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ABSTRACT 

 

Full Name : [Yousif Akram Smoudi] 

Thesis Title : [Response of concrete slabs reinforced with glass fiber- reinforced 

polymer (GFRP) bars subjected to fire load] 

Major Field  : [Civil Engineering] 

Date of Degree : [December 2023] 

 

In recent years, the utilization of glass fiber reinforced polymer (GFRP) bars in reinforced 

concrete structures has become increasingly popular. This can be attributed to the 

advancements in high-quality and high-tensile strength of GFRP bars, which guarantee a 

maintenance-free service life of concrete structures for over 100 years. One prominent 

application of GFRP bars is in reinforced concrete slabs that are supported on the ground, 

making up a significant portion of oil and gas installations. 

However, it is crucial to consider the effects of fire on GFRP reinforcing bars, as their 

plastic nature and susceptibility to fire can have a significant impact. The polymeric matrix 

in which the fibers are embedded can lose its strength when exposed to high temperatures. 

To address this, the presented thesis conducts experimental and finite element simulations 

on eight unloaded concrete slabs reinforced with GFRP bars, subjecting them to fire ISO 

834 standard test fire. Two control tests were performed on control specimen not subjected 

to fire. Residual strength tests were conducted on the eight slabs exposed to fire. 

The results of the tests demonstrate that fire safety with a 2-hour fire rating is ensured. This 

means that ground-supported slabs reinforced with GFRP bars can be effectively employed 

in large areas of industrial facilities. The thesis also examines the influence of different 

types of GFRP bars, reinforcement cover, bar spacing, and different fire scenarios. 
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Experimental program is validated by a numerical investigation and FE simulation 

precisely matched fire tests.  
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CHAPTER 1 

INTRODUCTION  

1.1 General 

The non-metallic glass fiber reinforced GFRP bars has gained worldwide acceptance 

recently and are now being used in several applications in reinforced concrete structures 

such as sea wall, bridges, foundation, marine structure, pavements, barriers, and piles [1ï

3]. The GFRP bar is a composite material that is made up of high tensile strength glass 

fibers embedded in polymer resin as a matrix [4]. 

GFRP bar types include ribbed, sand-coated, and helically wrapped fiber bars which are 

currently manufactured in Saudi Arabia. These bars have high tensile strength, up to 1200 

MPa showing a linear elastic behavior until failure, corrosion is not an issue for durability, 

it is easy to handle and cut, and is lightweight. The low self-weight, high-quality control, 

robust performance in salt-laden environment, and the speed of construction makes its 

usage in concrete economically viable and reduce the whole life cost, despite a slightly 

higher initial cost. The use of GFRP bars is a transition from steel bars for achieving a 

sustainable infrastructure with a service life greater than 100 years [5]. 

The GFRP bar has limitations also, which include creep rupture, very low modulus of 

elasticity, (one-fourth of the steel), and most prominently its susceptibility to fire. The latter 

aspect inhibits its application in buildings and other structures, where fire rating is critical 
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for life safety. The polymeric resin matrix in the GFRP bars transforms from a solid state 

to a rubbery state once the glass transition temperature (GTT) of the resin which is typically 

110 °C to 120 °C is exceeded. The polymer matrix's ability to transfer stresses to the fiber 

is lost. In a typical fire situation, the temperature can rise to 1000 °C in approximately eight 

minutes[6]. Since concrete has low thermal conductivity, there is a delay in the temperature 

reaching GTT at the level of the GFRP bars. Once the GTT is exceeded the GFRP bars 

lose their strength significantly. At a critical temperature of about 300 °C almost 50% of 

the strength of the fibers is lost and at the decomposition temperature of 400 °C to 500 °C, 

the integrity fibers with the matrix are lost and strength reduces by 75-80% [7]. This may 

lead to the collapse of the structure if the GFRP bars do not provide anchorage at the 

supports as they are less prone to damage from the fire.  

A typical application where GFRP bar can be used is the concrete slab supported on the 

ground and they make up a significant part of the concrete structures in the oil and gas 

installations. Major concern exists about the performance of the slab on grade in a fire 

environment in industrial facilities where slabs are reinforced with the GFRP bars at the 

top to cater for the shrinkage and thermal stresses to prevent cracking in the slab. 

1.2 Research Significance 

Corrosion in Arabian Gulf country is a very critical factor in construction field [8]. High 

Annual costs for repair, rehabilitation and maintenance of existing structures suffering 

from steel corrosion [9]. Strong need for sustainable and economically viable infrastructure 

with service life in excess of 100 years. GFRP one of material can be used instead of steel. 

To satisfy the design code requirement, GFRP should meet all requirements in terms of 
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properties. GFRP is good material against corrosion, high strength-to-weight ratios. 

However thermal properties another important factor therefore, several studies are required 

to investigate how GFPR behave under fire conditions. The major impetus for its usage in 

Saudi Arabia emerged from the strategic decision by Saudi Aramco to make it mandatory 

for several non-structural applications such as slab-on-grade, stormwater channels, 

bulkheads, and pipe supports. The motivation was to combat the high cost of repair, 

rehabilitation, and reconstruction of deteriorated steel-reinforced concrete structures in a 

short span of time. Therefore, the used GFRP bars are produced locally which require 

investigations of its performance under different conditions such as fire loading in this 

research. The effect of different concrete cover of GFRP, different bar spacing and different 

fire curves will be conducted using the FEM simulation. Contribute in developing 

guidelines for protection of GFRP RC structure members against fire. 

1.2.1 Hazards of Fire 

The concept of fire hazard in buildings pertains to the possibility of accidental or 

intentional fires posing risks to human life, the structural integrity of a building, and the 

safety of property within it. As rapid development takes place worldwide, fire hazards in 

buildings have experienced considerable changes in terms of their severity and range of 

potential impacts. Consequently, they have emerged as a mounting concern in recent years 

Although fire is relatively uncommon, it remains one of the most catastrophic events that 

can befall a building and its occupants. The intensity, location of origin, and duration of a 

fire are difficult to predict and often stem from human error or action. The consequences 

of a fire incident vary considerably depending on the type of structure exposed to the fire. 

While a fire in a residential complex can result in loss of life, other repercussions include 
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the displacement of occupants and economic losses due to partial damage or complete 

collapse of the building. Additionally, the substantial economic losses caused by a fire on 

or under a bridge can severely disrupt various sectors of the economy and public transit in 

the affected region. 

1.2.2 Corrosion in Saudi Arabia 

Corrosion in Arabian Gulf country is a very critical factor in construction field [10]. The 

rusting of carbon steel, a common enemy in our industrial world, has long intrigued 

scientists and engineers. This widespread corrosion process eats away at materials, costing 

billions and shaping our modern landscape. The fight against rust, a silent plague on steel, 

has been a constant battle for scientists and engineers. This natural process, responsible for 

tremendous financial losses, has shaped the backbone of our modern world[10]. 

1.3 Research Objectives 

The fundamental objective of the proposed research is to evaluate the behaviour and 

performance of the GFRP RC slab under fire conditions. 

The main objectives are:  

1. None of the presented works have simulated a 3-D model of GFRP reinforced 

concrete slabs with 3D bars and provide full details of bar temperatures during the 

fire test. 

2. Slab on grade is very important in industrial facilities. Studying slab only under fire 

load with no applied load to consider a case of slab on grade. 
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3. Only few papers reported the effects of GFRP bar spacing, concrete cover, types of 

GFRP bars and different fire scenarios on GFRP RC slab subjected to fire load. 

4. Need to study the effect of insulation of the anchorage zones of the GFRP RC 

concrete. 

5. Study the effects of coating of concrete slab on fire rating of GFRP RC structure. 

6. The To perform experimental fire testing on GFRP RC slabs with different bar 

spacing, diameter and cover. 

7. Develop finite element simulation for the tested GFRP RC slabs.  

8. Use the validated finite element models to conduct further parametric study, 

including the impact of different level of GFRP strength, different unexposed zone 

to the fire, and different load levels.  

9. Develop guidelines, methods and specifications for the protection of GFRP bar 

reinforced slab on grade and other structures against fire to ensure a minimum of 

2-hour fire rating. 

1.4 Thesis Outline 

This thesis is divided into five chapters. 

2 The first chapter: This introductory chapter serves as the foundation, providing a clear 

overview of the topic. 
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3 The second chapter:  delves into the existing literature. Here, we meticulously 

examine the work of previous researchers, creating a comprehensive map of the 

knowledge already established. 

4 The third chapter: meticulously details the experimental testing procedures we 

employed. We'll unveil the findings gleaned from these experiments, offering a 

glimpse into the raw data that shapes our understanding. 

5 The fourth chapter : leverages the power of numerical modeling. To validate the 

results obtained through experimentation. By building a numerical model, we can 

solidify our understanding and add another layer of insight. 

6 The fifth chapter: summarizes the key conclusions we've drawn from the 

entire investigation. Additionally, we'll offer insightful recommendations 

for future endeavors, paving the way for further exploration in this field. 

  



7 

 

CHAPTER 2 

LITERATURE REVIEW  

The utilization of FRP (Fiber Reinforced Polymer) products in the construction industry is 

gaining popularity as a practical choice for developing robust and long-lasting concrete 

structures. FRP products, such as sheets or plates, offer a means for rehabilitating existing 

concrete structures, while FRP bars serve as reinforcement or prestressing elements in 

concrete structural components. In new construction projects, FRP bars can be employed 

as reinforcements for both non-prestressed and prestressed concrete. One notable 

advantage of FRP reinforcement is its high strength, surpassing that of steel, while also 

being resistant to corrosion. In this chapter we presented detailed literature about concrete 

and GFPR properties experimental works done on GFRP RC structural members and 

numerical simulation. While modeling reinforced concrete under fire conditions presents a 

fascinating challenge, the limited number of successful numerical methods highlights the 

need for nuanced approaches. Accurately capturing the complex interplay of material 

properties at elevated temperatures remains a key hurdle. 

 Hamad et al. 2017 [11] tested the performance of GFRP (glass fiber reinforced polymer) 

bars under high temperatures. They compared GFRP to other types of reinforcement bars, 

including CFRP (carbon fiber) and BFRP (basalt fiber), as well as steel. Their experiment 

showed a significant weakening of GFRP bars at 325°C (a critical temperature). The bars 

lost 55% of their tensile strength, 30% of their stiffness (elastic modulus), and a dramatic 

81.5% of their bonding strength with concrete. 
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According to Hajiloo et al. 2018 [7] the amount of resin in FRP bars impacts their tensile 

strength. They also highlight that several factors influence the heat and mechanical 

properties (thermomechanical properties) of these bars. These factors include the chemical 

makeup of the materials, how well the fibers bond with the resin (interface performance), 

and the manufacturing process itself. In essence, the right choice and balance of fibers and 

resin can significantly affect the overall fire resistance of FRP bars. Researchers have 

conducted numerous experiments to see how GFRP reinforcement affects concrete 

elements in fires. These studies have mainly focused on slabs, beams, and columns. The 

results are promising: GFRP reinforcement seems to significantly improve fire resistance. 

For example, Wang et al. Zhao et al. 2019 [12] found GFRP-reinforced concrete beams 

held up better after fire exposure than steel-reinforced ones, with more remaining bending 

strength and flexibility. Similarly, Zhang et al. 2022 [13] GFRP-reinforced concrete 

columns could carry more weight and stay stiffer after a fire compared to steel-reinforced 

ones. 

Protchenko et al. 2019 [14] and Carvelli et al. 2013 [15]  investigated how localized fires 

impact GFRP-reinforced concrete (GFRP RC) beams. They exposed the beams' underside 

to varying high temperatures and tested different GFRP rebar configurations, including 

straight bars, bends, and overlaps of different lengths. This experiment aimed to understand 

how these factors affect the beams' behavior under localized heating, providing valuable 

insights for designing fire-resistant GFRP RC structures. Morgado et al. 2018 [16] 

investigated the fire resistance of GFRP tubular beams. They tested 12 beams by exposing 

them to a standardized fire (ISO 834 fire curve) on either one or three sides. The researchers 

also applied different load levels to the beams. They evaluated the effectiveness of fire 
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protection systems, including insulation boards and a water-cooling system. The key 

finding was that three-sided fire exposure significantly reduced fire resistance, regardless 

of protection. Interestingly, water-cooling proved effective only for beams exposed on one 

side. 

A study by Kodur and Baingo [17] identified three crucial factors affecting the fire 

resistance of concrete slabs reinforced with FRP bars: the thickness of the concrete cover, 

the type of concrete aggregate mix, and the critical temperature at which the FRP 

reinforcement weakens. Building on this research, the CAN/CSA 806-02 [18] incorporates 

a fire design method. This method considers a critical temperature where the FRP bars lose 

half their tensile strength, resulting in reduced load capacity for the concrete slab due to 

fire exposure. 

Nigro et al. 2011 [19] investigated fire resistance in concrete slabs reinforced with glass 

fiber-reinforced polymer (GFRP) bars on both sides. They tested slabs with two concrete 

cover thicknesses 32 mm and 51 mm and two different lengths of the unexposed zone 250 

mm and 500 mm. The experiment highlighted the significance of both concrete cover 

thickness and the length of FRP bar anchorage in the non-fire-exposed area for maintaining 

fire resistance in concrete members. Importantly, the results showed that larger unexposed 

zones (500 mm) and continuous FRP reinforcement throughout the entire concrete element 

can prevent fiber rupture and slab failure. 

Hajiloo et al. 2017 [20] tested two concrete slabs reinforced with different GFRP bars under 

fire conditions. The slabs were subjected to both fire and a load equal to 55% of their 

maximum bending strength at room temperature. Both slabs had identical fireproofing: 60 
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mm of concrete cover and 200 mm of unexposed length at the ends. Despite having 

different GFRP bar types, both slabs remarkably withstood fire for over 180 minutes. This 

suggests that a thinner concrete cover might be possible for fire safety if the length of the 

unexposed zone is increased. However, the experiment also revealed that all the FRP bars 

lost their resin due to fire. Ultimately, the slabs failed due to the bond between the GFRP 

bars and the concrete weakening in the unexposed zones. 

Kodur 2014 [21] investigated how temperature affects various properties of concrete 

structures. He found that concrete's thermal, mechanical, and deformation properties all 

change significantly with increasing temperature. These changes are influenced not only 

by temperature, but also by the concrete's mix design, composition, and surrounding 

environment. For instance, the type of aggregate used, the amount of moisture presents in 

the concrete, and the specific mix composition all play a role in how concrete's thermal 

properties (such as specific heat, mass loss, and thermal conductivity) are affected by 

temperature. 

For GFRP bars, Wang et al. 2011 [22] examined how GFRP bars fare under high 

temperatures. Testing samples from 10°C to 500°C, they observed a significant decrease 

in both stiffness and strength as the heat rose. There seem to be critical temperature 

thresholds: around 120°C (glass transition temperature for the resin) strength weakens by 

22%, and at 400°C (when the glass fibers soften) strength plummets dramatically. 

Interestingly, there's a range between 150°C and 350°C where strength loss plateaus. 

Despite steadily declining stiffness, the material surprisingly fails through sudden rupture 

at high temperatures, rather than gradually deforming. The results are shown in Table 1. 
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Table 1: Tensile Strength and Elastic Modulus of Test Specimens [22] 

 

Wang et al. 2007 [23] using these properties as input, FE programs can simulate the 

behavior of FRP-reinforced concrete structural members subject to fire. The use of 

numerical methods in studying the fire behavior of different steel or concrete structures 

is quite successful to date. The determination of reinforced concrete rebars temperature 

is much more important than concrete. In terms of modeling and experimental the 

following papers illustrated steel and GFRP as used as reinforcement. 

Issa et al. 2011 [24] investigated behavior of concrete cantilever beams reinforced with 

fiber-reinforced polymer (FRP) bars listed in Table 2.  Figure 1 shows the beams 

section and dimension. FRP bar properties are listed in Table 3. They tested six beams 
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under bending loads, considering different factors such as concrete strength and the 

amount of FRP bars used. Table 4 shows the ultimate loads and failure modes of tested 

specimens. Interestingly, theoretical calculations underestimated the actual capacity of 

the FRP-reinforced beams by 30% compared to experimental results. Additionally, the 

FRP bars experienced much lower strain than their breaking point. This suggests FRP 

bars might require adjustments in current models to accurately predict their behavior 

in concrete beams. 

Table 2: Tested beam [24] . 

 

 

Figure 1: Concrete dimensions of tested beams [24]. 
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Table 3: FRP mechanical properties [24]. 

 

Table 4: Ultimate loads and failure modes [24] 

 

Rafi et al. 2011[25] tested six concrete beam specimens with varying designs and 

reinforcement types (steel, CFRP, and GFRP) all with a 20mm clear concrete cover. 

They observed that the temperature distribution across the beam's cross-section was non-

linear (uneven). Interestingly, in all cases, the beams failed once the critical temperature 

of the reinforcing bars reached 500°C. The study also found that when exposed to high 

temperatures, both GFRP and steel-reinforced concrete beams experienced a similar 

reduction in stiffness. However, CFRP bar-reinforced beams exhibited the best 

performance in terms of maintaining stiffness under heat. 

Rafi et al. 2014 [26] conducted a fire resistance test for FRP RC beams, a total of five 

beam and two concrete covers were used with single and double layers of reinforcement 

as shown in Figure 2. Figure 3 shows the temperature distribution for layers 1 and 2. As 

part of this study, an empirical equation was developed to predict the temperature of 

rebar in reinforced concrete beams. The predicted temperatures in FE modeling and 
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observed temperatures from experiment were found to be in good agreement for the 

entire time temperature history as shown in Figure 4 and Figure 5. 

 
Figure 2: Cross-sections of beams and position of thermocouple [26]. 

 

Figure 3: Temperature distribution in rebar Layers 1 and 2 [26] 
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Figure 4: Comparison of temperature distribution: (a) beam BESS20-1; (b) beam BESS20- 1; (c)beam 

BEHD20-1; (d) beam BEHD20-1; (e) beam BEHD30-1; (f) beam BEHD30-1; (g) beamBEHD30-1; (h) beam 

BEHD30-1; (i) beam BEHD30-1; (j) beam BEHD30-1 [26] 
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Figure 5: Comparison of temperature distribution with FEM and Eq [26] 

Carvelli et al. 2013 [15] tested five GFRP (16mm diameter) RC beams to evaluate and 

study the behavior at elevated temperatures. They used different lapping schemes for 

bottom rebars with no shear reinforcement. The authors showed that, compared with the 

initial stiffness of the specimens, the geometry of reinforcement appears to have a greater 

impact on the ultimate load. Due to the localized heating, concrete is damaged and the 

matrix in GFRP rebars evaporated with no collapse in element. In the overlapping areas, 

the geometry of the reinforcement has resulted in a reduction in load bearing capacity. 

According to Figure 6, the average bond strength of six 16mm nominal diameter GFRP 

rebars is compared to three similar steel bars. Accordingly, GFRP rebar bond strength is 

not significantly lower than ribbed steel rebar bond strength, at least at room temperature. 

However, Figure 7 shows the strength of concrete after heating at different temperatures.  
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Figure 6: Room temperature average bond strength of 16 mm nominal diameter GFRP and ribbed steel rebars [15] 

 

Figure 7: Compressive Strength of concrete after heating at different temperature 

Rafi, Nadjai [27] Modeled two reinforced concrete beams, one reinforced with steel 

and the other with FRP. This model demonstrated temperature-dependent reinforcing 

bar properties. Because CFRP reinforcing bars were not provided with adequate and 

reliable data, the predictions of the model did not agree well with the experimental 

findings. Additionally, developing a calibrated relationship between the temperature of 

CFRP reinforcing bars and their mechanical properties is essential. Researchers have 

emphasized the need for more experimental data on the degradation of FRP reinforcing 

bars to facilitate accurate analytical and numerical modeling [28][29][30]. 
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Borst et al. 1989 [31] presented finite element analysis for plain and steel reinforced 

concrete slabs with geometry and properties illustrated in Table 5 Table 6. The authors 

recommended that transient creep must be accounted for in concrete models at elevated 

temperatures. As the temperature increased, the model accurately calculated axial 

strains. The model is valid to simulate one-way steel reinforced concrete slab behaviour 

in addition to cracking effects. Another valid FE model for two slabs different in 

reinforcement ratio and concrete cover but both carried the same sustained load agreed 

to terms of deflection between the experiment and modeling done by Nechnech et al. 

2002 [32]. 

Table 5: Geometry and loading data for reinforced concrete [31] 

 

  Table 6: Material properties of concrete at room temperature [31]  

 

Nigro et al. 2012 [33] tested nine GFRP-reinforced concrete (GFRP RC) slabs as listed 

in Table 7. Their findings indicate that using continuous GFRP reinforcement throughout 
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the entire width of the concrete element from one side to the other can help to prevent 

fiber rupture in the middle of the slab. Figure 8 shows the temperature in the unexposed 

zone. Weber 2008 [34] presents a contrasting viewpoint to Nigro et al. 2012 [33] 

observation on continuous FRP reinforcement. Weber's research stated that using 

overlapping FRP bars in concrete panels can lead to premature failure under fire 

conditions. This is because the high temperatures can rapidly cause the bond between the 

concrete and the FRP bars to weaken (loss of adhesion), leading to a sudden collapse of 

the structure. Weber emphasizes that even for low stress situations, a minimum anchoring 

length for FRP bars is crucial in areas not exposed to fire, especially when the concrete 

cover is thin. Their analysis suggests that regardless of exposure time (even up to 180 

minutes), the anchoring length for FRP bars shouldn't exceed 320mm. Overall, Weber 

highlights that the fire performance of FRP-RC members depends on several factors, 

including the properties of the FRP bars themselves (such as fiber type, stiffness, 

strength, diameter, and surface treatment) as well as the strength of the concrete used. 

Table 7: Parameters for FRP-Reinforced Concrete Slabs [33]. 
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  Figure 8: Temperatures measured in the unexposed zones of Slab S6 [33].  

Nigro et al. 2011 [19] investigated the fire resistance of concrete slabs reinforced with 

FRP bars. Six simple supported concrete slabs reinforced with GFRP were used (4 slabs 

under normal loads and 2 unloaded slabs). Table 8 and Table 9 show the testing 

parameters details. The bars used for reinforcement are E glass fibers with Orth phthalic 

polyester as a resin. All the slabs were casted utilizing the same mix design of concrete. 

The testing performed on the slabs was in accordance with ISO 834 [35] and it was 

comprised of two stages namely; Constant loading for two hours for slabs S1 to S3 and 

three hours for slabs S4 to S6, loading increment until ultimate capacity is reached. All 

external loads were within service loads and the concrete cover range was within the 

usual values of slabs. In addition, the development length of rebars was not exposed to 

fire. Table 9 below shows the displacement values of the slabs with time. Table 10 below 

summarizes the failure modes of the slabs and Figure 9 shows the failure in both 

longitudinal and transverse bars. It was found that slabs S4 to S5 had better structural 

behavior than slabs S1 to S3. The application of concrete cover in the range of 30-50 mm 

can be successfully used. splicing is not recommended for rebars as it is advised to use 

continuous reinforcement. The anchorage zone prevents the pulling of fibers and ensures 
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failure by rupture. The concrete cover is very critical for the protection for the slabs due 

to the low thermal conductivity.  

 Table 8: FRP reinforced slab geometrical properties [20]. 

 

Table 9: FRP reinforced slab fire testing parameters [20]. 

 

 Table 10: Failure modes of the slabs [20]. 

 

 

Figure 9: Longitudinal and transverse reinforcement after failure [20]. 
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Hajiloo et al. 2017 [20] tested two full-scale concrete slabs reinforced with different GFRP 

bars to assess their fire resistance according to the Canadian building code (CSA S806). 

Table 11 and Table 12 listed specimen details, both slabs had identical designs with 60 mm 

concrete cover and were loaded to 55% of their maximum bending capacity at room 

temperature during the nearly 3-hour ASTM E119 [36] fire test. The experiment suggests 

that GFRP bars could be a cost-effective alternative for concrete reinforcement. Notably, 

the fire resistance predicted by CSA S806 [18] seems to be conservative (overestimated) 

even under significant loads. Additionally, the study shows that FRP bars might perform 

well with less concrete cover than currently recommended. While most bond strength 

between the bars and concrete was lost at high temperatures, a 200mm anchorage length 

seemed sufficient to prevent failure, likely because the fire lacked axial restraint on the 

slabs. After the fire, analysis revealed that the resin in the GFRP bars burned completely, 

but the bars themselves remained intact. The researchers also found that numerical 

modeling could accurately predict the thermal behavior of the concrete and the strength 

loss of the FRP bars in different locations as shown in Figure 10 and Figure 11.  

Table 11: Test specimensô parameters [20]. 
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Table 12:  Reinforcing bars (GFRP) properties [20]. 

 

 

Figure 10:Temperatures within the thickness of the slabs [20] 

 

Figure 11: Temperatures on top and bottom of reinforcing bars in the midspan [20]. 

Elshorbagi et al. 2023 [37] presented a reliable and practical numerical approach that 

streamlines fire simulations and unlocks the potential for extensive future studies. These 
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studies are vital for understanding how various factors influence thermal and structural 

responses in fire scenarios, ultimately reducing the reliance on expensive physical tests. 

The proposed algorithm integrates thermal and structural nonlinearities, capturing the 

complete thermal-structural behavior during a fire. ABAQUS software was employed to 

conduct detailed numerical modeling and validate the methodology against published 

experimental data. This data involved a full-scale, loaded RC beam exposed to standard 

fire conditions. The beam's failure and fire resistance were recorded. The numerical 

results closely matched the experimental observations in terms of thermal and structural 

behavior. Additionally, the paper introduces the direct coupling technique (DCT) and 

highlights its advantages over the conventional sequential coupling technique (SCT). 

Duan et al. 2022 [38] This research introduces a detailed computer model (3D FE model) 

to simulate the behavior of FRP-reinforced concrete slab (FRP-RC) during fire. This 

model takes into account a crucial factor: how the bond between the FRP bars and 

concrete weakens as temperatures rise. Additionally, the model considers the heat 

transfer properties of both materials to predict how hot different parts of the slab will get 

under fire conditions. By including these crucial details about material behavior and heat 

transfer, the model accurately predicts how the entire slab (global response) and specific 

areas (local responses) will deform and react during a fire. This model's accuracy has 

been confirmed by comparing its predictions with fire tests on full-scale slabs. Further 

studies using this model show that ignoring the weakening bond at high temperatures 

leads to inaccurate predictions of how the slab will fail and how much it will bend. 

Hajiloo et al. 2019 [39] Made models to simulate two old experiments done by Hajiloo 

et al. 2017 [20] and Nigro et al. 2011[19] to get good agreement. They assumed a perfect 
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bond and strains were equal between bars and concrete. Contrary concrete spalling not 

considered. However, some modifications of parameters have been done and the 

assumption used is listed in Table 13. The FE model correctly predicts the temperature 

distribution inside the elements as well as the deflection of the slabs caused by the 

gradient in temperatures inside them. Authors discussed the different parameters that will 

affect the model in fire condition and how importance of coefficient of thermal expansion 

for both concrete and GFRP. Referring to the model the stress in the GFRP increased 

very fast during first 30 min then become steady. By comparison between Hajiloo et al. 

2019 [39] model with Hajiloo et al. 2017 [20] experimental results they found a very 

close approximation of the slab GA's temperature was made by the model Figure 12. The 

convection factor must have less value in the unexposed regions than in the exposed 

regions since they were protected from direct fire exposure. Before this fact the model 

not matching well as shown in (Figure 13) and need for modification so, by taking 

convection factor was taken as 15 W/m2 in the unexposed zone, the closest temperature 

prediction was achieved. The temperature predictions made by the FE model with the 

modified heat transfer are more accurate as shown in Figure 14. Simulation results of GA 

slabs using FE were in reasonable agreement in terms of midspan deflection with 

experimental results when CTE of concrete was taken as 7.5Ĭ10ī6/ÁC as shown in Figure 

15. 
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Table 13: Modelling assumptions adopted from the experimental work [39]  

 

 

 Figure 12: Experimental and FEM temperatures of (a) Slab GA; (b) Slab GB [39] 
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  Figure 13: Test and FE model temperatures in the unexposed zone: (a): Slab GA; (b) Slab GB. [39] 

 

Figure 14: The improved predictions of temperatures in the unexposed zone: (a): Slab-A; (b) Slab-B.[39] 

  

Figure 15: Experimental and the calculated midspan deflection of the slabs tested [39]  
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CHAPTER 3 

EXPERIMENTAL PROGRAM  

The experimental program included full scale fire load test on concrete slab reinforced with 

GFRP bars of two types at two spacing and two different clear covers. The slabs were 

subjected to ISO 834 fire for a period of 2 to 2.5 hours in two phases. Four slabs were 

tested in each phase, the first phase involving slabs with 50 mm cover and the second phase 

with a cover of 75 mm. Residual load tests were conducted on these slabs after fire 

exposure and the results were compared with the flexural load test on two slabs reinforced 

with ribbed sand coated bars without exposure to fire. The unexposed zone was kept 

uniform at 450 mm for all slabs.  

3.1  Materials 

The specimens were reinforced with two types of GFRP bars, sand-coated (SC) M13 GFRP 

bars with 13.5 mm dia. and M13 ribbed rebars (RB) with 13.7 mm dia. The sand-coated 

GFRP bars use epoxy resin while the ribbed bars fibers were embedded in a vinyl-easter 

resin. Table 14 shows the properties of reinforcing bars tested in the experimental program 

reported by the manufacturers providing the GFRP. The concrete used for the slabs was 

identical for all specimens and characterized as calcareous aggregate concrete. Concrete 

used in the slab had an average of 28 days compressive strength of 40.7 MPa according to 

(ASTM C39M-21) and a tensile strength of 3.3 MPa according to (ASTM C496-96).  

 shows concrete mix design with 330kg/m3 of SRC with a w/c ratio of 0.21. The concrete 

test specimens (for compressive and tensile tests) were within a controlled environment 
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maintained at a temperature of 30 ºC and a relative humidity of 100%, whereas the slabs 

remained at the fire testing facilities throughout the entire duration, exposed to varying 

with ambient temperature and relative humidity without any controlled conditions. 

Table 14. Properties of reinforcing bars. 

Property 
Ribbed 

GFRP (RB) 

Sand-Coated 

GFRP (SC) 

Guaranteed tensile strength (ffu*) (MPa) 870.9 900.2 

Youngôs Modulus (GPa) 48.4 43.9 

Diameter (mm) 13.7 13.5 

Glass transition temperature (°C)  118 104 

Thermal conductivity (W/(m. °C)) <1 <1 

 

Table 15. Concrete Mix Design and Strength. 

Cement type 

and content 

Aggregates (kg/m3) 
Admixtures  

(ml /m3) 
Mixing 

water 

(l/m3) 

28-day 

compressive  

strength (MPa) 20 

mm 
10 mm Fine 

PC 

314* 

D10*

*  Comp Tens. 

Sulfate resisting 

cement  

(320 kg/m3) 

770 330 760 1300  2000  160 40.7 3.30 

*PC314: Fluidum PC314 high efficiency liquid superplasticizer. 

** Arcrete D10: water reducer & set retarder 

3.2  Test Specimens  

An experimental program was conducted involving standard ISO834 fire test on full scale 

GFRP reinforced slabs for a period of 2 hours without applied load, then residual flexural 

strength tests on fire damage slabs and controls tests on undamaged slabs. Standard fire tests 

were conducted on eight full-scale slabs of dimension dimensions 4 × 1 × 0.2 m3, reinforced 

with two types, ripped and sand-coated GFRP bars. The variables of the test of the specimen 

were; (1) two types of bars; sand-coated and ribbed. (2)  spacing of the bars were 200 mm 

and 300 mm from center to center in both directions. (3) clear cover to the GFRP bars of 50 
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and 75 mm from the fire-exposed face. The bars were located in the top third of the slab 

from the fire-exposed face. The reinforcement grid was placed at a clear cover of 50mm for 

the first phase and 75mm for the second phase. Two slabs reinforced with sand-coated and 

ribbed bars were tested for failure without fire exposure. Figure 16 shows the preparation, 

Figure 17 shows the casting and  Figure 18 shows the curing of the GFRP bar-reinforced 

slabs at the fire testing facility. Slabs were cured by using burlaps and covered with plastic 

sheets.  After 28 days of curing the test slabs were left to dry in the air. The fire tests were 

conducted after three months to ensure a significant loss of moisture from the slabs. Table 

16 shows the nomenclature and configuration of the slabs tested in the experimental 

program. The first two letters in the nomenclature of the specimens indicate the rebar type 

(RB or SC), followed by the concrete cover. The third part of the specimen identifier 

indicates the rebar spacing (200 mm or 300 mm) while the fourth part is for the test type 

(fire load or control). First phase specimens were casted in the month of May while second 

phase was casted at the end of August.  

Table 16. Configuration of tested slabs 

Phase-

test type 
Slab name 

Dimension  

(m3) 
ID  

Cover 

(mm) 

GFRP 

Type 

Bar spacing 

(mm) 

I. Fire test 

 RB-50-300-F 

4 × 1 × 0.2 

S1 50 RB 300 

 RB-50-200-F S2 50 RB 200 

 SC-50-300-F S3 50 SC 300 

 SC-50-200-F S4 50 SC 200 

II.  Fire test 

 RB-75-200-F S5 75 RB 200 

 RB-75-300-F S6 75 RB 300 

 SC-75-200-F S7 75 SC 200 

 SC-75-300-F S8 75 SC 300 

III.  Control  
 RB-50-300-C S9 50 RB 300 

 SC 50-300-C S10 50 SC 300 
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Figure 16: Slabs before casting. 
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Figure 17: Concreting of the test slabs 
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 Figure 18: Test slabs after casting and curing using burlaps. 
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3.3 Instrumentation 

For fire test, each slab was instrumented with 4 strain gauges (one on bars, one on concrete 

surface and two embedded in concrete from top) and 15 Type-K thermocouples at depths 

of 25, 50, 100, 150, and 200 mm from the bottom of the slab which is exposed to fire in 

order to measure the evolution of the temperature with time at various locations (left, 

middle and right) in concrete. The top thermocouple was placed five millimeters inside the 

concrete from the top surface. Figure 19 shows the thermocouples locations placed in the 

slab. The thermocouple was placed at three different locations at mid-span and 500mm 

from the edges on the left and right side in the longitudinal direction as shown in Figure 

20. 3 Laser sensors (SICK DT50-2) were placed on the top of each slab to measure the 

deflection in the slabs. For residual and control test, linear variable differential transformer 

(LVDT) connected to slabs to measure the deflection. Load cell placed at the top of slab to 

measure the load applied. 

 

(a) Schematic arrangement of sensors. 
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(b) Sensors fixed at depth (c) Fixing of thermocouples 

 

 

(d) Strain gauges on bars (e) Schematic for thermocouples. 

Figure 19: Instrumentation of tested slabs. 

25 
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(a) 

 

(b) 

 

(c) 

Figure 20: (a) Schematic of GFRP-RC slabs, (b) and (c) Slabs plan and elevation. 
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3.4 Test Setup 

For fire test the slabs were placed on the top of the furnace 4.0 × 3.1 m2 in a clear space 

with the bottom face of the slab exposed to the standard (ISO834) fire [35] generated from 

the automatically controlled burners in the furnace. Figure 21 shows the furnace with the 

slabs placed on the roof of the furnace. All thermocouples were connected to the data logger 

as shown in Figure 22 and the evolution of temperature in the furnace and at various 

thermocouples were monitored from the control room as shown in Figure 23. While 

furnace had nine thermocouples to measure the temperature in the furnace during the test. 

Any gap between slabs filled with rockwool insulation as shown in Figure 21-(d) as well 

as at end sides for each slab to ensure that unexposed zones protected from fire as shown 

schematically in Figure 24. The slabs were heated from below in a way that the furnace's 

average temperature follow the standardized time-temperature curve ISO 834 as much as 

possible where ISO 843 = T+345. Log10 (8t+1) where T is temperature in Celsius and t is 

time in minutes. The fire test was stopped after 120 minutes for first phase and 150 minutes 

for second phase. For flexure test control slabs placed inside steel frame were had hydraulic 

jacks to control the load as shown in Figure 25 and Figure 26. The slabs were tested by 

three points bending with one concentrated load or by four points bending with two 

concentrated loads placed one-third of the way from each end. Linear Variable Differential 

Transformer (LVDT) was used. Another instrument, a load cell, kept track of how much 

force was applied. 
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(a) Top surface: exposed to ambient environment (1st phase) 

 

(b) Top surface: exposed to ambient environment (2nd phase) 



39 

 

 

(c) Bottom surface: exposed to fire (1st phase) 

 

(d) Bottom surface: exposed to fire (2nd phase) 

Figure 21: Experimental test specimens placed on top of the furnaces. 

S1 

S2 

S3 

S4 
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(a) Data loggers 

 

(b) Thermocoupes and strain gagues connceted to data loggers 

Figure 22: Thermocouples and strain cables connecting to data loggers 

  

(a) furnace 
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(b) Control room 

Figure 23: Furnace and control room. 

 

Figure 24: Fire test. 
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(a) 

 

(b) 

Figure 25: Control test set up. 

 

(a) RB-50-300-C 
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(b) SC-50-300-C 

 

(c) SC-75-300-F 

 

(d) RB-50-300-F 

Figure 26: Control and residual test set up. 
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3.5 Results and discussion 

3.5.1 Furnace temperature 

The temperature in the furnace was measured by nine thermocouples located 350mm below 

the bottom surface of the slabs. Figure 27 (a) and (b) show the furnace temperature 

measured for first and second phase respectively. Figure 27 (c) shows the average furnace 

temperatures for both phases, and the ISO 834 curve. It can be seen that the average furnace 

temperature for phase one was about 7.2% lower than the ISO curve and for phase two less 

than 0.5%. 

 
 

(a) Furnace temperatures at nine locations (first phase) (b) Furnace temperatures at nine locations (second phase) 

 

(c) Average furnace temperatures, and ISO 834 (design). 

Figure 27: Evolution of furnace temperature with time. 
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3.5.2 Concrete temperature 

Figure 28 shows the evolution of the temperature with time in the four slabs at a depth of 

25 mm and 50 mm from the bottom face of the fire-exposed surface. The temperature 

variation is almost similar for all slabs at 25 mm depth from the fire-exposed face of the 

slab, but at 50mm slight variations can be observed with the maximum difference of 25.5 

°C for first phase while 50 °C for second phase. It can be seen in Figure 28 (a, b and c) that 

there is a jump in values between 10 to 20 minutes at a temperature of about 100 °C. The 

jump can be attributed to the presence of water in the slab which turns into steam and 

moves upwards through the areas with lower temperatures in the concrete. The jump in 

Figure 28 (d and e) is also due to the movement of steam from the lower portion of the 

slab. During the fire test water and steam could be visibly observed on the top surface of 

the slab. The maximum temperature at mid-depth is between 80 °C and 100 °C after the 

moisture movement aspect is stabilized. The ambient temperature during the test was about 

40 °C for first phase and for second phase is 27°C, because of that first phase test was in 

August while second phase in December. Difference between two phases for the ambient 

temperature shown clearly at starting curves temperature for Figure 28 (d, e and f).  Figure 

28 (d and e) show the temperature in the slab at 150 mm from the fire-exposure face and 

the top of the slab 5 millimeter inside the surface. The measured temperatures are low 

ranging from 40 to 65 °C after two hours. Figure 29 and Figure 30 show the temperature 

profile along each slab span from left side (-1500) to right side (1500) by considering the 

middle side as zero. Figures state clearly that the middle side is the most critical side since 

the fire and high temperature come from two sides. In addition to those figures show that 

there are different temperature reading for thermocouples that are at same depth at right 



46 

 

and left side may that due to several reasons such as non-uniform heat distribution in the 

furnace or non-proper installation of thermocouples. 

3.5.3 Bars temperature 

Figure 31 shows bar temperatures were approximately 280 °C and 200 °C for first and 

second phase respectively. The GTT reached after 35min and 45min for first and second 

phase respectively. That lead to the fact that increasing of the concrete cover led to reduce 

the bar temperature and delay the GTT time. No significant difference was found between 

the response of the sand coated and the ribbed bars. The extent of deterioration of the two 

types of rebar was not evident from the physical or thermal response. Figure 32 shows both 

phasesô slabs after fire test. It can be seen from figures the concrete chunks, furnace 

thermocouples location and the burners 

First Phase Second Phase 

  

a) 25mm 



47 

 

  

b) 50mm 

  

c) 100mm 

  

d) 150mm 
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e) 200mm 

 

f) 75mm (only for second phase) 

Figure 28: Temperatures reading for different depths during fire test. 

  

a) S1 b) S2 
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c) S3 d) S4 

  

e) S5 f) S6 

  

g) S7 h) S8 

Figure 29: Temperatures reading for each side at depth 25mm. 
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a) S1 b) S2 

  
c) S3 d) S4 

  
e) S5 f) S6 

  

g) S7 h) S8 

Figure 30: Temperatures reading for each side at depth 50mm. 
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Phase I Phase II 

  

(a) At 50mm (b) At 75mm 

Figure 31: Temperatures reading for each phase at bar location. 
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(a) First phase tested slabs after fire test 

  

(b) S5- RB-75-200-F (c) S6- RB-75-300-F 
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Figure 32: Slabs after fire test. 

3.5.4 Deflection behaviour of tested slabs 

The deflection of the GFRP reinforced slabs tested in the experimental program under fire 

exposure shown in Figure 33 (a-d). The behavior is presented as mid-deflection variation 

with respect to time and temperature. The deflection measured and recorded at slabs 

midspan are shown in the Figure 33 during fire test. By considering the deformation caused 

by the thermal bowing of concrete. The thermal bowing phenomenon arises from the 

temperature variance across the concrete's depth, resulting in uneven expansion between 

the underside (soffit) and the upper surface of the slabs. Based on observation Figure 33 

indicates that the behavior of the time-displacement curves is primarily influenced by the 

temperatures experienced during the fire test. The results of slabs are compared based on 

the following variables: GFRP type, bars spacing and concrete cover.  

Effect of GFRP Type: To study the type of GFRP effect, slabs selected to have same bar 

spacing and cover only difference in GFRP bar type namely RB-50-300-F and SC-50-300-

  

(d) S7- SC-75-200-F (e)  S8- SC-75-300-F 
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F, RB-50-200-F and SC-50-200-F, RB-75-200-F and SC-75-200-F and RB-75-300-F and 

SC-75-300-F. Figure 33-(a) and (b) show the deflection vs time graph of all slabs with 50 

mm cover. Sand coated reinforced slab SC-50-200-F is shown to have higher stiffness than 

the ribbed bars reinforced slab RB-50-200-F with lower development of deflection under 

increasing temperature after 10 min of exposure to fire with temperature reaching 550 C as 

shown in Figure 33 (c) and (d). Prior to the 10 min mark, the slabs have exact behavior. 

After termination of the test at 120 min, the SC-50-200-F slab has deflected 30 mm only 

in comparison to 50 mm mid-deflection for RB-50-200-F. on the other hand, SC-50-300-

F slab showed similar behavior to the RB-50-300-F slab with slightly higher stiffness up 

until 60 min. the final mid-deflection for the two slabs is 55 mm and 50 mm respectively. 

Same effect for material type was encountered in the slabs with 75 mm cover. The SC-75-

200-F slab showed higher stiffness as compared to the RB-75-200-F slab as shown in 

Figure 33 (b). Whereas slab SC-75-300-F and slab RB-75-300-F showed exact behavior 

for most of the 120 min test period. The final mid-deflection values for the slabs SC-75-

200-F, RB-75-200, SC-75-300-F and RB-75-300-F almost are 45, 60, 65 and 70 mm 

respectively. To conclude deflection curves trend depends on the temperature. Bar type has 

effect on response of slabs reinforced with GFRP under fire and sand coated showed better 

response than ribbed may due to better interaction with concrete. 

Effect of Bars Spacing: To study the bar spacing effects slabs selected to have same GFRP 

type and cover only difference in bar spacing. It is evident by looking at Figure 33 (a-d) 

that increasing of the bars spacing causes more deflection development with increasing 

temperature. However, the effect is more severe in the case of sand coated bars. The 

deflection values for 50 mm cover reduces by about 45 % when sand coted bars are used 
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with bars spacing of 200 mm instead of 300 mm. On the other hand, when the cover used 

is 75 mm, the reduction in deflection with 200 mm spacing is about 30 % only. Reduction 

in deflection values of ribbed bars were not of the same order as the ones presented in the 

sand coated bars. However, the only difference observed is that for the case where 50 mm 

cover was used, the largest reduction occurred in the time interval of (20-80) min while 

when 75 mm over was used, the gap in deflection values started to appear after 80 min. To 

Conclude spacing of the GFRP bars in the tested slabs has a significant effect on slabs 

response as shown in Figure 33. Slabs with 300mm bar spacing deflected more than 

200mm, may because their lower stiffness comparable to 200mm. When spacing decreased 

from 300 to 200mm showed increase in stiffness of slabs. 

Effect of concrete cover: For any concrete section, the location of the reinforcement plays 

a big role in determining the behavior of the section. The capacity of the section and its 

resistance to bending is controlled by the moment arm produced between the compression 

block and the tensile forces in the reinforcement. By placing the reinforcement further 

down in the section, a larger moment arm is formed and thus, the section has higher 

stiffness. Looking at the displacement vs time results in Figure 34, itôs evident that in all 

types of slabs, the development of deflection with time is higher for slabs with larger cover. 

All slabs started showing nonlinear response at around 30 mm displacement except for the 

case of sand coated bars with 200 mm spacing where this nonlinear behavior is encountered 

at 20 mm. Itôs worth mentioning that placing the bars at 300 mm spacing gave an identical 

response for both covers used until the nonlinearity in the behavior was present. The 

percent increase in deflection at end between the two covers used was matching for the 300 

mm spacing sand coated slabs and 200 mm spacing ribbed bars slabs on one hand and 200 
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mm spacing sand coated slabs and 300 mm spacing ribbed bars slab on the other hand with 

values reaching 20% and 30% respectively. 

Figure 33: Deflection for both phases. 

  

(a) First phase (deflection vs Time) (b) Second phase (deflection vs Time) 

  

(c) First phase (deflection vs Temperature) (d) Second phase (deflection vs Temperature) 
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Figure 34: Deflection for slabs with different concrete cover. 

  

(a) S1 (b) S2 

  

(a) Sand coated with 200 bars spacing (b)  Sand coated with 300 bars spacing 

  

(c)  Ribbed with 200 bars spacing (d)  Ribbed with 300 bars spacing 








































































