 400 mm   

 𝑡𝑠 =  80  𝑚𝑚        , ∅ = 8  𝑚𝑚   𝐴𝑏𝑎𝑟 = 50.24 𝑚𝑚2 

Concrete cover=25 mm 

d =h-cover- 𝑑𝑏\2 =80-25-4 =50 mm 

f𝑐ˊ < 28 𝑀𝑃𝑎 → 𝛽1 = 0.85 

𝜌𝑏 = 0.85×β1×
𝑓𝑐`

𝑓𝑦
×(

600

600+𝑓𝑦
) = 

𝜌𝑚𝑎𝑥 = 0.85𝛽1  
𝑓𝑐`

𝑓𝑦
   

0.003

0.003+0.004
=0.0167 

𝐴𝑠𝑚𝑎𝑥=𝜌𝑚𝑎𝑥∗𝑏∗𝑑=334 𝑚𝑚 

No. of bar = 
𝐴𝑠𝑚𝑎𝑥

𝐴𝑠𝑏𝑎𝑟
= 6,6 ≈ 7 

Asmin≥ (0.0014 ∗ 400 ∗ 80) = 44,8 𝑚𝑚2 

Asmin≥ 0.0018 ∗
420

445,5
∗ 400 ∗ 80 = 54,3𝑚𝑚2(use the max. value) 

NO. of bar =
𝐴𝑠𝑚𝑎𝑥

𝐴𝑠𝑏𝑎𝑟
=

54,3

50,24
= 2 𝑏𝑎𝑟 

Use NO.of bar =4 bar 

As= 4*50,24 = 200,96 mm2 

Asmin =54,3 mm2≤ 𝐴𝑠 = 200,96 𝑚𝑚2 ≤ 𝐴𝑠𝑚𝑎𝑥 = 334 mm2 

 



Date : 

𝑓𝑦 = 512 𝑀𝑃𝑎 ,𝑓𝑐` = 24 𝑀𝑃𝑎 

slab dimension = 1000 × 2250 mm ,  t(h)=100 mm   ,Ф=10mm 

 𝑓𝑦 = 512  𝑀𝑃𝑎   ,  𝑓𝑐` =  24   𝑀𝑃𝑎    

 L = 2000mm   b= 1000 mm   

    𝑡𝑠 =  100  𝑚𝑚        , ∅ = 10  𝑚𝑚   𝐴𝑏𝑎𝑟 = 79 𝑚𝑚2 

Concrete cover=25 mm 

d =h-cover- 𝑑𝑏\2 =100-30 =70 mm 

f𝑐ˊ < 28 𝑀𝑃𝑎 → 𝛽1 = 0.85 

𝜌𝑏 = 0.85×β1×
𝑓𝑐`

𝑓𝑦
×(

600

600+𝑓𝑦
) =0.0183 

𝜌𝑚𝑎𝑥 = 0.85𝛽1  
𝑓𝑐`

𝑓𝑦
   

0.003

0.003+0.004
=0.0145 

𝐴𝑠𝑚𝑎𝑥=𝜌𝑚𝑎𝑥∗𝑏∗𝑑=1016𝑚𝑚2 

No. of bar = 
𝐴𝑠𝑚𝑎𝑥

𝐴𝑠𝑏𝑎𝑟
= 12,8 ≈ 13 

Asmin≥ (0.0014 ∗ 1000 ∗ 100) = 140 𝑚𝑚2 

Asmin≥ 0.0018 ∗
420

512
∗ 1000 ∗ 100 = 147.6𝑚𝑚2(use the max. value) 

NO. of bar =
𝐴𝑠𝑚𝑎𝑥

𝐴𝑠𝑏𝑎𝑟
=

147.6

79
= 2 𝑏𝑎𝑟 

Use NO.of bar =5 bar 

As= 5*79 = 395mm2 

Asmin =147.6mm2≤ 𝐴𝑠 = 395𝑚𝑚2 ≤ 𝐴𝑠𝑚𝑎𝑥 = 1016 mm2 

 



 

APPENDIX (B) 

 



 الملخص

م  لنعآل ددي مننيةددلمسل        تعُدد ا منشآتددلخ مننيةددلمسل منشرددً ل حييددلا نً يدددُل منددرا ًدد  دًُ ددُ ليدديميا

تتدديم ب  ددسط منة س ددل  من.ليذسددلن نددرمل  ددط مننددي يا ت  ددد  مدد ي   دد ن منندديي منددرا دشُ.ددط ل  درُدد    

من يددددُن ت ددد ا ددددر  من يمةدددل  ندددئ   دددح ةدددً ن  خفدددلال لنددد مب مننيةدددلمل خ س دددل منددد    حآددد  

ل نشعسددددليا دتنددددشط ن  ISO-834  منش م دددد ل ASTM-E119 تعييدددد ل منش للددددي نً ددددم ل     ددددا

من يمددل ا منتييد ددا ةيمةددل تددةذسي ةي ددل قدديميع من ددينل  مدد ي مننيةددلملل  مردد ل منترددًس ل   يد ددل 

حًددددئ  عددددص مننفددددلال  (ل ل  منتعدددديم منش للددددي نً ددددم ISO-834 ل ل ASTM-E119 من ددددين

منددد      ليمدددلا  لننيةدددلمل رسدددي منشتندددييع  رسدددي منشعييدددل منشس.لمس.سدددل من ل دددل نًنيةدددلمل خ س دددل 

نً يدددُ ل   ددا   ل  ددل مننددلابل  منفددي لل  منشةسًسددلل  تنددمدط منةلًددلن تنددشآ  م خت ددليمخ منعشددا 

ل نشعسدددلي -ASTM حًدددئ لنددد مب خيةدددلمسل خ س دددل منددد     حلةددددل  لةدددتن ما  ددديد تسط  م  ندددئ    دددا

E119 ل   ISO-834  مل  من لمسدددددل  دددددلنتعيدص منش للدددددي نً دددددم ًددددد  100×  1000×  2250 ة عدددددلة

ل ت ددد  قشدددا  يقدددم  ة دددُ حًدددئ ةدددة  ل ردددآ    لةدددآلة  ردددسب مل  ًددد  80×  400×  1000 ة عدددلة 

ل نت سددسم تددةذسي ةي ددل قدديميع من ددين   يد ددل من ددين  20منعًدد ان لددشا منعشددا منتييد ددا  ددم  ن قددا

لمس.سدددل نًنيةدددلمل  منردددً ن حًددئ مددد ي مننيةدددلمل  مرددد ل منترددًس ل  منتدددا تعتشددد  حًدددئ منندد م  منشس.

ملإمتددلاا نوندد مب مننيةددلمسل منن س ددل  منعلةدددل ت دد  من شددال  شددل  ددا لإنددة   مقددلخ  آتفدد  ملإ مقددل 

ل نًةيد دددل م  ندددئل  ل ASTM-E119 لمشدددل  منتتددد  لخن لل ددديخ منآتدددلاا ل  قدددين مننيةدددلمل    دددا

ISO 834 ةي دددل  ة ددددلل لةن  ندددئ ممن دددلم  آرددد ل  800  400ل حآددد  ةي دددلخ قددديميع تتددديم ب  دددسط

% نًنيةدددلمل منن س دددل 28%  دددا   ل  دددل منندددلاب نًنيةدددلمل منعلةددددل   ليمدددل  لمن دددلم  آرددد ل 14

منش ي ًددل حآدد  م ددت ةي ددلخ من دديميعن   لنش ددال لل دديخ منةيد ددل من لمسددلل  دددا منتعدديم منش للددي 

ةي ددل  ة ددددل لةن  نددئ ممن دددلم  400  300نً ددمل ل  منترددنسط حآددد  ةي ددلخ قددديميع تتدديم ب  دددسط 

% نًنيةددلمل منن س ددل حآدد  44%ل   ليمددلا  لمن ددلم ًدد ي  51ل  ددل مننددلاب نًنيةددلمل منعلةدددل  آردد ل   

  آدددلعا حًدددئ متدددلاا مخت دددليمخ لنددد مب مننيةدددلملل لةخ  يد دددل منتردددنسط  .م دددت ةي دددلخ من ددديميع

 ًدددم نًنيةدددلمل منن س دددل ت ددد  تدددةذسي من شدددا  4  2ن1منشردددتن  ل  ندددئ  ددددلةع م م ددديما  ندددئ  دددل  دددسط 

  يد ددل منتعدديم منش للددي نً ددمن  تددديم ب  ISO-834  من دديميعل  لإنددة  لةددتن ما قدداق  ددط  يد ددل

 20ل  حًددئ   دد  منةلًددل  ددسط 5ن2  8ن2%ل  حًددئ منشةسًسددل  ددسط 42  25تددةذسي لإنددة حًددئ منفددي ل  ددسط 

 .%9ن33 



 

لل دش.دددط مةدددتآتلي ل  تعددديدص منعآل دددي ملإمتدددلاسل نددد ي لخ قددديميع حلنسدددل دددد ةا  ندددئ ت.ددد ا    ختل ددا

 ممتتددلي منتدد  ن ةمخددا من آسددل من مخًسددل نًنيةددلملل  فدد   ال  تلاسدديمخ  س.لمس.سددل  قسشسلاسددل ترُدد م  ددا 

ل ل  منتعدديم  تدد د ي ق سددي  ددا منندد م  منشس.لمس.سددل نشدد مة منعآفددي ملإمتددلاان لل دديخ منآتددلاا لدنددا

ل نًةلًددل من يميدددلل حًددئ ح.ددت  ددل دت  ددُ حآدد  م نتددمما  لنش م دد لخ  منش للددي نً ددم درُدد م   دد ممال  ماسددا

ل  شدددل دددد ذي حًدددئ   سعدددل مننددديي منآدددلتان    د تفدددي ASTM-119  ISO-834 من سلةدددسل منشعتشددد ع

ل  تدد.ا ق سددي حًددئ   ل  ت دد ل دددرم منتدد د ي حًددئ ممن ددلم   ل  ددل مننيةددلمل   رددمل  ددا ددد ذي لدنددا

 .نلإ  لة  آنسل تت.ا منت  ن  ممتتليدلل  لإنة ت عال نآ ي مننيةلمل منشرتن  ل  ا درم من  ح 
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