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Abstract 

This research examines the fire performance of high-performance concrete (HPC) columns by 

analyzing the impact of boundary condition variations and the degradation of mechanical 

properties under elevated temperatures. The study investigates four HPC mixtures: a reference 

mix (HPC), polypropylene fiber-reinforced HPC (HPCPP), date palm fiber-reinforced HPC 

(HPCDP), and a hybrid mix combining both fibers (HPCPPQS). The primary objective is to 

enhance the thermal resistance and structural integrity of HPC through fiber reinforcement. 

Experimental results demonstrate that the HPCDP mix exhibits superior fire resistance, 

retaining 57% of its load-bearing capacity at 650°C while effectively reducing spalling and 

crack formation. The incorporation of date palm fibers significantly improves the thermal 

stability of HPC by enhancing moisture dispersion and mitigating internal stresses. 

Additionally, numerical simulations using SAFIR software were conducted to model RC 

column behavior under fire exposure, emphasizing the influence of cooling phases and material 

composition on structural stability. 

The findings highlight the effectiveness of fiber-reinforced HPC as a sustainable and cost-

efficient solution for improving fire resistance in structural applications. This study advocates 

for performance-based fire safety design to enhance the resilience of HPC columns subjected 

to high-temperature conditions. 

Keywords: High-performance concrete, fiber reinforcement, reinforced concrete columns, 

date palm fibers,  SAFIR. 

 

  



 

Résumé 

Cette recherche examine la performance au feu des poteaux en béton à haute performance 

(BHP) en analysant l'impact des variations des conditions aux limites et de la dégradation des 

propriétés mécaniques sous des températures élevées. L'étude porte sur quatre formulations de 

BHP : un mélange de référence (HPC), un BHP renforcé par des fibres de polypropylène 

(HPCPP), un BHP renforcé par des fibres de palmier dattier (HPCDP) et un mélange hybride 

combinant les deux types de fibres (HPCPPQS). L’objectif principal est d’améliorer la 

résistance thermique et l'intégrité structurelle du BHP grâce au renforcement par fibres. 

Les résultats expérimentaux montrent que le mélange HPCDP présente une résistance au feu 

supérieure, conservant 57 % de sa capacité portante à 650°C tout en réduisant efficacement le 

délitement et la formation de fissures. L'incorporation de fibres de palmier dattier améliore 

significativement la stabilité thermique du BHP en favorisant la dispersion de l'humidité et en 

atténuant les contraintes internes. En outre, des simulations numériques réalisées à l’aide du 

logiciel SAFIR ont permis de modéliser le comportement des poteaux en béton armé sous 

exposition au feu, mettant en évidence l’influence des phases de refroidissement et de la 

composition des matériaux sur la stabilité structurelle. 

Les résultats soulignent l'efficacité du BHP renforcé par fibres en tant que solution durable et 

économiquement viable pour améliorer la résistance au feu des structures. Cette étude plaide 

en faveur d’une approche de conception basée sur la performance afin de renforcer la résilience 

des poteaux en BHP soumis à des conditions de températures élevées. 

Mots-clés : Béton à haute performance, renforcement par fibres, résistance au feu, poteaux en 

béton armé, fibres de palmier dattier, SAFIR. 

 

 

  



 الملخص

تحت تأثير الحريق، من خلال تحليل تأثير تغيّر شروط الحدود  تتناول هذه الدراسة أداء أعمدة الخرسانة عالية الأداء

وانخفاض الخصائص الميكانيكية عند درجات حرارة مرتفعة. تبحث الدراسة في أربع خلطات من الخرسانة عالية الأداء:  

الهدف الأساسي هو  .، الخرسانة المسلحة بألياف نخل التمر، الخلطة المرجعية، الخرسانة المسلحة بألياف البولي بروبيلين

 .الحرارية وسلامة الهيكل للخرسانة عالية الأداء من خلال تعزيزها بالأليافتعزيز المقاومة 

من قدرتها على التحمل  %57تمتلك مقاومة ممتازة للحريق، حيث احتفظت بنسبة  أظهرت النتائج التجريبية أن الخلطة 

، مع تقليل ملحوظ للتشقق والتشظي. كما أن إدراج ألياف نخل التمر حسّن بشكل كبير من الاستقرار الحراري  C°650عند 

للخرسانة من خلال تعزيز توزيع الرطوبة والحد من الإجهادات الداخلية. بالإضافة إلى ذلك، تم إجراء محاكاة رقمية  

لنمذجة سلوك أعمدة الخرسانة المسلحة عند التعرض للنار، مما أبرز تأثير مراحل التبريد   SAFIR باستخدام برنامج 

 .وتكوين المواد على استقرار الهيكل

تؤكد النتائج على فعالية الخرسانة عالية الأداء المسلحة بالألياف كحل مستدام وفعال من حيث التكلفة لتحسين مقاومة 

الهياكل للحريق. كما تدعو هذه الدراسة إلى تبني نهج تصميم يعتمد على الأداء لتعزيز مقاومة أعمدة الخرسانة عالية الأداء  

 .الحرارية المرتفعةللظروف 

الخرسانة عالية الأداء، التدعيم بالألياف، مقاومة الحريق، أعمدة الخرسانة المسلحة، ألياف نخل التمر،  :الكلمات المفتاحية

 .SAFIRالمحاكاة باستخدام 
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General introduction 

High-performance concrete (HPC) is widely used in modern construction due to its high 

strength, durability, and resistance to harsh environmental conditions. Its low porosity and 

improved resistance to aggressive agents contribute to the longevity and reliability of 

structures. However, understanding its behavior under high temperatures is essential, 

especially in fire conditions. Major fire incidents, such as those in the Channel Tunnel, Mont 

Blanc Tunnel, and Tauern Tunnel, have revealed significant gaps in knowledge about the 

effects of extreme heat on concrete, where temperatures can exceed 1000°C. 

When exposed to fire, concrete undergoes significant physical and mechanical changes that 

can compromise its structural integrity. High temperatures cause thermal expansion, internal 

stress buildup, and loss of strength, often leading to cracking or spalling. Research has shown 

that adding polypropylene fibers to concrete can reduce spalling by increasing microporosity, 

allowing gases to escape and lowering internal pressure. 

Although fire safety regulations aim to prevent and control fires, real-life incidents often result 

in severe structural damage despite these measured. Current fire resistance assessments mainly 

focus on factors such as element dimensions and reinforcement cover but do not always 

consider the overall stability of structures under fire conditions. 

This research aims to improve the understanding of HPC behavior at high temperatures, with 

a particular focus on reinforced concrete columns. by studying the effects of heat exposure and 

the role of materials such as granulated slag fillers, polypropylene fibers, and date palm fibers. 

This research work seeks to provide valuable insights for improving fire-resistant concrete 

structures. 

In this context, the present thesis is structured into four chapters. 

Chapter I: this chapter presents a synthesis of research on the evolution of the physical and 

mechanical properties of concrete subjected to high temperatures. The results found in the 

literature vary and are sometimes contradictory. First, the hypotheses concerning the structure 

of concrete are outlined, followed by a description of the changes in chemical composition and 

microstructure due to heat exposure. The thermal deformations of concrete and its constituents 

are then analyzed. The chapter also examines the evolution of mechanical properties, such as 

compressive strength, tensile strength, and elastic modulus, under different temperature 

conditions. The impact of testing methods on these properties is also discussed. 

Furthermore, this chapter includes a review of research on the fire behavior of reinforced 

concrete columns. The fire resistance of these columns is influenced by multiple factors, such 

as fire exposure conditions, load levels, and concrete properties—many of which are not fully 
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considered in current fire design methodologies. Existing fire resistance provisions, mainly 

based on prescriptive approaches, assume failure when the steel reinforcement reaches a critical 

temperature but often overlook essential structural interactions, such as column-beam behavior 

and biaxial bending effects. A review of experimental and numerical studies highlights the 

existing gaps in knowledge, particularly concerning high-performance concrete (HPC) 

columns. Additionally, the limitations of current fire resistance design codes, including 

Eurocode 2, ACI-318, and AS 3600, are discussed. 

Chapter II: This chapter defines and justifies our foundational choices regarding the 

compositions of the materials studied. We conduct a systematic optimization of high-

performance concrete (HPC) formulations, both with and without fibers. This includes 

selecting constituents such as cement, aggregates, silica fume, and additives to enhance 

performance characteristics. 

Additionally, the roles of polypropylene fibers and date palm fibers are explored, focusing on 

their ability to improve resistance to cracking and spalling, especially under high temperatures. 

The chapter concludes with experimental results that characterize how polypropylene fibers 

and date palm fibers influence the fresh properties of HPC, including workability, setting time, 

and density. These findings underscore the potential for optimized HPC formulations to 

enhance structural durability and resilience 

Chapter III: presents the experimental protocols and analyzes results related to key properties 

of high-performance concrete (HPC) subjected to heating-cooling cycles at temperatures of 

20°C, 250°C, and 650°C. 

We begin by detailing the methodologies for sample preparation and testing. Key assessments 

include: 

1. Mass loss: Measured to evaluate material degradation and changes due to elevated 

temperatures. 

2. Accessible porosity: Assessed to understand permeability and structural integrity. 

3. Residual Compressive Strength: Evaluated to determine load-bearing capacity after 

exposure to heat. 

4. Residual tensile strength: Similar to compressive strength, this indicates the material's 

ability to resist tensile forces. 

5. Elastic modulus (Non-Destructive Testing): Measured to assess stiffness and structural 

integrity without damaging the samples. 

The chapter concludes with a comparative analysis of HPC performance at different 

temperatures, discussing the implications for its use in fire-prone environments. 
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Chapter IV: The first part provides a comprehensive overview of the SAFIR software, 

outlining its theoretical foundations, algorithms, and the validation processes employed to 

ensure its accuracy and reliability in simulating fire behavior and structural response. 

The second part is dedicated to the theoretical study of the resistance of columns, emphasizing 

the principles governing their structural integrity. This section elaborates on the key factors 

influencing column performance under various loading conditions. 

The core of this chapter is focused on numerical simulations designed to evaluate the load-

bearing capacity of reinforced concrete columns when subjected to vertical loads. The analysis 

incorporates several critical physical and mechanical parameters, including: 

• Fire considerations: The duration of heating, modeled to reflect realistic fire scenarios, 

enabling the assessment of how thermal effects impact structural performance. 

• Reinforced concrete column parameters: This includes the height and thickness of the 

columns, as well as various support conditions that influence their stability and load-

carrying capabilities. 

Through these simulations, the chapter aims to provide valuable insights into the behavior of 

columns in fire conditions, thereby contributing to the development of more resilient structural 

designs. 

General conclusion and perspectives 

As a general summary of this research conducted on HPC and HPC reinforced with fiber under 

high temperature. This study aimed to contribute to a better understanding of material 

performance under fire conditions and explore the potential of fiber reinforcement in enhancing 

fire resistance. 

Future research should focus on the long-term durability of HPC after fire exposure, the 

optimization of numerical models for more accurate predictions, and the integration of 

improved formulations into fire-resistant design standards. The use of sustainable materials, 

such as date palm fibers, also presents an interesting avenue for further investigation



 
 

Chapter I:  

Bibliographical study 
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I.1 Introduction  

Reinforced concrete structures can withstand natural disasters such as earthquakes and fires, 

but these events pose a significant threat to their structural integrity, causing severe damage. 

Fires, in particular, can be devastating, affecting not only the load-bearing parts but also the 

aesthetic aspects of buildings. When exposed to fire, concrete can undergo dramatic changes, 

reaching temperatures exceeding 1000°C, depending on the intensity and duration of the fire. 

This chapter provides a comprehensive understanding of concrete's thermal and mechanical 

behavior when exposed to high temperatures to help mitigate potential damage. 

I.2 Microstructure of hardened concrete  

Concrete is composed of the matrix (hardened cement paste) and aggregates (gravel and sand), 

resulting in a heterogeneous microstructure due to the wide range of aggregate sizes and 

hydration products, which are sensitive to hydration and preservation conditions like 

temperature and relative humidity. Understanding the microstructure of hardened concrete is 

essential to prevent catastrophic failures during disasters. With this knowledge, we can 

confidently ensure the safety and longevity of concrete structures. 

 I.2.1 Microstructure of cement  

Cement is a hydraulic binder that, when mixed with water, forms strong, durable materials, 

even underwater. Portland cement, the most widely used binder, consists of clinker and gypsum 

[1]. Clinker is produced by heating limestone (80%) and clay (20%) at 1,450°C in a kiln [2]. 

Gypsum (CaSO4·2H2O) is crucial in Portland cement, preventing "flash setting" by forming 

ettringite crystals on C3A grain surfaces, delaying hydration and hardening [3]. This process 

ensures controlled setting, avoiding rapid hardening due to insufficient SO42- ions [4]. Table 

I.1 lists the main dehydrated components and mineral composition of Portland cement. 

Table I.1:Main Constituents of Ordinary Cement 

 

 

 

 

 

 

When water and cement mix, they trigger hydration reactions, forming durable hydrate 

compounds. Hydration involves chemical reactions between water and cement, transforming a 

fluid suspension into a solid. Key hydrates include CSH gel (hydrated calcium silicate), 

calcium hydroxide (Portlandite), and hydrated calcium aluminates with ettringite. This process 

Designation Exact chemical formula Simplified chemical 

formula 

Proportion in ordinary 

cement 

Tricalcium silicate  3CaO.SiO2 C3S 60 to 65% 

Dicalcium silicate  2CaO.SiO2 C2S 20 to 25% 

Tricalcium aluminate  3CaO.Al2O3 C3A 8 to 12% 

Tetracalcium 

alumino-ferrite 

4CaO.Al2O3.Fe2O3 C4AF 8 to 10% 



5 
 

creates the cement's strength and structure as shown in the Figure I.1. 

These hydrates primarily arise from the cement's dicalcium and tricalcium silicates, as 

indicated by the simplified reaction (I.1). 

 

 

 

 

 

 

 

 

 

 

Figure I.1: Scanning electron microscope view of a cement paste [5] 

The CSH gel is the main component of hydrated Portland cement, making up 50% to 70% of 

its weight. It is essential for providing strength, though its structure remains poorly defined. 

The term "CSH gel" reflects its amorphous nature, low crystallinity, and inclusion of water 

molecules [6]. Portlandite, the only solid phase in cement paste that appears relatively pure, 

forms hexagonal flakes, often in stacked formations among partially hydrated cement grains. 

Its large crystal size results in a small specific surface area, leading to weak bonding. High 

concentrations are found at the transition zone (between cement paste and aggregates) or near 

air bubbles. In confined spaces, portlandite can also appear in an amorphous form [7]. 

I.2.2 Water in the hardened cement paste 

 Water plays a dual role in cement paste, enhancing fluidity and workability initially, then 

aiding in solid particle connections during hardening. However, it also introduces drawbacks 

like increased porosity, reduced strength, harmful substances, and shrinkage or creep. Water in 

cement paste is classified based on its binding [8]: 

1. Free (capillary) water: Fills pores and migrates first, evaporating at 30°C–120°C. 

2. Adsorbed water: Bound physically (Van Der Waals forces) or chemically (modified 

molecular structure). 

3. Chemically bound water: Reacts with cement’s anhydrous elements, existing in three 

forms within the C-S-H structure, classified by bonding energy (see Figure I.2) [9]. 

 

 

C3S 

 Ou         +   H2O                       CSH   Ca(OH)2      ………. I.1  

C2S 
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Figure I.2: State of water in C-S-H [9] 

I.2.3 Aggregates 

Aggregates make up 60-80% of concrete volume and are sourced from natural (mechanically 

processed minerals), artificial (processed materials like expanded shale), or recycled (crushed 

concrete) origins. Reactive aggregates, such as limestone, bond strongly with cement paste 

through chemical reactions, while siliceous aggregates, being neutral, form weaker bonds [10]. 

The selection of aggregates depends on their mineralogical origin, shape, and size distribution, 

which significantly influence concrete’s performance. Proper aggregate choice is crucial for 

optimizing concrete strength and durability. 

I.2.4 Paste-aggregate interface 

In the hydration process of concrete, a critical bond forms between the cement paste and 

granular aggregates, creating the "interfacial transition zone (ITZ)." The properties of this zone 

depend on the aggregate type. Limestone aggregates, for example, form strong bonds with 

cement paste, reducing permeability due to reactions between calcium carbonate (CaCO3) and 

tricalcium aluminate, forming calcium monocarbo-aluminates (C3A-CaCO3H11) [11, 12]. In 

contrast, neutral aggregates result in an ITZ with lower mechanical strength and higher gas 

permeability, making it a potential weak point in the structure. 

In conventional concrete, the ITZ is a porous, mechanically weaker section compared to the 

surrounding cement paste. Its higher porosity facilitates mass transport, compromising 

structural integrity and durability [13, 14]. The ITZ thickness, typically below 50 μm, depends 

on aggregate size and the water-to-cement (W/C) ratio [15]. This underscores the importance 

of aggregate selection and concrete composition in ensuring performance and longevity. 

I.3 Development of the concrete material at high temperatures 

Under the influence of high temperatures, concrete undergoes numerous physicochemical 

phenomena and transformations that change its microstructure. The simultaneous changes in 

the cement matrix and the aggregates lead to a strong deterioration of the concrete 

microstructure and to changes in its mechanical, thermal and transport properties. These 

Interfoliar adsorbed water Interlamellar adsorbed water 

Water 

molecule 

Hydroxyl 

water 
Hydrogen 

bond 

C-S-H 

sheet 
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modifications also lead to the formation of free water in the material and thus to an increase in 

interstitial pressure. In addition to the direct effects on these two basic components, behavioral 

incompatibilities between them contribute to specific damage in the concrete material. 

I.3.2 Alterations in the Physical Attributes of Concrete upon Heating 

I.3.2.1 Evolution of Porosity 

Concrete is a biphasic porous material, consisting of a solid phase and a porous phase. 

Research indicates that porosity escalates with temperature [16-17]. 

This increase is partly due to the expansion of the total pore volume as well as the 

microcracking caused by differential expansion between the paste and the aggregates. Figure 

I.3 illustrates the variation in total porosity as a function of temperature for ordinary concrete 

(OC) and high-performance concrete (HPC), as measured by [17] using the water saturation 

method. 

 

 

 

 

 

 

 

Figure I.3: Total water porosity as a function of conditioning temperature [17] 

From 105°C to 400°C, there’s a 3% increase in porosity for ordinary concrete (OC) and a 0.9% 

rise for high-performance concrete (HPC). This elevation in porosity is linked to the release of 

water, both from within the pore network and in a chemically bonded state. 

A study observed the change in total porosity with temperature in ordinary concrete (OC) with 

a compressive strength of 38.1 Mpa and high-performance concrete (HPC) with a compressive 

strength of 61.1 Mpa [16], using mercury intrusion porosimetry. The findings revealed a 

minimal increase in porosity between 22°C and 120°C. This minimal increase indicates that 

while free water is released in this temperature range, the concrete’s microstructure remains 

largely unaffected. Figure I.4 presents the pore size distributions in ordinary concrete obtained 

at various temperatures through mercury intrusion porosimetry. 
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Figure I. 4 Pore Size Distributions in Ordinary Concrete After Exposure to Various 

Temperatures [16] 

I.3.2.2 Apparent density variations 

Measurements of the bulk density for three high-performance concretes (HPC) and one 

ordinary concrete (OC) (M75SC, M75C, M100C, and M30C) are depicted in Figure I.5 This 

figure illustrates a slight reduction in density across the temperature range from 100°C to 

400°C. Notably, a difference in densities between ordinary concrete (OC) and high-

performance concrete (HPC) at 100°C can be observed, with values of 2.28 and 2.43 [g/cm³], 

respectively. These results stem from the HPC 2000 Project [17, 18]. 

 

 

 

 

 

 

 

 

Figure I.5: Apparent density variations of concrete with temperature from the HPC 2000 

project [17, 18]. 

I.3.2.3 Mass Loss 

During the heating of concrete, the mass decreases due to the evaporation of water and the 

gradual dehydration of the cement paste hydrates. Figure I.6 displays a characteristic curve of 

mass loss during heating, as well as the curve of the rate of mass loss [19]. 
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Figure I.6: Mass loss during heating and rate of mass loss as a function of temperature [19]. 

I.3.4 Effects of temperature on mechanical properties 

Under the influence of temperature, concrete undergoes significant physico-chemical changes 

which influence the evolution of its mechanical properties with temperature. Dehydration, 

transformation reactions, pore pressure and differential expansion between cement paste and 

aggregates all have significant effects on the strength of concrete at high temperatures. These 

changes appear to be irreversible, due to the irreversible nature of the dehydration and 

breakdown of the concrete microstructure that occur. 

I.3.4.1 Evolution of compressive strength at high temperatures 

 To characterize the variation of concrete compressive strength with temperature, several 

experimental methods are used: 

• Steady-state method: The specimen is heated to a specific temperature, then loaded at 

a controlled rate. 

• Transient state method: The specimen is loaded first, held at a fixed load, and then 

heated at a controlled rate. 

• Residual state method: The residual compressive strength is measured after cooling to 

room temperature. 

Hot specimens generally exhibit higher compressive strength than cooled ones, with 

additional strength loss observed during cooling compared to the maximum temperature [20]. 

The evolution of compressive strength with temperature depends on factors like binder and 

aggregate type, water/cement ratio, heating rate, and additions, with aggregate type and G/C 

ratio being the most influential [21]. Figure I.7 illustrates Eurocode 2 and DTU curves for 

various concrete types [22]. 
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Figure I.7: Compressive strength variation curves (Eurocode 2 and DTU) [22] 

Compressive strength decreases slightly up to around 400°C, then drops significantly between 

400°C and 800°C. At 800°C, strengths reach values of less than 20% and 30% of the value at 

ambient temperature for siliceous and limestone concretes respectively. 

I.3.4.2 Evolution of tensile strength at high temperature 

Most tests on the evolution of tensile strength as a function of temperature are carried out after 

cooling by splitting [23]. Tensile strength partly determines the thermal stability of RILEM 

TC44 concretes (spalling and bursting) [24]. Residual tensile strength tests were conducted, 

revealing that the values obtained through direct tension are the most representative. 

Additionally, it is shown that residual tensile strength is somewhat lower than tensile strength 

at elevated temperatures [25, 21]. 

Figure I.8 illustrates the residual tensile strengths determined through both splitting and direct 

tension methods, alongside the direct hot tensile values. These findings are compared with 

those outlined in Eurocode 2 and DTU, with the DTU curve showing higher values than those 

obtained experimentally. The results indicate that tensile strength is more adversely affected 

by temperature compared to compressive strength. Specifically, from 150°C onward, direct 

tensile strength decreases by 15-20%, while compressive strength exhibits a decline of only 8-

9%. Following exposure to 500°C, concrete retains 60 to 63% of its compressive strength, in 

contrast to only 42 to 53% of its tensile strength [24, 26]. 
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Figure I.8: Tensile strength test results compared with standards [26]. 

I.3.4.3 Evolution of modulus of elasticity in compression 

The variation in the modulus of elasticity is primarily influenced by the microstructure of the 

cement paste, particularly due to increased material damage from dehydration and matrix 

cracking. Higher temperatures accelerate the creep process in the short term, leading to a 

reduction in the modulus of elasticity [27]. These changes are affected by several factors, 

including the initial elastic modulus, the water content of the concrete, the nature of the 

aggregates, and the heating rate [28, 27]. Figure I.9 presents experimental values alongside 

those provided by normative codes [22]. The modulus consistently decreases across all types 

of concrete tested (e.g., BV, BAP), exhibiting a monotonically decreasing trend with a 

noticeable dispersion in the experimental results. 

 

 

 

 

 

 

 

 

Figure I.9: Evolution of modulus of elasticity as a function of temperature [22]. 

I.3.4.4 Evolution of concrete cracking energy (Gf) 

Cracking energy is defined as the energy required to create a unit surface crack. The 

degradation of the modulus of elasticity, compressive strength, and tensile strength results in a 

variation of cracking energy as a function of temperature. An analysis of the work conducted 
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by various authors [29, 30] reveals a significant dispersion in the results, primarily attributed 

to factors such as different heating and cooling rates, testing conditions (hot or cold), concrete 

compositions, grain sizes, specimen geometries, storage conditions, and cement types. 

Figure I.10 illustrates the evolution of the mean cracking energy with temperature. 

Additionally, Figure I.11 presents the evolution of the Gf/Gf0 ratio at 20°C, 120°C, 250°C, and 

400°C, as obtained by [31], for three types of concrete tested as a function of temperature. 

 

 

 

 

 

 

 

 

 

 

The variation of concrete cracking energy with temperature is a critical parameter for the 

thermomechanical behavior model in simulations, as specified by [29]. It serves as a coupling 

term between thermal and mechanical degradation in concrete [19]. 

I.3.4.5 Evolution of Poisson's ratio and elastic shear modulus 

The study of concretes with siliceous aggregates tested up to 400°C indicates that Poisson's 

ratio values evolve with temperature in a manner similar to that of the shear modulus. Research 

conducted on cement paste within a temperature range of 20 to 300°C revealed a 20% decrease 

in Poisson's ratio at 150°C, followed by a 7.5% increase at 300°C [32]. 

In tests performed, Poisson's ratio was evaluated after cooling to room temperature under two 

different cooling regimes: a slow cooling regime (where the specimen was left in the oven) and 

a rapid cooling regime (where the specimen was rapidly cooled with a jet of cold water for half 

an hour) [33]. Figure I.12 displays the results from [34] and [33], as reported by [35], 

illustrating the evolution of the elastic shear modulus (G) and Poisson's ratio (ν) of concretes 

as a function of temperature. Additionally, the work shows that G varies similarly to the 

modulus of elasticity (E) [46]. 

 

 

 

Figure I.10: Relative variations in concrete 

cracking energy with temperature [29]. 

 

Figure I.10: Gf Ratio of the 3 concretes 

tested as a function of temperature [19]. 
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Figure I.12: Evolution of the fish coefficient as a function of temperature 

I.3.5 Residual properties of concrete after heating to different temperatures 

Reinforced concrete structures generally behave well in fire. Most concrete buildings damaged 

by fire can be repaired and put back into use, even after severe fires, damaged structural 

elements can be repaired to have minimum strength, stiffness and ductility again. To assess 

and repair damaged elements, it is essential to understand the effect of temperature on the 

residual properties of concrete, in particular the stress-strain relationships used to predict the 

behavior of structures after cooling. 

Numerous studies have been carried out on the residual mechanical properties of concrete after 

exposure to elevated temperatures, such as compressive strength, tensile strength, and modulus 

of elasticity: [37, 38, 39, 61, 62, 63, 64,65]. The results obtained by different works in different 

countries are not easy to compare quantitatively, due to differences in materials, sample sizes 

and test conditions. 

I.3.5.1 Residual compressive strength 

The compressive strength and stiffness of concrete significantly decline when exposed to high 

temperatures during a fire, and this degradation persists even after the temperature returns to 

ambient conditions. Figure I.13 illustrates this decline, showing the reduction in compressive 

strength during heating (solid line) and the residual strength after cooling (dotted line). A 

further decrease in strength is observed post-cooling, likely due to the formation of additional 

microcracks caused by thermal gradients or opposing stresses between the cement paste and 

aggregates during heating and cooling. 

The residual strength curve displays two peaks at 500°C and 700°C, which may result from an 

insufficient number of test results or physicochemical changes in the concrete during cooling 

[30-20]. Figure I.14 compares the compressive strength at high temperatures and residual 
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strength for ordinary concrete and high-strength concrete (HPC), with a strength threshold set 

at 60 MPa. Ordinary concrete shows a significant additional drop in strength after cooling (solid 

vs. dashed line), while HPC exhibits minimal degradation up to 400°C. Interestingly, at 

temperatures between 600°C and 1000°C, HPC’s residual strength after cooling tends to 

exceed its strength at high temperatures, highlighting its superior thermal resilience. These 

findings emphasize the importance of material selection in enhancing fire resistance and 

structural performance. 

 

 

 

Chang et al. [37] studied the residual strength of concrete by testing 12 cylindrical specimens 

(8 with fc28=40MPa and 4 with fc28=27MPa) made from siliceous aggregates and Portland 

cement. Specimens were exposed to temperatures from 100°C to 800°C in 100°C increments, 

heated at 1–4.5°C/min, and stabilized for 1.5–2.5 hours to ensure uniform heat distribution. 

After natural cooling, tests were conducted one month later to minimize residual stresses. A 

total of 108 specimens were tested to obtain stress-strain curves. Results showed residual 

strength (𝑓′) at 200°C retained ~90% of initial strength, dropping to 65%, 40%, and 15% at 

400°C, 600°C, and 800°C, respectively, with a sharper decline above 200°C. Equations (I.1) 

and (I.2) [37-40] aligned well with test data, closely matching Abrams’ experimental results 

[50] and EN 1994-1-2 values. Figure I.15 illustrates these findings. 

 

 

 

 

 

 

 

Figure I. 13 Evolution of high-temperature 

resistance and residual resistance [30]. 

 

Figure I. 14 Strength reduction of normal 

and high-strength concrete [30]. 
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Figure I.15: Residual compressive strength after heating at different temperatures [37]. 

I.3.5.2 Influence of aggregate type on residual strength   

Test results for 5 different cement mixes (350Kg/m3 to 450kg/m3) and using different 

aggregates (siliceous, calcareous and basaltic) are reported by [41], figureI.16 shows the results 

obtained for mix1 (cement: 32.5 R and c = 350 kg/m3). 

- Basalt- and limestone-based concretes are less affected by temperature than siliceous 

concretes, at least up to 400°C. 

- Overall, siliceous and calcareous concretes lose more than 2/3 of their initial strength after 

being heated to 600°C, whereas basalt concretes lose less (around 1/2) 

In the T = 20-600°C range, normal-strength concretes (fc20 = 41-66 MPa) lose just over 60%. 

 

 

 

 

 

 

 

 

Figure I. 16 Residual strength as a function of aggregate type [41]. 

I.3.5.3 Effect of cooling regime on residual strength 

The heating level and cooling regime significantly influence concrete degradation rates [42]. 

Faster cooling increases the temperature gradient, causing greater concrete damage. Even with 

natural cooling, the internal temperature of concrete remains higher than during heating [42]. 

Figure I.17 illustrates the residual strength evolution for two cooling regimes (air and water), 

showing that strength loss during cooling is likely due to thermal stresses [20]. These stresses 
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arise from differences in thermal deformation between aggregates and cement paste, despite 

uniform heat flow. The divergence in the curves in Figure I.17 is attributed to thermal gradients 

between the sample’s surface and interior.  

 

 

 

 

 

 

 

 

 

Figure I.17: Residual resistance for different cooling regimes [20]. 

I.3.5.4 Effect of sample shape on residual resistance 

The shape of specimens significantly affects residual strength after cooling [20]. Figure I.18 

compares residual strength evolution for cubic (100 mm or 150 mm) and prismatic (circular or 

square base, height-to-base ratio of 2–3) specimens. Prismatic specimens exhibit greater 

strength reduction during heating and cooling compared to cubic ones. While fracture 

mechanisms differ between thin cubic and prismatic specimens, they remain consistent across 

room temperature, heated, and cooled conditions. The variation is likely due to differing aspect 

ratios, influencing thermal gradient distributions. Notably, only cubic specimens show strength 

increases at 200°C and 300°C. The additional strength reduction during cooling is most 

pronounced for cubes below 500°C and for prismatic specimens above 400°C. 
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Figure I. 18 Strength reduction in prismatic vs. cubic specimens during heating and cooling 

[20] 

I.4 Review of research on the behavior of structural columns under high temperatures 

I.4.1 Introduction:  

The fire resistance of reinforced concrete (RC) columns is influenced by several factors, 

including fire scenarios, exposure conditions, load levels, restraint, and concrete strength. 

However, many of these factors are not adequately considered in the fire design of RC columns. 

Current code provisions for evaluating fire resistance are based on a prescriptive methodology, 

which assumes that a column fails when the steel reinforcement reaches a critical temperature. 

These provisions are derived from standard fire tests conducted on RC columns. 

Since the 1970s, numerous experimental and analytical studies have been carried out to better 

understand the behavior of RC columns under fire conditions. However, most of these studies 

have focused on standard fire scenarios, often neglecting critical aspects such as structural 

interactions (e.g., column-beam interactions), biaxial bending, and realistic fire conditions. 

Furthermore, due to a lack of data on the high-temperature thermal and mechanical properties 

of newer types of concrete, variations in these properties are not accounted for in fire resistance 

evaluations. 

This section provides a detailed review of the state-of-the-art research on the fire performance 

of RC columns, encompassing both experimental and analytical studies. It also examines the 

fire resistance provisions outlined in various codes and standards, highlighting gaps and areas 

for improvement in current practices. 

I.4.2 Experimental studies 

In recent years, the construction industry has shown great interest in applications of high-

performance concrete (HPC) due to its superior performance such as higher strength and better 

durability. Although normal strength concrete (NSC) generally exhibits good fire resistance, 

HPC may be susceptible to fire due to faster deterioration of strength and a higher probability 

of explosive spalling under fire conditions when compared with NSC [43], [44]. Since HPC is 

normally used in columns to utilise its high compressive strength, special attention should be 

paid to fire design of columns made of HPC. 

The behaviour of HPC columns under fire conditions has been experimentally investigated by 

a number of researchers. Aldea et al. [45] tested six reinforced concrete (RC) columns to 

investigate the effect of concrete strength and steel reinforcement (number and diameter of 

reinforcing bars). The columns were made of NSC (20–50 MPa) and HPC (90 MPa) with two 

different steel reinforcement configurations subjected to axial loading that equals 50% of 
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column design strength. It was found that HPC columns exhibited severe corner spalling which 

led to premature heating of steel reinforcement and a reduction in fire resistance. Spalling of 

NSC columns was not observed. It was concluded that material characteristics had a greater 

impact on failure modes than structural detailing. 

Spalling behaviour of HPC columns was also observed by Ali et al. [46] who tested 18 HPC 

columns (90–110 MPa) under two parametric fire curves (low heating rate and BS476). The 

columns were subjected to three levels of axial loading which equal 0.2, 0.4 and 0.6 of the 

design strength. Among the 18 columns, 17 suffered various degrees of spalling (i.e. minor, 

major and severe). It was concluded that with an increase of load level, fire endurance was 

decreased but the probability of spalling was not increased. A lower heating rate could minimise 

the risk of spalling.  

Kodur and McGrath [47] conducted a test programme on six full-scale HPC columns to 

investigate the effects of cross-section dimensions (305 and 406 mm), aggregate type (siliceous 

and carbonate) and tie configuration (bending of ties at 135°, lapped with 90° bending at the 

ends ties, additional cross-ties). The columns were tested under concentric loading and the 

applied load ranged from 54% to 123% of full service load. Cracks at the corner led to spalling 

of chunks of concrete at the end of the test. It was concluded that with an increase in load level, 

fire resistance was reduced. 

Ali et al. [48] conducted a comprehensive experimental study on 99 columns under fire 

conditions to explore the influence of concrete strength (43 and 106 MPa), heating rate (high 

and low), degree of axial restraint (0, 0.1 and 0.2) and loading level (0, 0.2, 0.4 and 0.6 of 

column design strength). Explosive spalling happened in all the tests, and NSC and HPC 

columns showed similar susceptibility to spalling. It was reported that an addition of 3 kg/m3 of 

polypropylene (PP) fibres could reduce the degree of spalling from 22% to less than 1%. 

The effectiveness of PP fibres in mitigating spalling was also investigated by other researchers. 

Kodur et al. [49] tested five columns to study the effects of concrete strength (40–100 MPa), 

aggregate type (siliceous and carbonate) and fibre reinforcement (42 kg/m3 of steel and 

0.9 kg/m3 of PP fibres). The columns were subjected to concentric loading under fixed–fixed 

boundary conditions. The test results showed that the addition of PP fibres in HPC columns 

could reduce spalling and improve fire resistance. The presence of steel fibres could enhance 

the ductility of HPC columns and increase fire resistance. 

To further explore the effect of fibre reinforcement, Khaliq and Kodur [50] tested another five 

columns made of NSC and HPC with plain, PP (1 kg/m3), steel (42 kg/m3) and hybrid fibres 

under concentric loading. It was found that the hybrid fibre (PP and steel) reinforced HPC 
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column could completely prevent spalling and exhibit better fire performance compared to 

columns reinforced with only one type of fibres. 

Benmarce and Guenfoud [51] studied the fire behavior of high-strength concrete (HSC) 

columns by testing twelve specimens, focusing on load ratio, restraint ratio (column stiffness 

relative to structural restraint stiffness), and heating rate. Results showed that fire resistance 

decreased with higher load ratios, leading to lower failure temperatures for steel and concrete, 

as less restraint force was needed to cause failure. Restricting axial expansion reduced internal 

forces, and higher loads required less additional force to induce failure. Axial deformation 

during fire exposure depended on load levels but was unaffected by heating rate. Columns 

under low heating rates had failure times nearly double those under high heating rates, given 

identical restraint and load conditions. 

I.4.3 Numerical studies 

A review of literature indicates that a fair number of analytical studies have been conducted on 

the fire behavior of RC columns. The main objective in many of these studies was to trace the 

response of columns under fire conditions and to demonstrate the inherent fire resistance of RC 

columns. Most of the studies concentrated on developing numerical models, which were 

generally based on finite element or finite difference methods. In majority of these studies, the 

focus was mainly on NSC columns. In cases where HPC was considered, spalling was not fully 

incorporated in the analysis.  

• Franssen and Dotreppe [52] utilized data from their fire tests, as well as that in the 

literature, to develop simplified calculation methods. The first of the two methods developed 

is an empirical equation, which expresses the fire resistance of RC columns as a function of 

influencing parameters. This method has been incorporated into Eurocode EC2-1-2[53] and 

yields conservative predictions. The second model developed by the authors is more elaborate 

and is classified as a simplified calculation method in Eurocode (level II according to EC2-1-

2). This method has been validated against data from four circular columns tested by authors. 

In this model, the ultimate load capacity of the heated RC column is expressed as a fraction of 

the plastic crushing load of the section. This formulation gives safe, though rather conservative, 

fire resistance values for design purposes. Again these methods are applicable for standard fire 

exposure only as they were derived based on standard fire tests and do not account for fire 

induced biaxial bending. Figure I. 19 shows a graphic presentation of the comparison of fire 

resistance obtained with this method and experimental results. 
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Figure I. 19 Comparison of fire resistance predictions from simplified equation and test data. 

[52] 

• Gernay and Dimia [54] developed a numerical model to predict the structural behavior 

of RC columns subjected to a natural (or realistic) fire, and attention was specifically given to 

the decay phase of fire exposure. A two-dimensional finite element analysis was performed on 

various cross sections. The main objective of the study was to get an insight to the parameters 

and conditions that could lead delay the collapse of a column after fire exposure. The 

parameters considered are the duration of the heating phase of the fire, effective length of the 

column, and the section size of the column. The main findings of the numerical study are that 

a failure during the cooling phase of a fire is possible in RC columns. Temperatures in the 

central portion of the modeled RC columns continue to increase even after the heating phase 

of a fire scenario has ceased. A failure during the cooling phase can also be ascribed to the 

additional strength loss of concrete that will occur during the cooling phase, when peak 

concrete temperatures are reached. The most critical situation for a delayed failure are a short 

fire exposure and for columns that have a low slenderness ratio (short length and/or massive 

cross sections). 

I.4.5 Codes of practice  

In most countries, fire-resistant design requirements are outlined in building codes and national 

standards, which typically follow a prescriptive approach. These codes and standards provide 

tabulated fire resistance values based on standard fire tests. These values are largely determined 

by factors such as concrete cover thickness and minimum cross-sectional dimensions of 

structural elements. 

 Eurocode 2, Part 1–2 [2004] [53] provides three methods for evaluating the fire resistance of 

reinforced concrete (RC) columns: simplified, tabular, and advanced methods. The tabular 
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method, the quickest and simplest, determines minimum dimensions and concrete cover 

thickness based on the nominal axis distance. The simplified equation method, derived from 

Franssen and Dotreppe [52], offers more economical designs for smaller columns or structures 

requiring longer fire resistance. Eurocode 2 outlines two simplified approaches: Method A and 

Method B. While both are valid, Method A is simpler but imposes stricter load eccentricity 

limits. For columns supporting the uppermost storey, load eccentricity often exceeds these 

limits, requiring analysis as beams. The code also mandates minimum reinforcement ratios and 

spacing criteria to ensure fire resistance. 

Concrete structure design follows the ACI-318 [2008] [55] standard, which references ACI 

216.1 [2007] [56] for fire resistance guidelines. ACI 216.1 specifies concrete cover thickness, 

minimum cross-sectional dimensions, and tie reinforcement spacing for reinforced concrete 

(RC) columns, with requirements varying based on aggregate type (siliceous or carbonate) and 

the number of sides exposed to ASTM E119 fire [57]. The latest edition includes provisions 

for high-strength concrete (HSC) columns, recommending 135° bent ties to enhance fire 

resistance ratings [58]. These measures improve fire performance and safety under elevated 

temperatures. 

The Australian Standard AS 3600 [2001] [59] incorporates two distinct clauses for determining 

the fire resistance of reinforced concrete (RC) columns. The first clause applies to columns 

with all faces exposed to fire, while the second clause addresses columns that are partially 

exposed to fire. The standard provides a specific equation to calculate the fire resistance of RC 

columns, taking into account several critical parameters, including the steel reinforcement 

ratio, the compressive strength of the concrete, the cross-sectional dimensions of the column, 

the axial load acting on the column, and the effective length of the column. This equation offers 

a systematic approach to evaluating fire resistance, ensuring that structural safety and 

performance are maintained under fire conditions. 

A detailed analysis of fire resistance specifications across various codes reveals significant 

variations in their provisions. The fire resistance of a typical reinforced concrete (RC) column 

tested by Lie and Woolerton [60] under ASTM E119 fire exposure, was computed using three 

distinct codes. The experimentally measured fire resistance was 183 minutes. Using ACI 216.1 

provisions, the computed fire resistance was 180 minutes, closely aligning with experimental 

results. However, ACI 216.1 bases fire resistance ratings solely on concrete cover thickness 

and minimum cross-sectional dimensions, assigning the same rating to similar columns 

regardless of load level, slenderness, or reinforcement ratio. This highlights a limitation in the 
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prescriptive approach, as it does not account for these critical factors influencing fire 

performance. 

The empirical equation provided in Eurocode predicts a fire resistance of 161 minutes for the 

analyzed RC column, while the simplified equation in the Australian code yields a significantly 

higher prediction of 234 minutes. This discrepancy underscores the considerable variation in 

fire resistance predictions derived from the provisions of current codes and standards. 

I.5 Conclusion  

This chapter synthesizes research on the effects of temperature on concrete degradation, 

emphasizing the intricate interplay of physical, chemical, and mechanical mechanisms. High 

temperatures induce physical changes such as heat transfer, free water evaporation, and 

conductivity variations, alongside chemical processes like dehydration, carbonation, and 

chemical transformations. Mechanical effects, including deformations and micro cracking, are 

exacerbated by incompatibilities at the paste-aggregate interface, leading to mass loss and 

property degradation. Residual mechanical properties post-high-temperature exposure exhibit 

significant variability, with Eurocode models providing foundational insights. However, the 

influence of heating and cooling regimes, particularly on steel, remains critical, as steel 

properties are often reversible. The presence of water in liquid and vapor forms further 

complicates thermal and mechanical behavior. 

Research on reinforced concrete (RC) columns under thermal and mechanical actions reveals 

gaps, especially regarding cooling phases in natural fires and realistic fire scenarios. Most 

studies focus on nominal fire curves (e.g., ISO 834, ASTM E119) without considering cooling, 

and mechanical actions are often simplified. Additionally, post-fire seismic performance of RC 

columns is underexplored. Future research should prioritize advanced analytical models 

incorporating biaxial bending, multi-side fire exposure, spalling, creep, and realistic fire 

conditions. Reliable experimental data and parametric studies are essential to validate these 

models and develop design guidelines, including spalling mitigation for high-strength concrete. 

This will enable a performance-based fire safety design approach, ensuring cost-effective 

solutions for evaluating residual load-bearing capacity and seismic performance post-fire. 

 



 
 

 

 

 

 

 

 

 

 

Chapter II:  

Characterization of materials and 

formulation of high-performance concretes 
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II.1 Introduction 

In this second chapter, we explore the physical and chemical characteristics of the materials 

used in the production of high-performance concrete (HPC). These materials include gravel, 

natural and crushed sand, cement, as well as silica fume. Each component plays a crucial role 

in the final properties of the concrete, and their selection and proportion in the mix are key to 

achieving the desired performance. 

We will also present the formulation method for high-performance concrete. This method relies 

on a systematic and precise approach that considers the interactions between the various 

components, aiming to optimize both the workability of the concrete in its fresh state and its 

mechanical properties and durability when hardened. 

Furthermore, we will examine the results related to the influence of silica fume and the 

integration of polypropylene fibers and date palm fibers on the characteristics of HPC in its 

fresh state. Silica fume can significantly alter the properties of the initial mix and hardened 

concrete, while polypropylene fibers and date palm fibers are considered to enhance impact 

resistance and prevent early cracking. 

This chapter will highlight how these variables influence the performance of the concrete and 

will provide guidelines for designing HPC mixes suited to various construction applications 

and requirements. 

II.2. Material characterization 

II.2.1. Cement 

For the experimental works, we utilized Portland composite cement classified as CEM II/A 

42.5. This cement incorporates granulated blast furnace slag and 5% gypsum, produced in 

accordance with stringent quality standards. Specifically, it is manufactured by the Hdjar-Soud 

cement plant, conforming to both European standard EN 197-1 [1] and Algerian standard NA 

442 [2], ensuring its suitability for high-performance applications. 

The various chemical, physical, and mechanical characteristics of the cement used are 

established in the laboratories of the plant and the civil engineering department. The different 

results obtained are presented in Tables II.1 and II.2 respectively. 
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II.2.2. Mineral additions 

Mineral addition plays a significant role in the formulation of high-performance concrete. It 

enhances key properties of the concrete while contributing to its overall performance. This 

subsection focuses on the selected mineral addition, its chemical composition, and its impact 

on the physical and mechanical properties of high-performance concrete. 

II.2.2.1. Silica fume 

Silica fume is a mineral additive used in hydraulic concrete in accordance with the standard 

NF EN 13263-1 [3]. It is a pozzolanic material that plays a critical role in the development of 

mechanical strength and the enhancement of concrete durability. The silica fume commercially 

available from the Algerian company “CARACLA”. It is supplied as a fine white powder 

(Figure II.1). 

The chemical composition and physical properties of the silica fume are presented in Tables 

II.3 and II.4, respectively. 

 

Constituent Percentage (%) 

CaO (calcium oxide) 60.8 

SiO2 (silicon dioxide) 23.45 

Al2O3 (aluminum oxide) 4.86 

Fe2O3 (iron oxide) 3.2 

SO3 (sulfur trioxide) 2.2 

MgO (magnesium oxide) 1 

Na2O (sodium oxide) 0.1 

K2O (potassium oxide) 0.45 

Cl (chloride) 0.05 

CaOl 0.9 

Table II. 1: Chemical composition of cement 

Table II. 2: Physical and mechanical characteristics of cement 

Property Value Units 

Bulk density 1.06 g /cm3 

Absolute density 3.10 g /cm3 

Blaine fineness  3480 cm2/g  

Normal consistency 29 % 

Initial Setting Time 154 minutes 

Tensile strength 7 MPa 

Compressive strength  42.5 MPa 

https://context.reverso.net/translation/english-french/Blaine+fineness
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         Figure II.1:Silica fume                                      Figure II.2 : Diffractogram of silica fume 

The X-ray diffraction analysis of the silica fume, as depicted in Figure II.2, reveals that the 

material is primarily vitreous, containing small quantities of crystallized minerals in the form 

of tridymite and cristobalite. 

 

 

Table II.3: Chemical composition of silica fume 

Oxide Percentage (%) 

SiO2 (silicon dioxide) 97.54 

Al2O3 (aluminum oxide) 0.10 

Fe2O3 (iron oxide) 0.21 

CaO (calcium oxide) 0.02 

MgO (magnesium oxide) 0.01 

Na2O (sodium oxide) 0.04 

K2O (potassium oxide) 0.15 

Physical property Value Units 

Particle size 0 – 0.08 mm 

Specific surface Area 5000 cm²/g 

Bulk density 1.51 g/cm³ 

Absolute density 2.64 g/cm³ 

Sand equivalent 87.00 % 

Sand absorption SAb 3.87 % 

Sand friability  SF 18.05 % 

Table II.4: Physical properties of silica fume 
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II.2.3. Aggregates 

The aggregates used are local products, in accordance with current Algerian standards (or their 

equivalents): NA 2607-1 (NF P18-560), NA 2608, NA 455 (NF P18-598), NA 5130, NA 463 

(NF P18-554), NA 5089, NA 255 (NF P18-555), and NA 5125 (NF P 18-561). These materials 

are rough and clean crushed limestone. The aggregates are stored in bins and kept in the 

laboratory for air drying several weeks before use. The granular classes used for concrete 

manufacture are: (0/2) for dune sand, (0/4) for quarry sand, and (5/12) for gravels. Figure II.3. 

   

Gravel (5/12.5) Quarry sand (0/4) Dune sand (0/2) 

Figure II.3: Different aggregates used in the test 

II.2.3.1 Sand 

In our study, we utilized two types of sand: Quarry sand 0/4 (from the Annaba region) and 

Dune sand 0/2 (from the Tébessa region). The main physical properties of both sands are 

presented in Table II.5, and the tests conducted are illustrated in Figure II.4. 

Property Quarry sand 0/4 

(Annaba) 

Dune sand 0/2 

(Tébessa) 

Units 

Particle size 0 - 4 0 - 2 mm 

Bulk density  1.46 1.51 g/cm³ 

Absolute density 2.60 2.62 g/cm³ 

Fineness modulus 2.98 2.28 - 

Intergranular 

porosity 

45.25 45.85 % 

 

 

 

Table II.5: main physical properties of quarry sand (Annaba) and dune sand (Tébessa) 
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II.2.3.2 Gravel                                                                                                                             

The gravel used in this study is limestone gravel sourced from the Annaba region. It is 

characterized by a particle size ranging from 5 to 12.5 mm. The properties of this 

gravel are compiled in Table II.6.  

 

 

 

 

 

Figure II.4: Different aggregate used in the test 

Granulometric analysis 

The granulometric analysis test is conducted in accordance with standards [4], [5]. This test is 

used to determine the cumulative mass proportions that pass-through sieves of various mesh 

diameters from a sample of sand or gravel. The percentages of cumulative pass-through are 

represented in the form of granulometric curves, as shown in Figure II.5. 

Property Value Units 

Particle size  5 - 12.5 mm 

Bulk density  1.45 g/cm³ 

Absolute density 2.69 g/cm³ 

Intergranular porosity 49.23 % 

Los-angles test 24.50 % 

Table II. 6: Properties of limestone gravel (Annaba) 
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Figure II.5: Granulometric analysis of all aggregates 

The granulometric analysis results indicate that the three granular fractions utilized in this study 

form a continuous granular skeleton, achieving optimal compactness. This suggests a well-

graded particle size distribution that enhances density and structural stability. 

II.2.4. Fibers 

Using fibrers in high-performance concrete (HPC) involves incorporating small, discrete fibers 

into the concrete mix to improve various physical properties and performance characteristics. 

This modification aims to address the inherent brittleness and limited crack resistance of 

traditional concrete. 

In this study we use two type of fibre polypropylene fibers and the date palm fibers. 

 II.2.4.1 Polypropylene fibers 

The fibers used are polypropylene fibers (figure II.6) marketed by the Algerian company Sika 

El-Djazair. They are used in high-performance concrete to improve the fire resistance of these 

structures. Their technical characteristics are given by the manufacturer. 
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Figure II.6: Polypropylene fibers 

Thermogravimetric analysis of polypropylene fibers (TGA) was performed using a Netzsch 

STA 499 F3 device coupled with Netzsch Proteus Software for data analysis and 

deconvolution of the derivative curve. The TGA and DTG curves are presented in Figure II.7. 

 

 

 

 

 

 

 

 

 

Figure II.7: ATG curve for polypropylene fibers 

According to the above Figure II.7, a peak can be observed around the temperature of 460 °C, 

corresponding to the mass loss of the material, which is due to the combustion of polypropylene 

fibers [6]. 

 

 

Table II. 7: Polypropylene fibers characteristics 

Property Value Units 

Fiber length 12 mm 

Density 0.9 - 

Melting point 150 °C 

Young's modulus 3 KN/mm2 

Fiber cross-

section 

30 microns 

Temperature (%) 
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II.2.4.2 Date palm fibers  

The use of date palm fibers in concrete represents a promising direction in sustainable 

construction. These fibers, extracted from the trunks and leaves of date palm trees, as depicted 

in Figure II. 8 Drawing from the research conducted by Kriker et al. [7], which examined four 

types of fibers harvested from the exteriors of the date palm varieties dokar, deglette-nour, 

degla-bida, and elguers (using their local nomenclatures), dokar fibers were identified to 

possess superior tensile strength. Consequently, dokar fibers were selected for inclusion in our 

study. The physical and mechanical properties of dokar fibers are delineated in Table II.8. 

Within the HPCD mixtures, date palm fibers were incorporated at a rate of 1.85 kg/m3. 

 

 

 

 

 

 

 

Figure II.8: Illustrations of palm fibers   

 

 

 

Table II.8: Physical and mechanical properties of the palm fibers used [43]. 

Physical characteristics    Lower-Upper  Coefficient of variation CV (%)  

Length (mm) 20-100 - 

Diameter (mm) 0.1 - 1 0.45-54.43 

Tensile Strength (MPa)  285 ± 15 - 

Apparent density (kg/m3) 512.20-1088.80 900-17.64 

Absolute density (kg/m3) 1300-1455 1383-5.52 

Natural Water Content (%) 9.50-10.50 10-5.00 

Ultimate strain (%) 11.00-16.00 - 

Modulus of elasticity (GPa) 4.74-5.25 - 

Water absorption (%) 96.84-202.65 - 
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II.2.5 Superplasticizer 

The superplasticizer VISCOCRETE TEMPO 12, marketed by Sika El-Djazair in Algeria, is a 

high-performance concrete admixture conforming to NF EN 934-2 standards. This product is 

essential for enhancing the properties of both fresh and hardened concrete. It significantly 

reduces the water required without compromising workability, thereby facilitating the 

placement and processing of concrete under complex conditions. VISCOCRETE TEMPO 12 

also increases the fluidity of the concrete, allowing for higher initial and final strengths, crucial 

for projects requiring high performance and enhanced durability. 

The essential properties provided by the manufacturer are as follows: 

Form: Liquid. 

Color: Light brown. 

pH: 6 ± 1. 

Density: 1.06 ± 0.01. 

Chloride Content: ≤ 0.1%. 

II.2.6. Mixing water 

The conditions imposed on mixing water are specified by the standard NF EN 1008 [94]. This 

water must be clean and free from organic materials. The water used in our study is potable tap 

water from the laboratory (city of Guelma). 

II.3. Formulation of study concretes 

In our research, we adopted the concrete formulation method developed by Aïtcin at the 

university of Sherbrooke [8], recognized for effectively integrating empirical outcomes with 

theoretical calculations. This method employs the absolute volume approach, which 

meticulously calculates the required volumes of each concrete component to achieve optimal 

performance characteristics. 

A key aspect of this methodology is the comprehensive consideration of water sources, 

including the water content in superplasticizers as part of the total mixing water. This approach 

ensures precise control over the water-to-cement ratio, which is crucial for enhancing the 

concrete's mechanical properties and ensuring its durability. 

The process is methodically outlined in a flowchart, illustrating the systematic steps from the 

selection of materials, through detailed volumetric calculations, to adjustments based on trial 

mixes. This procedure ensures that the formulated high-performance concrete meets stringent 

standards, maintains consistent quality across batches, and adapts effectively to diverse 

applications. The flowchart provided below details these steps, offering a clear guide to 

replicating and optimizing the mix design for High-Performance Concretes. 
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Figure II.9. Flowchart of the proposed method for formulating HPC (High Performance 

Concrete) 

 

Figure II. 9: Flowchart of the proposed method for formulating HPC 
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Mix compositions for one cubic meter of concrete are shown in Table II.9. 

 

 

Designation of concrete used: 

HPC: High-performance concrete. 

HPCPP: High-performance concrete with polypropylene fibers. 

HPCDP: High-performance concrete with date palm fibers. 

HPCPPQS: High-performance concrete with polypropylene fibers based on quarry sand. 

II.4. Fabrication and curing of specimens 

The mixing of the concrete was performed using a concrete mixer with a capacity of 30 liters, 

adhering to the normative references [9] and [10]. The total mixing duration was set at 5 

minutes. The mixing sequences were as follows: 

- 1 minute of dry mixing: Introduction of gravel, sand, cement, and fillers. In the case of 

fiber-reinforced concretes, polypropylene fibers were added and dispersed manually to ensure 

even distribution throughout the mix. 

- 2 minutes of mixing: Introduction of 75% of the mixing water. 

- 2 minutes of mixing with the remaining 25% of water, in which the superplasticizer was 

dissolved. 

Vibration was performed on a vibrating table with adjustable vibration amplitude. The 

vibration duration was 30 + 30 seconds. The specimens were demolded after 24 hours and 

Table II.9: Batches quantities in Kg/m3 

MIX HPC HPCPP HPCDP HPCPPQS 

W/B 0.275 0.275 0.275 0.275 

Cement kg/m3 489.20 489.20 489.20 489.20 

Water kg/ m3 150 150 150 150 

Dune Sand kg/m3 368.970 368.970 368.970 184.485 

Quarry Sand kg/m3 368.970 368.970 368.970 553.455 

Gravel kg/ m3 1070 1070 1070 1070 

Superplasticizer kg/ m3 7.338 7.338 7.338 7.338 

Silica Fume kg/ m3 48.920 48.920 48.920 48.920 

PP Fiber kg/ m3 - 1.85 - 1.85 

DP fiber kg/ m3   1.85  
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stored in a saturated humidity environment (a temperature close to 20 °C and a humidity level 

nearly equal to 100%) until the day of testing. 

The specimens were aged 7, 28, and 1 year at the time of testing. The experimental study was 

conducted on different shapes of specimens, which are grouped in Table II.10. This structured 

approach ensures that each concrete specimen is consistently prepared and cured, providing 

reliable data for performance assessment across various ages and condition.       

 

 

   

 

 

II.5. Thermal treatment cycle of concretes 

Fire resistance tests were conducted on four samples under a severe fire scenario, where the 

specimens were exposed to fire on all sides. The temperature was systematically increased from 

an initial ambient temperature of 20 °C to three distinct target levels: 250 °C, 450 °C, and 650 

°C. The heating phase lasted 60 minutes, with an average heating rate of 8 °C per minute. Once 

the maximum temperatures were reached, they were maintained for one hour to simulate 

sustained fire exposure. Subsequently, the samples were cooled under conditions designed to 

replicate typical post-fire scenarios in building environments. The results of each test represent 

the average performance of three cubic concrete specimens. Figure II.8  illustrates the heating 

and cooling curve of the furnace, while Figure II.9  provides a visual representation of the 

furnace utilized during the experimental process. 

 

 

 

 

 

 

 

 

Figure II.10: Curves of heating and cooling according to temperature 

Table II.10: Types and shapes of specimens with conducted tests. 

Shapes of specimens Conducted tests 

Cube (10X10X10) cm Mass loss 

Mechanical strength in compression 

Cube (15X15X15) cm Mechanical strength in tension                                            

Dynamic modulus of elasticity (non-destructive testing) 
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Figure II.11: Naberthen furnace (University of Ouargla) 

II.6. Procedures for determining the properties of fresh concrete  

The characterization of fresh concrete is achieved by measuring its workability, characterized 

by the slump using the Abrams cone, density, and entrapped air. 

II.6.1. Workability  

The slump test with the Abrams cone is the most commonly used test to measure the 

workability of concrete. This test is conducted according to the standard NF EN 12350-2 [11]. 

It determines the consistency of fresh concrete by measuring the slump, which is the difference 

between the height of the conical mold used and the highest point of the collapsed test sample. 

The cone used has dimensions (D= 20 cm, d= 10 cm, and h= 30 cm). The cone should be placed 

on a slightly moistened horizontal metallic plate as shown in Figure II.12. The cone is filled in 

three equal layers, each compacted with 25 strokes using a standardized rod. Once filled, the 

mold should be removed vertically. The slump h is measured after the slump has stabilized 

using a ruler. 

 

Figure II.12: Abrams cone slump test (University of GUELMA). 

h 
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II.6.2 Density 

The actual density of fresh concrete was measured according to the standard NF EN 12350-6 

[12]. This measurement involves weighing an empty container and then filled with vibrated 

concrete. The difference in these two weights divided by the volume of the container gives 

the density, as indicated in the following expression: 

𝑀𝑣 =
Mf − Me

Vr
       (𝑔/𝑐𝑚3) 

Where: 

Mv: density of concrete in g/cm3  

Mfilled: mass of the container filled with concrete in g  

Mempty: mass of container in g 

Vrecipient: volume of the container in cm3 

II.6.3 Entrained Air 

The compressibility method is utilized to measure the entrained air in fresh concrete. As air is 

the only compressible element in fresh concrete, compressing it results in a reduction in 

pressure applied to the concrete. This reduction is directly proportional to the amount of 

entrained air. The test adheres to French Standard EN 12350-7 [13], and is conducted using an 

8-liter capacity concrete air meter, illustrated in Figure II.13. 

The lower chamber of the air meter is filled with concrete, and the upper chamber is securely 

sealed with an airtight mechanism. An air pump located at the top of the cover applies pressure, 

causing the water level to drop proportionally to the reduction of air voids. The air meter is 

calibrated to indicate the total air content as a percentage, allowing for a direct reading of the 

water level on the graduated scale. 

 

 

 

 

 

 

 

 

Figure II.13:Concrete air meter (University of GUELMA). 
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II.7. Results and interpretations of the properties of fresh concrete 

II.7.1. Workability  

The values measured for the slump using the Abrams cone are displayed in Figure II.14. 

 

 

 

 

 

 

 

 

Figure II.14: Variation in the slump for different types of concrete. 

The slump test results highlight distinct workability characteristics among the high-

performance concrete (HPC) mixes. The reference mix (HPC) achieved the highest slump 

value of 21, reflecting optimal workability due to the absence of fibers or additional 

reinforcements that could impede flow. In contrast, the mix with polypropylene fibers (HPCPP) 

exhibited a slump of 18, indicating reduced workability. This decline is attributed to the 

polypropylene fibers, which enhance resistance to deformation and limit flow while reinforcing 

the matrix and mitigating shrinkage cracking. 

The mix incorporating date palm fibers (HPCDP) recorded the lowest slump value of 17, 

demonstrating the most significant reduction in workability. This is due to the natural fibrous 

texture of date palm fibers, which increase viscosity and restrict mobility owing to their surface 

roughness and structural properties. The mix combining polypropylene fibers and quarry sand 

(HPCPPQS) achieved a slump of 18, comparable to HPCPP. The inclusion of quarry sand 

appears to counterbalance the restrictive effect of the fibers, maintaining acceptable 

workability while providing structural stability. 

In summary, the addition of fibers generally reduces workability, with polypropylene fibers 

causing a moderate decrease and date palm fibers having a more pronounced impact. The 

combination of fibers with quarry sand (HPCPPQS) preserves adequate workability while 

leveraging the reinforcing benefits of the fibers. These findings emphasize the importance of 
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selecting appropriate fiber types and aggregates to achieve targeted workability and 

performance characteristics for specific applications 

II.7.2 Density  

The results of the variation in the density of different HPC in the fresh state are illustrated in 

Figure II.15. 

 

                

 

 

 

 

 

 

 

Figure II.15: Density variation among different types of concrete. 

The bar graph illustrates the density variations across four high-performance concrete (HPC) 

formulations: the reference mix (HPC), HPC with polypropylene fibers (HPCPP), HPC with 

date palm fibers (HPCDP), and HPC with polypropylene fibers and quarry sand (HPCPPQS). 

The reference mix (HPC) achieves the highest density at 2583.80 kg/m³, indicative of its 

densely packed matrix. The mix with polypropylene fibers (HPCPP) exhibits a lower density 

of 2460.9 kg/m³, attributable to the lightweight nature of the fibers, which enhance crack 

resistance and toughness through stress distribution. 

The mix incorporating date palm fibers (HPCDP) records the lowest density at 2425.8 kg/m³, 

resulting from the low-density fibers that improve energy absorption and flexibility. The mix 

combining polypropylene fibers and quarry sand (HPCPPQS) achieves a density of 2455.9 

kg/m³, where the quarry sand enhances compactness due to its uniform grain size, partially 

offsetting the density reduction caused by the fibers. 

In summary, the inclusion of fibers reduces density, while quarry sand contributes to a denser 

matrix. Each formulation offers distinct mechanical properties, making them suitable for 

specific structural applications. 
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II.7.3. Air Entrapment  

The measurements of the entrapped air quantity in different HPCs are presented in Figure II.16. 

 

 

 

 

 

 

 

 

 

 

Figure II.16: Air entrapment 

The bar graph illustrates the performance variations among four high-performance concrete 

(HPC) formulations: the reference mix (HPC), HPC with polypropylene fibers (HPCPP), HPC 

with date palm fibers (HPCDP), and HPC with polypropylene fibers and quarry sand 

(HPCPPQS). 

The reference mix (HPC) achieves the highest performance value of 2.46, reflecting its dense 

and tightly packed matrix. The mix with polypropylene fibers (HPCPP) shows a slightly lower 

performance of 2.32, as the lightweight fibers reduce density and compressive strength 

marginally while enhancing toughness, crack resistance, and impact strength. 

The mix incorporating date palm fibers (HPCDP) exhibits a performance value of 2.30. The 

natural fibers reduce density but improve ductility and energy absorption, offering a sustainable 

alternative to synthetic fibers. The mix with quarry sand (HPCPPQS) achieves a performance 

of 2.45, nearly matching the reference mix. The uniform grain size and angular shape of quarry 

sand enhance compactness and workability without significantly compromising performance. 

In summary, the addition of fibers improves toughness and crack resistance at the expense of 

a slight reduction in compressive strength, while quarry sand provides a viable alternative to 

natural sand, maintaining comparable performance. Each formulation offers distinct 

mechanical properties, making them suitable for specific structural applications based on the 

desired balance of strength, durability, and sustainability. 
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II.8. Conclusion  

This chapter examines the characteristics of materials used in high-performance concrete 

(HPC) production and their impact on mix performance. Key materials include cement, mineral 

additives, sand, gravel, and reinforcing fibers such as polypropylene and date palm fibers. Each 

material influences HPC's workability, strength, and durability. Fibers, in particular, enhance 

crack resistance and energy absorption, while quarry sand maintains compactness and 

structural stability. 

Slump test results indicate that fiber additives generally reduce workability, with 

polypropylene fibers moderately decreasing flow and date palm fibers significantly increasing 

viscosity. Quarry sand effectively balances these effects, ensuring adequate workability and 

performance. 

In summary, the chapter highlights the importance of material selection and understanding their 

interactions to optimize HPC performance. The next chapter will focus on characterizing the 

influence of mineral additives and polypropylene fibers on the physical and mechanical 

properties of HPC under high-temperature condition



 
 

 

 

 

 

 

 

 

 

Chapter III:  

Physical and mechanical behavior of high-

performance concrete under temperature effects 
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III.1 Introduction  

This chapter presents detailed experimental protocols and analyzes residual results related to 

the mass loss, compressive strength, tensile strength, and modulus of elasticity of high-

performance concrete at various temperatures (20°C, 250°C, 450°C, and 650°C) across 

different maturity stages (14, 28, and 365 days). Each test aims to quantify the thermal 

durability and mechanical integrity of the concrete under sustained high temperatures. The 

methodology includes controlled thermal cycling and mechanical testing to simulate 

environmental and operational conditions. This comprehensive analysis helps delineate the 

critical thresholds beyond which the physical and mechanical properties of the concrete begin 

to deteriorate significantly. The results are discussed in the context of enhancing the design and 

formulation of concrete mixes for improved performance in high-temperature environments. 

This chapter contributes to a better understanding of how temperature influences the evolution 

of the physical and mechanical properties of concrete, providing essential insights for engineers 

and designers in the construction industry. 

III.2. Physical properties 

III.2.1. Residual mass loss 

To determine the evolution of mass loss as a function of the heating-cooling cycle, specimens 

are weighed before and after each cycle of heating and cooling [1, 2]. Specimens are weighed 

immediately after heating to prevent any rehydration with the ambient environment. 

The test aims to determine the material loss that the specimens undergo during heating 

compared to their initial state (state before heating). The mass loss, expressed as a percentage, 

is calculated as follows: 

Percentage of Mass Loss (%)=
Mi−Mt

Mi
   x 100         (III.1)                 

Where: 

Mi: is the initial mass of the specimen before the heating-cooling cycle. 

Mt: is the mass of the specimen after the cycle, once it has cooled down. 

The specimens utilized are cubic in shape with dimensions of 10×10×10 cm³. They are weighed 

using an electronic scale with a precision of 0.1 g, as shown in Figure III.1. This high level of 

accuracy ensures reliable data collection critical for analyzing the effects of thermal cycles on 

concrete's mass stability. The figure illustrates the setup of the weighing process, emphasizing 

the meticulous approach taken in experimental measurements to minimize errors and ensure 

repeatability of results. 
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 This approach allows for an accurate assessment of the durability and thermal stability of the 

concrete under simulated environmental conditions, providing crucial data for understanding 

the structural integrity of the material after thermal exposure. 

  

 

 

 

 

 

 

Figure III.1:Measurement of mass loss (LGCH, University of GUELMA) 

III.3 Mechanical properties 

III.3.1. Residual compressive strength 

The compressive strength test was conducted on cubic specimens with dimensions of 

10×10×10 cm³, in accordance with the European standard NF EN 12390-3 [3]. The specimens 

tested include those kept at ambient temperature and those cooled down after the heating cycle. 

The specimens are stored in water until the test deadlines of 7, 28, days. For each concrete type 

and each heating cycle, the compressive strength recorded is the average from three specimens. 

The crushing of the specimens was carried out using a hydraulic press with a maximum 

capacity of 2000 kN and a loading speed of 2.4 ± 0.2 kN/sec, as illustrated in Figure III.2. 

the maximum load recorded during the test. The compressive strength at "j" days (𝑓𝑐𝑗) is 

calculated as the ratio of the breaking load to the cross-sectional area of the specimen (Equation 

III.2): 

𝑓𝑐𝑗 =  
𝑃𝑚𝑎𝑥

𝐴
   x 100               (III.2)               

Where: 

𝑓𝑐𝑗: represents the compressive strength at 'j' days, typically measured in megapascals (MPa). 

𝑃𝑚𝑎𝑥:  is the maximum load sustained by the specimen during the test, measured in newtons 

(N). 
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𝐴:  is the cross-sectional area of the specimen, calculated as the side length squared for cubic 

specimens, typically measured in square millimeters (mm²). 

 

 

 

 

 

 

 

 

Figure III.2: Compression test (LGCH, University of Guelma). 

III.3.2. Residual tensile strength.  

The residual tensile strength test was conducted on cubic specimens with dimensions of 

15×15×15 cm³, in accordance with the relevant standard (EN 12390-6). The specimens tested 

include those kept at ambient temperature and those subjected to specific exposure conditions, 

such as high-temperature heating cycles or chemical exposure. After exposure, the specimens 

were stored in water until the test deadlines of 7, 28. For each concrete type and each exposure 

condition, the residual tensile strength recorded is the average value obtained from three 

specimens. 

The splitting tensile strength test (Brazilian test) was performed using a hydraulic press with a 

maximum capacity of 2000 kN and a loading speed of 2.4 ± 0.2 kN/sec, as illustrated in Figure 

III.3. The specimens were placed horizontally between the loading platens, and a compressive 

load was applied along the vertical diameter until failure occurred by splitting. 

The maximum load recorded during the test was used to calculate the residual tensile strength. 

The splitting tensile strength at "j" days (fct,j) is calculated as the ratio of the breaking load to 

the cross-sectional area of the specimen, using the following formula (EquationIII.2): 

                                                       𝑓𝑐𝑡,𝑗 =
2𝑃

𝜋.𝑑2
          (III.3)               

Where: 
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• P is the maximum load applied (in Newtons), 

• d is the side length of the cube (in meters). 

 

 

 

 

 

 

 

 

 

Figure III.3: Tensile strength test 

III.3.3. Dynamic deformation modulus (non-destructive testing) 

The stress-strain relationship in concrete is complex, primarily due to the unique behavior of 

the gel structure and how water is retained in hardened concrete. The static modulus of 

elasticity, determined through actual loading of concrete, may not accurately reflect its true 

elastic behavior. The phenomenon of creep significantly impacts the elastic modulus, especially 

at higher stress levels where creep effects are more pronounced. Efforts have been made to 

estimate the modulus of elasticity using non-destructive testing methods. One effective method 

to determine this modulus involves subjecting the concrete to longitudinal vibrations at its 

natural frequency. This process can either involve measuring the resonant frequency of a 

concrete specimen or assessing the pulse velocity that travels through the concrete. Using these 

parameters, the modulus of elasticity can be calculated based on the established relationship. 

                                                       𝐸𝑑 =  𝑘𝑛2𝐿2𝑃    (III.4)               

Where:  

Ed: is the dynamic modulus of elasticity  

K: is constant N- is resonant frequency  

L:is length of specimen  

P: is the density of concrete.  
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The ultrasonic pulse velocity (UPV) method involves measuring the travel time of an ultrasonic 

pulse through concrete Figure III.4. This method uses a pulse generator circuit that includes an 

electronic circuit to generate pulses and a transducer to convert these electronic pulses into 

mechanical energy, which vibrates at frequencies ranging from 15 to 50 kHz. The travel time 

of the pulse is measured electronically from its initial onset to reception. The average velocity 

of wave propagation is then calculated by dividing the path length between transducers by the 

travel time. The propagation speed or celerity is then given by the equation: 

𝑉 =  
d

𝑡
    (III.5) 

Where:  

 𝑉: is the speed of the waves,  

d: is the distance between the transmitter and receiver,  

t: is the measured propagation time. 

For determining the dynamic modulus of elasticity using UPV, the velocity of ultrasonic waves 

is measured. From this measurement, the dynamic modulus of elasticity, 𝐸, can be calculated 

as follows: 

𝐸 = 𝜌. 𝑉2  
(1−𝑣)

(1+𝑣)(1−2𝑣)
    (III.6) 

where 𝜌 is the density of the concrete, and 𝜈 is the Poisson's ratio of the concrete. 

For a Poisson's ratio ranging between 0.2 and 0.3, it can be accepted that the ratio 
(1−𝑣)

(1+𝑣)(1−2𝑣)
    

is equal to 1, thus defining the increased dynamic modulus:     

𝐸 = 𝜌. 𝑉2  (III.7) 

 

 

 

 

 

 

 

Figure III.4: Measurement of sound speed (NIZOLP ElOUED). 



48 
 

III .4 Results and analysis 

Different concretes' fire performance is evaluated by comparing their residual compressive 

strength, residual flexural strength, ultrasonic pulse propagation velocity (UPV), mass loss, and 

spalling progression. 

III .4.1 Residual compressive strength 

According to literature reviews [4,5,6], the properties of concrete subjected to high 

temperatures are influenced by various factors, including initial strength, composition of 

materials, age of the concrete, moisture content, among others. It is widely acknowledged that 

both standard-strength and high-performance concrete exhibit a marked reduction in 

compressive strength when exposed to rapid temperature increases, typical of fire conditions 

[7]. This study involved analyzing and comparing samples from different concrete 

formulations, as illustrated in Figure III.5.  

The findings related to the residual compressive strength at ambient temperature (20 ± 2) °C 

and following exposure to temperatures of 250, 450, and 650 °C are documented in Table III.1, 

with each entry representing the mean of three specimens. clearly demonstrates a decline in the 

compressive strength of concrete as the temperature rises. The average residual compressive 

strengths, in comparison to those at room temperature, were observed to be between 88% to 

95% at 250°C, 69% to 82% at 450°C, and 35% to 52% at 650°C. 

The study's analysis up to 650 °C, showcased in Figure III.5, reveals a consistent decrease in 

compressive strength with escalating temperatures, underscoring the significant impact of 

thermal exposure on this property. The reduction in compressive strength relative to room 

temperature was approximately 5% to 12% at 250°C, 18% to 31% at 450°C, and 48% to 65% 

at 650°C, as determined in this investigation. 

The comparative analysis indicates that the mechanical performance of high-performance 

concrete (HPC) and high-performance concrete with polypropylene fibers (HPCPP) under high 

temperatures significantly surpasses that of high-performance concrete with date palm fibers 

(HPCDP) and high-performance concrete with quarry sand (HPCPPQS) within the studied 

temperature spectrum. 

This research emphasizes the beneficial effect of integrating palm fibers as an alternative to 

polypropylene in enhancing the fire resistance of high-performance concrete (HPC). Notably, 

Figure III.5 reveals that after three hours of exposure to elevated temperatures, a 65% reduction 

in concrete strength was recorded, mirroring the loss observed with polypropylene fibers. 

These encouraging outcomes underscore the potential of palm fibers as an effective 

replacement for polypropylene in improving the fire resilience of HPC. 
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Figure III.5: Residual compressive strength (a) and reduction factors (b) as a function of 

temperature. 

 

Table III. 1  Reduction in residual compressive strength as a function of temperature 

 

 

 

 

 

 

 

To examine the results of this study, the strength reduction factor recommended by EC-2 [8], 

which depends on the exposure temperature, was used according to the following formula:  

𝑅𝑐𝑘 =
𝑓𝑐(𝜃)

𝑓𝑐𝑘(20°𝐶)
   (III.7) 

Where: 

 𝑅𝑐𝑘 : is the strength reduction factor, 

𝑓𝑐𝑘(20°𝐶): is the compressive strength at room temperature,  

𝑓𝑐(𝜃) : is the compressive strength at elevated temperature. 

This equation has been validated as a suitable method to evaluate the decrease in the strength 

of concrete exposed to elevated temperatures. The strength reduction factors, obtained from 

equation (1), are summarized in Table III.2. It is notable that the strength reduction factor of 

palm  

fiber concrete presents an accepted value and is very close to other types of concrete such as 

HPC, HPCPP, and HPCDP. 

Compressive Strength (MPa) 

Temperature Room temp. 250 °C 450 °C 650 °C 

HPC 113.50 108.10 93.31 50.06 

HPCPP 105.92 97.81 73.21 36.56 

HPCDP 92.12 81.26  73.91 41.30 

HPCPPQS 95.17 84.70 75.01 49.40 
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The compressive strength reduction factor determined in this study can be compared with those 

suggested by EC-2 [8], which recommends the reduction factor for normal weight concrete 

with silica aggregates. However, all samples exhibit values slightly higher than those 

recommended by the Eurocodes standards, especially within the temperature range of 250 to 

450 degrees (Figure III.5). 

Table III.2:Reduction factors of compressive strength. 

 

III .4.2 Modulus of elasticity in compression 

The modulus of elasticity of concrete is consistently related to its initial compressive strength.  

However, as shown in Figure III.6 below, the series of curves for all types of concrete studied 

show performance superior to those recommended by EC-2 [7], with differences varying 

between 12% and 24% over a temperature range of 200 ° C to 650 ° C. The largest differences 

occur at a temperature of 450 ° C. Additionally, palm fiber concrete HPCDP and polypropylene 

concrete HPCPP showed significant degradation beyond 450 ° C compared to other types of 

concrete. This seems logical because fibers generally have a negative effect on the elastic 

modulus; this has been demonstrated by research conducted by Hager and Pimienta [9]. The 

elastic modulus reduction factors are summarized in Table III. 3. 

Table III.3: Elastic modulus reduction factor 

 

 

 

Reduction factor of compressive strength (𝑹𝒄𝒌) 

Temperature °C EN1992 (REF) HPC HPC HPCPP HPCDP HPCPPQS 

Room temp. 1.00 1.00 1.00 1.00 1.00 

250 °C 0.90 0.95 0.92 0.88 0.89 

450 °C 0.68 0.82 0.69 0.80 0.79 

650 °C 0.38 0.44 0.35 0.35 0.52 

Temperature °C EN1992 (Ref)HPC HPC HPCPP HPCDP HPCPPQS 

20 1 1 1 1 1 

250 0.9 0.95 0.92 0.88 0.89 

450 0.68 0.82 0.69 0.8 0.79 

650 0.38 0.44 0.35 0.35 0.52 
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Figure III.6: Relative modulus of elasticity of all types of concrete as a function of 

temperature                                                                                                                                                          

III .4.3 Residual Tensile strength 

Figure III. 7 clearly illustrates a continuous and linear drop in Tensile strength up to 450°C for 

all concrete samples. The curves describe the change in residual tensile strength as a function 

of temperature for various kinds of concrete. However, a notable loss in strength is shown in 

every instance as the temperature above this 450°C threshold. In particular, concrete that 

incorporates palm fibers shows a relatively acceptable Tensile strength compared to other types 

of concrete, exhibiting only a 55% reduction, similar to the outcome observed with 

polypropylene-based concrete.  

This result arises from the ductile nature of the internal structure of these fibers, which enhances 

the flexibility of the concrete and prevents the formation of cracks, thus improving its flexural 

resistance [10,11,12]. 

Consequently, it can be inferred that replacing polypropylene (PP) with palm fibers (PF) is a 

viable option to improve the tensile strength of high-performance concrete under fire 

conditions. 
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Figure III.7:Residual tensile strength in (a) and reduction factors in (b) versus Temperature 

III .4.4 Mass loss  

To assess mass loss, we measured the weight of the cubic samples before and after their 

exposure to elevated temperatures, as shown in Figure III. 8. This representation highlights 

how the increase of temperature influences the reduction of the concrete mass samples. The 

correlation between variation in mass loss and temperature is clear for all four types of concrete 

examined, as noted by several authors [12,13,14]. They found that the variation in mass loss as 

a function of temperature exposure is linked to the presence of water in the concrete in free, 

bound, or adsorbed form, which gradually escapes and represents the main cause of the loss of 

concrete mass. These authors identified three phases in the evolution of mass loss: 

In the first phase, from room temperature to 150°C, a slight loss of approximately 3% was 

observed, corresponding to the release of water contained in the capillary pores. 

Between 150 and 300°C, a significant increase in mass loss is observed; 

Above 300°C, a slowdown in mass loss is observed. The main physicochemical transformation 

undergone by heated concrete between 150 and 300 ° C is the dehydration of C–S–H; 

Above 300°C, a slowdown in mass loss is observed. The main physicochemical transformation 

undergone by the heated concrete between 150 and 300 ° C is the dehydration of CSH. 

However, all concrete samples examined in the present study exhibited a significant mass loss 

from room temperature to 650 ° C. At 250°C, the samples (HPC, HPCPP, HPCDP, and 

HPCPPQS) recorded a mass loss of approximately 3%, 5%, 7% and 10%, respectively. This 

trend continues with increasing temperature, reaching approximately 3%, 5%, 7%, and 10% at 

450 ° C. On the contrary, mix having palm fibers experiences minimal mass loss between 250 

° C and 450°C, unlike other types of concrete. This difference can be attributed to the fact that 

palm fibers only melt at very high temperatures, around 1170 ° C [15], thus preserving their 

0,00

2,00

4,00

6,00

8,00

10,00

12,00

14,00

20 250 450 650

R
es

id
u

a
l 

te
n

si
le

 s
tr

e
n

g
th

 (
M

P
a

)

Temperature °C

HPC HPCPP HPCDP HPCPQSSF

0,00

0,20

0,40

0,60

0,80

1,00

1,20

20 250 450 650

R
e
d

u
c
ti

o
n

 f
a

c
to

r
 

Temperature °C

HPC HPCPP HPCDP HPCPQSSF



53 
 

internal structure and improving the properties of this type of concrete. Above 600°C, a 

significant increase in the rate of mass loss is observed. According to research conducted by 

Xiao et al. and Zhang et al. [16,17], the phenomena of splitting or degradation of the concrete 

surface may be linked to many reasons, including the breakdown of limestone particles and 

CO2 emissions. When compared to other mixes, HPCDP mixes exhibit comparatively less 

mass loss, but HPC mixes exhibit a more noticeable mass loss than the others. The HPCDP and 

HPCPPQS blends showed a mass loss of 3.95% at 650°C, but the HPC and HPCPP blends 

showed a mass loss of 5.02% at that temperature. 

 

 

 

 

 

 

 

 

Figure III.8: Residual mass loss and reduction factors as a function of temperature 

III .4.5 Ultrasonic Pulse Velocity (UPV)  

The evaluation of the elastic modulus and material density was performed utilizing an 

ultrasonic pulse velocity (UPV) test, in order examine the structural integrity of the different 

HPC, HPCPP, HPCDP, and HPCPPQS specimens. Figure III. 9 graphically depicts the 

degradation of concrete integrity as determined by ultrasonic pulse measurements. A 

discernible decline in UPV values across the temperature spectrum from 250 °C to 650 °C 

suggests an incremental formation of microcracks within the concrete matrix. At 250°C, the 

velocity of ultrasonic pulses saw a reduction of 11% in HPCPP specimens and 12% in the 

different HPC, HPCDP, and HPCPPQS specimens. Moreover, a notable decrease of 58% in 

ultrasonic pulse velocity was observed at 650°C for all specimens, as illustrated in Figure III 

.9. 

The observed trends indicate a uniform decrease in ultrasonic pulse velocity across the board 

for specimens of high-performance concrete at elevated temperatures, showing a deterioration 

in their physical properties and structural integrity. 
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Additionally, the findings from the UPV test further establish that concrete reinforced with 

palm fibers exhibits comparable outcomes to other tested concrete variants. This parallel in 

performance serves as a robust affirmation of the effectiveness and dependability of palm fibers 

as a reinforcing agent in high-performance concrete (HPC). 

 

 

 

 

 

 

 

 

Figure III.9: Ultrasonic pulse velocity and reduction factors as a function of temperature 

III .4.6 Observations of spalling behavior 

An important aspect of this study involves the examination of the impact of palm fibers on the 

resistance of HPC to spalling. Following exposure to different elevated temperatures, we 

recorded observations related to physical characteristics, including spalling frequency, color 

alterations, and crack formation, to assess their behavior under high-temperature conditions. 

Fig. 7, 8 and 9 illustrate the concrete surfaces after being treated at high temperatures. An initial 

assessment of the potential damage due to high temperature exposure can be carried out by 

examining the external properties of the concrete surface. It is evident that the surface of the 

samples heated to 250 ° C shows no noticeable changes (Figure III. 10). However, the cracks 

in the concrete surface began to manifest at approximately 450 ° C (Figure III. 11) and 

continued to worsen as the temperature increased, reaching their peak at 650 ° C. After 

exposure to temperatures exceeding 600 ° C, HPCPPQS concrete, which includes 

polypropylene fibers along with varying proportions of quarry sand and siliceous sand, 

exhibited light brown discoloration, accompanied by the development of numerous cracks and 

surface bumps as shown in Figure III. 12d. Furthermore, Figure III. 12 illustrates a color 

change, providing a visual indication of a notable alteration in the properties of concrete for all 

types of concrete. 
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However, it is crucial to emphasize that all types of concrete showed robust resistance to 

spalling. Despite the presence of several raised bumps on the surface, severe concrete spalling 

was not observed in these samples, even when exposed to temperatures as high as 650 ° C. 

Figure III. 12 illustrates the state of these specimens after exposure to a temperature of 650 ° 

C. When analyzing concrete samples with palm fibers (Figure III. 13), it becomes evident that 

the spalling phenomenon is entirely absent. Furthermore, this type of concrete shows no cracks 

up to 450 degrees, and its surface remains intact up to 650 degrees, at which point we observed 

the appearance of some surface cracks. This clearly illustrates the positive impact of using palm 

fibers to prevent concrete spalling at high temperatures. This observation has significant 

economic value by reducing potential costs associated with the use of polypropylene fibers to 

mitigate spalling in concrete. The utilization of palm fibers proves to be effective not only in 

terms of performance, but also economically advantageous by preserving the structural 

integrity of concrete elements exposed to elevated temperatures. This solution offers economic 

and environmental benefits. 

    

(a) HPC 250 °C (b) HPCPP 250 °C (c) HPCDP 250 °C (d) HPCPPQS 250 °C 

Figure III.10: Condition of the concrete surface at 250 ° C 

Figure III.11: Condition of the concrete surface at 450 ° C 

 

 

    

(a) HPC 450 °C (b) HPCPP 450 °C (c) HPCDP 450 °C (d) HPCPPQS 450 °C 
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Figure III.12: Condition of the concrete surface at 650 ° C 

    

(a) HPC 450 °C (b) HPCPP 450 °C (c) HPCDF 450 °C (d) HPCPPQS 450 °C 

Figure III.13: Condition of the samples after testing their compressive strength after exposure 

at 450 ° C 

 

 

 

 

 

 

 

 

 

 

    

(a)HPC 650 °C (b)HPCPP 650 °C (c)HPCDP 650 °C (d)HPCPPQS 650 °C 
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III .5 Conclusion 

This chapter investigated the behavior of high-performance concrete (HPC) under high 

temperatures, focusing on mechanical properties such as compressive strength, tensile strength, 

elastic modulus, mass loss, and spalling resistance. The findings demonstrate the significant 

impact of elevated temperatures on HPC performance and highlight the potential of palm fibers 

as an alternative reinforcement material. 

Key observations include: 

A substantial reduction in compressive strength was observed in all concrete types, with palm 

fiber-reinforced HPC exhibiting a 65% loss after prolonged high-temperature exposure, 

comparable to polypropylene-based HPC. 

The Tensile strength of palm fiber-reinforced HPC decreased by approximately 55%, indicating a 

notable retention of structural integrity due to the fibers' ductile properties. 

Mass loss remained relatively low between 250°C and 450°C, suggesting that palm fibers do 

not significantly compromise the concrete’s density. 

Palm fibers contributed to enhanced permeability and reduced thermal spalling, allowing vapor 

dissipation and mitigating explosive failure risks. 

The experimental results align with previous studies, reinforcing the potential of palm fibers in 

improving HPC's fire resistance. 

While these results highlight the feasibility of palm fibers as an eco-friendly and effective 

alternative for fire-resistant HPC, further research is needed to assess long-term durability, 

optimize fiber dosage, and evaluate additional properties such as thermal conductivity and 

microstructural evolution. These insights will be crucial for developing fire-resistant concrete 

formulations that balance sustainability, mechanical performance, and safety in structural 

applications. 

In the next chapter, we will present an overview of the SAFIR software, detailing its theoretical 

foundations, algorithms, and validation processes for fire simulations. We then examine the 

structural resistance of columns, emphasizing the key factors influencing their performance. 

The core analysis focuses on numerical simulations assessing the load-bearing capacity of 

reinforced concrete columns under fire conditions. Critical parameters include heating 

duration, column dimensions, and support conditions. These simulations offer valuable insights 

into fire-induced structural behavior, aiding in the development of more resilient designs



 
 

 

 

 

 

 

 

 

 

 

 



59 
 

IV.1 Introduction  

The assessment of structural behavior under fire conditions requires a realistic representation 

of fire scenarios. including both the heating and cooling phases. In scenarios where a real fire 

approach is employed. the duration of required stability may exceed the heating phase and 

extend throughout the entire fire event until extinction. In such cases. evaluating the structure's 

load-bearing capacity at the peak gas temperature does not ensure stability at later stages. The 

structural capacity continues to diminish even after reaching the maximum temperature. hitting 

a minimum that may partially or fully recover as the structure cools to ambient temperatures. 

This necessitates a time-dependent. iterative. step-by-step verification method for structural 

evaluation. 

The ongoing degradation of load-bearing capacity post-heating phase is primarily due to two 

factors: 

1. Temperature increases during cooling: Temperatures within the structure can continue 

to rise during the cooling phase. especially in the core of larger sections. prolonging the 

thermal exposure. 

2. Material behavior: While steel can recover its strength and stiffness partially or fully as 

it cools. depending on the type and maximum temperature reached. concrete remains 

significantly damaged post-cooling. The residual strength of concrete is influenced by 

the peak temperature during heating and the cooling regime. Additional strength loss of 

up to 33% has been observed under thermal shock conditions compared to natural 

cooling. 

This study aims to analyze the performance of reinforced concrete columns subjected to natural 

fire scenarios to determine their residual vertical strength and overall load-bearing capacity. 

Columns are chosen due to their critical role in structural stability. where failure can lead to 

local or global instability of the structure. Simulations are conducted using the SAFIR finite 

element software. incorporating current thermal and mechanical models from Eurocode 2 [1] 

,Eurocode 4 and Practical Guide for Calculating Reinforced Concrete 

Sections: According to BAEL 91 Modified 99. [2,16]. Results from Chapter III are used to 

calculate the columns' load-bearing capacity. 

Several physical and mechanical parameters are considered: 

1. Fire parameters: 

o Heating duration with a stabilization phase 

o Cooling regime 
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2. Column parameters: 

o Simulations on reinforced concrete columns of various heights and cross-

sections 

o Different support conditions 

o Exposure to fire on all faces 

By focusing on these parameters. the study seeks to identify the most influential factors on the 

behavior of reinforced concrete columns under fire conditions. thereby enhancing the 

understanding of their performance and contributing to improved fire safety design guidelines. 

IV.2 Introduction to the SAFIR code 

Numerical modeling is an invaluable tool for predicting the fire resistance of structures or 

replicating real fire events. SAFIR (Safe-Fire) is a nonlinear analysis code developed at the 

University of Liège in Belgium by J.M. Franssen. It employs the finite element method to 

analyze both two-dimensional and three-dimensional structures. SAFIR is specifically 

designed to model the behavior of various structural types—steel. reinforced concrete. and 

composite (steel-concrete)—whether braced or unbraced. under fire conditions. whether 

conventional or natural. It calculates the temperatures within the structure during a fire and can 

also analyze structural behavior under ambient conditions. The program determines the load-

bearing capacity of structural elements or the entire structure by finding successive equilibrium 

positions until failure. SAFIR integrates various elements such as SOLID 2D. SOLID 3D. 

BEAM. SHELL. and TRUSS. and supports multiple material models with linear-elliptical 

stress-strain laws for steel and nonlinear laws for concrete. It offers various calculation 

procedures. 

Analyzing a structure exposed to fire involves two main steps. The first step. "thermal 

analysis." predicts the temperature distribution within structural elements. The second step. 

"structural analysis." determines the mechanical response of the structure to static and thermal 

loads. SAFIR enables both static and dynamic calculations and includes a comprehensive 

material library with thermal and mechanical properties. It also supports the modeling of 

composites made from different materials.                                                                                                                                        

Details about the SAFIR software are provided by Franssen. J.M. (2005) [3]. Franssen. J.M. 

and Gernay. T. (2017) [4]. Kodur VKR et al. (1999) [5]. and Nwosu. D.I. et al. (2007) [6]. The 

validity of the SAFIR code has been demonstrated in various references. such as Franssen. J.M. 

et al. (1994) [7]. Pintea. D. and Franssen. J.M. (1997) [8]. and Talamona. D. et al. (2003) [9]. 
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This section outlines the key assumptions. capabilities. and validity of the SAFIR program. and 

presents comparisons between test results and simulations for concrete structures conducted 

using SAFIR. 

IV.2.1 General organization of the software 

The SAFIR software is designed to support various types of finite elements and materials. with 

its modular nature enabling continuous expansion of its elements and materials library.                              

In the context of fire scenarios. structural analysis necessitates both the determination of 

temperatures within the structure (thermal analysis) and the assessment of stresses. 

deformations. and displacements (mechanical analysis). SAFIR facilitates both types of 

analysis. ensuring seamless information transfer between them. The adopted strategy employs 

a loosely coupled approach. integrating thermal analysis with mechanical analysis. 

Initially. the temperature distribution across different parts of the structure is evaluated until 

the conclusion of the fire event. Subsequently. the mechanical behavior of the structure is 

determined through further analysis. The detailed calculation procedure is illustrated in Figure 

IV.1. 

 

 

 

 

 

Figure IV.1: Analysis procedure using SAFIR 

IV.2.2 Beam element presentation (BEAM) 

The beam elements in SAFIR are designed based on several key assumptions: 

• Displacement-Type element: Utilizes a total co-rotational description. 

• Nodal line displacement: 

o For a 2D element. the displacement is defined by three nodes. Each end node 

accounts for two translations and one rotation. while a mid-length node supports 

the nonlinear longitudinal displacement. 
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o For a 3D element. each end node accounts for three translations. three rotations. 

and warping. allowing for non-uniform torsion. The longitudinal displacement 

of the nodal line is modeled as a second-order polynomial function of the 

longitudinal coordinate. The transverse displacement is modeled as a third-order 

polynomial function of the longitudinal coordinate (see Figure IV.2). 

• Bernoulli assumption: Assumes that the cross-section remains plane under bending 

moments. 

• Von Karman assumption: Assumes small deformations. 

• Small rotations: Rotations are considered small and are evaluated in the co-rotational 

configuration. 

• Numerical integration: Longitudinal integrations are performed numerically using the 

Gauss method. 

• Fiber model: Longitudinal stress and stiffness integration over the section is based on 

the fiber model. The section is considered to be made up of parallel fibers. using the 

same discretization as in the thermal analysis. Each finite element from the thermal 

analysis. with its known material type and temperature. is treated as a fiber. 

This beam element is used to model linear elements such as beams and columns. It also 

represents truss bars. with at least two finite elements per bar to capture the buckling behavior 

of individual bars. 

 

 

 

      (2D) 

    (3D) 

 

 

Figure IV.2: Presentation of the beam element 

 

In 2D 
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IV.2.3 Thermal actions 

SAFIR can model various types of fires in its thermal analysis module. The thermal 

environment is specified in the code using temperature-time functions for standard fires (e.g. 

ISO 834. ASTM 119 (tabulated). external fire. hydrocarbon fire) and natural fires (parametric 

fires). including the cooling phase. Additionally, user-specific fire scenarios can be introduced. 

IV.2.4 Thermal analysis 

The thermal analysis in SAFIR operates under the assumption that heat conduction is the 

primary mechanism of heat transfer within elements. as described by Fourier's equation. The 

primary assumptions for this analysis include: 

• Negligible temperature variation along the longitudinal direction. 

• Materials are assumed to be isotropic. stationary. incompressible. and free from 

mechanical dissipation. 

• The contact between concrete and steel is considered perfect. though a fictitious 

material with thermal resistance between 0.01-0.013 m²K/W can be introduced between 

them. 

• Thermal exchanges via convection and radiation within cavities can be accounted for. 

• No material discontinuity exists between adjacent elements. 

• Temperature at the common boundary of two elements is assumed to be the same. 

• The variation in thermal properties of materials with temperature is in accordance with 

Eurocode standards or user-defined values. 

• The transport of water vapor is not considered. 

The modeling elements are linear iso parametric. with 3 or 4 nodes for planar problems and 6 

or 8 nodes for three-dimensional problems. Both the geometry of the elements and the 

temperature field are represented using the same interpolation functions. Discretization of 

plane sections with different shapes is possible using triangular and/or quadrilateral elements 

(Figure IV.3). Each element's material properties can be defined separately. allowing for 

analysis of any material based on its temperature-dependent properties. 
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Figure IV 3: Linear iso parametric elements 

Heat transfer by conduction in a solid is locally described by Fourier's equation: 

 
∂

∂x
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∂T

∂x
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) +

∂

∂z
(λ

∂T

∂z
) + 𝑄 =  ρ c 

∂T

∂t
          (IV.1) 

• T: The temperature at point x.y.z in [°C] 

• ρ: The density in [kg/m3] 

• c: The specific heat capacity in [J/kg°C] 

• λ: The thermal conductivity of the medium in [W/m°C] 

• t: The time in seconds [s] 

• Q: The internally generated heat in [W/m2] 

Classical shape functions N are used. and the temperature is replaced by the approximation 

T=NiTi . The geometry is represented by the same function: x =Nixi and y=Niyi. The solution 

discretized by these equations no longer satisfies the local equation at every point. Instead. we 

replace this equation (IV.1) with a weak form that will be respected on average over each 

element (method of weighted residuals). We multiply Eq. (IV.1) by weighting functions and 

integrate the result over the volume of the element. 

If we choose the interpolation functions used for the discretization as the weighting functions 

(Galerkin method) and integrate the left-hand side by parts using Green's theorem. we obtain 

the following equation for each finite element: 

 

∫ λ{∇Ni}〈∇Nj〉 dVTi + 
𝑉

 ∫  ρ cNiNjV dVTi 
𝑉

=   ∫  NiqndS
𝑆

        (IV.2) 

 

• Volume of the element V: The three-dimensional region occupied by the finite element. 

• Surface of the element S: The boundary surface enclosing the volume of the finite element. 
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• Heat flux at the surface: This includes both convection and radiation components. The heat 

flux qn at the surface is given by: 𝑞𝑛 = λ
∂T

∂n
 

where λ is the thermal conductivity. 
∂T

∂n
  is the temperature gradient in the direction normal to the 

surface,and n is the normal vector to the surface. 

Finally, after assembling the contributions from each element. we obtain the following matrix 

equation that represents the equilibrium at the nodes of the analyzed structure: 

𝑀
∂T

∂t
+ KT = F      (IV.3) 

• M is the mass matrix. representing the heat capacity contributions from each element. 

•    
∂T

∂t
 is the vector of temperature time derivatives at the nodes. 

• K is the stiffness matrix. representing the thermal conductivity contributions from each 

element. 

• T is the vector of nodal temperatures. 

• F is the vector of external heat flux contributions. including both internal heat generation 

and surface fluxes such as convection and radiation. 

 

it should be noted that in the SAFIR program. the integration over the volume of the elements 

is performed numerically. and the thermal properties of the materials are evaluated at each 

integration point. Detailed information on the method can be found in Franssen. J.M. (2009) 

[3]. and Kodur. V.K.R. and Dwaikat. M.M.S. (2008) [10]. 

IV.2.5  Structural analysis 

Under the action of fire. structures are the seat of large displacements. and the need for accurate 

determination of displacements means that the non-linearity arising from the geometry 

(second-order effects associated with the deformed configurations of the structure) must be 

taken into account. in addition to a non-linearity characterized by the non-linear behavior of 

the construction materials. 

To deal with this type of problem. the equilibrium of the structure must be expressed in its 

deformed configuration and the finite element formulation must be introduced in incremental 

form (by introducing a time variable to describe the loading and movement of the structure) 

and iteratively (to take account of non-linearities). which. starting from an approximate 
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solution. generates successive corrections to converge on the exact solution of the problem. 

The updated Lagrangian co-rotational description is adopted in the software. The formulation 

and assembly of the elements are based on the principle of virtual work expressed in this 

description. which is defined by Eq (IV.4). 

Surface actions are not considered. 

∫ (𝐷̅𝑖𝑗𝑘𝑙 d𝐸𝑘𝑙 δ𝐸𝑖𝑗 + 
𝑉 

 S𝑖𝑗 δd𝐸𝑖𝑗) 𝑑𝑣 =   ∫  (d𝑓𝑖̅𝛿𝑢̅𝑖 +  𝑓𝑖̅
𝑣

𝛿𝑢̅𝑖) 𝑑𝑣       (IV.4)   

 𝑉 = 𝑉̅: Unreformed volume of the element. 

S𝑖𝑗 : Piola-Khirchoff stress tensor n°2.   

𝐷̅𝑖𝑗𝑘𝑙 = 𝐷𝑖𝑗𝑘𝑙 : Tensor describing the incremental constitutive law of the material. 

δ𝐸𝑖𝑗:   Green's tensor of the virtual displacement field. 

δ𝐸𝑖𝑗 : Volume forces. 

𝛿𝑢̅𝑖: Virtual displacement field of the deformed position. 

In a material where the temperature changes. the incremental constitutive law is given by Eq 

(IV.5). 

𝛿𝑆𝑖𝑗 = 𝐷𝑖𝑗𝑘𝑙(𝑑𝑆𝑘𝑙 − 𝑑𝐸𝑙𝑘
𝑡ℎ) = 𝐷𝑖𝑗𝑘𝑙𝑑𝐸𝑘𝑙

𝑚 

Where: 

 𝑑𝐸𝑘𝑙 ∶Total. mechanical and thermal strain tensor 

  𝑑𝐸𝑙𝑘
𝑡ℎ:Incremental tensor of thermal deformations 

  𝑑𝐸𝑘𝑙
𝑚Incremental mechanical strain tensor implicit form 

The Green's tensor of the virtual displacement field is given by Eq (IV.6). 

𝛿𝐸̅𝑖𝑗 =
1

2
(𝛿𝑢̅𝑖. 𝑗 +  𝛿𝑢̅𝑗. 𝑖 + 𝑢̅𝑘. 𝑖 𝛿𝑢̅𝑘. 𝑗 + 𝛿𝑢̅𝑘. 𝑖  𝑢̅𝑘. 𝑗)  (IV.6). 

In order to solve Eq. (III.4) using a finite element formulation based on displacements. the 

displacement field is approximated by a discretized field u. This field is expressed as a function 

of the nodal displacements p through a set of appropriately chosen shape functions NNN. The 

matrix representation of the discretized displacement field is given by Eq. (IV.7). 

𝑢 =  𝑁𝑝  (IV.7)   
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The strain field is provided in Eq. (IV.8). 

𝑑𝑒 =  𝐵𝑑𝑝  (IV.8) 

In this framework. the matrix B incorporates both the spatial derivatives of the shape functions. 

as in the small strain formulation. and the nodal displacements that are non-zero in  

the deformed state. The matrix equilibrium equation governing the iterative process from one 

configuration to the next is defined in Eq. (IV.9). 

∫  𝐵𝑇𝐷𝐵𝑑𝑣𝑑𝑝 + ∫ 𝑆𝑇𝛿𝑑𝑒𝑑𝑣 𝑑𝑝  = (𝐾𝑢 + 
𝑉 

𝐾𝑠)dp = 𝑓𝑒𝑥𝑡  − 𝑓𝑖𝑛𝑡
𝑉 

  (IV.9) 

Where: 

• 𝐾𝑢 : Includes the linear elastic stiffness matrix and the geometric stiffness matrix 

• 𝐾𝑠 : Represents the matrix of generated stresses 

•  𝑓𝑒𝑥𝑡 : Vector of applied nodal forces 

•  𝑓𝑖𝑛𝑡: Nodal forces obtained by integrating internal stresses (based on the principle of virtual 

work) 

The 3D beam element is introduced in this section with the following assumptions: 

• The element is considered prismatic in its reference configuration. Only straight beams 

are analyzed. as they represent the majority of practical applications. 

• The spatial orientation of the element is defined by the positions of three nodes. as 

illustrated in Figure IV.4. Nodes 1 and 2 are located at the element’s endpoints and are 

connected by a nodal line. which the user can arbitrarily define. These nodes share the 

same position within the cross-section. though not necessarily at the section’s centroid 

or torsion center. 

• The local x-axis is established along the nodal line. oriented from node 1 to node 2. 

with its origin at the midpoint between the two nodes. 

• Node 4. which must not lie along the line passing through nodes 1 and 2. determines 

the orientation of the local y-axis. This axis is orthogonal to the x-axis and lies within 

the plane defined by the x-axis and node 4. with its direction oriented from the x-axis 

towards node 4. 
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• The z-axis is determined by the cross product of the x- and y-axes. ensuring 

orthogonality according to the right-hand rule. 

 

 

 

 

 

Figure IV.4: Description of the Beam Element. 

• The displacement of the nodal line is governed by the motion of three nodes. Each of 

the end nodes (1 and 2) features 7 degrees of freedom. including 3 translational 

components. 3 rotational components. and a warping amplitude. Node 3. with a single 

degree of freedom. is incorporated to enrich the displacement field. This node 

transforms the longitudinal displacement of the nodal line into a second-degree 

nonlinear function in x. while the transverse displacements are modeled using a third-

degree polynomial function. 

• The Bernoulli hypothesis is adopted. implying that in the absence of torsion. shear 

deformations are negligible. Consequently. under pure bending. the cross-section 

remains perpendicular and planar to the element's axis. and shear energy is disregarded. 

• Local buckling is not considered for the element. Only class 1 and class 2 cross-sections 

are used. corresponding to steel elements. 

• The Von Karman hypothesis is applied. assuming small deformations. meaning that 

each deformation component is small relative to unity. with: 

𝜕𝑢

𝜕𝑥
≪ 1      (IV.10)  

u: Longitudinal displacement field  

X: Longitudinal coordinate 

• The rotations are assumed to be moderate. with the following approximation (distinct 

from corotational formulations): 
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sin 𝜑 ≅ 𝜑  .  cos 𝜑 ≅ 1     with  𝜑: 𝑡ℎ𝑒 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 

• The Vlasov hypothesis is adopted. stating that under pure torsion. the cross-section 

undergoes warping with an amplitude proportional to the increase in the torsional angle. 

This assumption neglects the strain energy associated with the shear deformation 

caused by the warping of the section. 

• Longitudinal integrations are numerically performed using the Gauss method. 

• The cross-section is discretized using triangular and quadrilateral elements. the same 

discretization employed in the thermal analysis. Each finite element. with its specific 

material properties and temperature. is treated as a fiber element. Thus. the section is 

assumed to consist of parallel fibers. The integration of stresses and stiffness across the 

section is based on this fiber model. where all variables. including temperature. stress. 

and strain. are assumed to be uniform within each fiber. 

• The tangent stiffness matrix is evaluated at each iteration using the convergence process 

(pure Newton-Raphson method). 

• Residual stresses are accounted for by introducing constant initial strains. 

• The material behavior during unloading is assumed to be elastic. with the modulus of 

elasticity corresponding to the initial Young's modulus on the stress-strain curve. 

Within the same cross-section. some fibers that have undergone plastic deformation 

exhibit reduced stiffness. as they remain on the loading path. while other fibers behave 

elastically. Plastic deformation is assumed to be unaffected by changes in temperature. 

• The elastic torsional stiffness at 20°C. calculated by the code. is iteratively adjusted to 

reflect the reduction in material stiffness at the critical temperature. 

• The effect of thermal expansion of steel and concrete is incorporated into the behavioral 

models. 

For the simulations conducted in this study. a 2D beam element is used. with two 

translational degrees of freedom and one rotational degree of freedom at each end node. A 

third node at the midpoint of the element supports a second-degree nonlinear displacement 

enrichment. 

IV.2.6 Fundamental assumptions applied in the numerical simulations 

The following assumptions were adopted for the numerical simulations of the structural 

behavior of the columns: 

Each column is subdivided into n beam elements along its height. incorporating a lateral 

geometric imperfection described by the following expression: 
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𝑦(𝑥) =  
ℎ

1000
sin (

𝜋𝑥

𝑙
) (IV.11) 

For steel and reinforced concrete columns. the mid-span deflection can reach a value on the 

order of h/1000 

IV.2.7 Comparison and verification of the SAFIR code 

IV.2.7.1 Validation of the thermal model 

The SAFIR software was validated by comparison with multiple experimental tests and other 

computational models. Binh. C.T. (2009) [11] successfully reproduced the results of 27 tests 

conducted across Europe and Canada. These experiments were performed at various 

institutions: The University of Braunschweig. Germany (Kordina. K. and Klingsch. W. 1983). 

CTICM. France (Renaud. C. et al.. 2004). and in North America at the National Research 

Council of Canada (Chabot. M. and Lie. T.T. 1992; Myllymäki. J. et al. 1994). 

Comprehensive details of the experimental setups can be found in [11]. with only the resulting 

temperature curves reported here. 

Figure IV.5. Figure IV.6 and Figure IV.7 display the temperature evolution at specific locations 

for all tests: on the steel profile’s surface. within the reinforcement. and at the core of the 

concrete section. 

The simulation results demonstrate good agreement between the predicted temperatures for the 

concrete-filled steel hollow sections and the measured temperatures from the experiments. 

 

 

 

 

 

 

Figure IV.5: Comparison between the calculated and measured temperatures on the surface of 

the steel tube across various tests. 

 



71 
 

 

 

 

 

 

 

                                                                                  

IV.2.7.2 Structural model validation 

For the validation of the structural model. a comparison was made between the calculated 

failure time and the measured failure time for the same tests referenced in the thermal 

validation. Table IV.1 summarizes all the results obtained through simulation and compares 

them with the measured results. 

The model effectively simulates the behavior of composite columns and provides a reliable 

estimation of fire resistance due to the selection of appropriate material laws and the initial 

introduction of a geometric imperfection. Consequently. the model can be employed to study 

the parametric behavior of columns under fire conditions. Composite columns were selected 

because of the presence of three distinct materials in this type of element. 

 

 

 

 

Figure IV.7: Comparison between the calculated 

and measured temperatures in the reinforcements 

across various tests. 

Figure IV.6: Comparison between the 

calculated and measured temperatures in 

the concrete core across various tests. 



72 
 

Table IV.4 : Fire resistance of columns. measured and calculated 

 

 

 

 

 

 

 

 

 

 

 

A. Tests considering the cooling phase 

A series of fire experiments was conducted by Wu. B. and Chen. S.L. (2010) [12] on 12 

reinforced concrete columns with different cross-sections (T. +. and L) at the South China 

University of Technology. For each type of section. four columns were prepared. Each column 

was reinforced with 12 Ø10 bars. uniformly distributed. with a steel reinforcement ratio of 

2.36%. The columns were 2340 mm in length. with only the central section (1650 mm) exposed 

to ISO 834 fire on all sides. The fire was extinguished when approximately 50% of the working 

load had been transferred from the column to the bracing beam. followed by a cooling phase. 

The SAFIR software was used for the numerical simulation of the tests. performing both 

thermal and structural analyses. Figure IV.8 presents the typical temperature profiles recorded 

at four different points along the mid-height section of the column. The temperature curves 

show a satisfactory correlation. although the calculated values are slightly lower than those 

recorded during the cooling phase. 
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Figure IV.8: Comparison of temperatures calculated by SAFIR and measured in different 

sections: (a) RC+12. (b) RCT11. and (c) RCL12 [5] 

For the structural analysis. Figure IV.9 and Figure IV.10 compare the simulation results 

obtained using SAFIR with the measured values of axial displacement and normal force in the 

columns over time. 

During the heating phase. the predictions from SAFIR closely align with the measured 

displacement values. However, discrepancies in the normal force remain unexplained. 

potentially due to handling issues during the experiments. In the cooling phase. the observed 

differences can likely be attributed to the reversible nature of the model. 

 

  

 

 

 

 

 

Figure IV.9: Axial displacement-time relationships 

(a) T-shaped column subjected to a loading level of 25% 

(b) T-shaped column subjected to a loading level of 35% 
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Figure IV.10: Axial force-time relationships. 

IV.3 Description of the study 

IV.3.1 Physical and mechanical properties of materials 

IV.3.1.1 Thermal model    

The thermal properties of concrete and steel during the heating phase are derived from EN 

1994-1-2 (Eurocode 4) [2]: 

A- Concrete 

The concretes HPC. HPCPP. HPCDP. and HPCPPQS have been selected. each with its 

unique properties summarized in the following table. Their densities vary as shown. 

and water content is provided accordingly. During heating. the specific mass of the 

concrete decreases due to the complete evaporation of internal moisture. However, 

during cooling. it is assumed that the specific mass remains constant. corresponding to 

the value at the maximum temperature reached. Each type of concrete has a 

characteristic compressive strength at 28 days (f_c28) measured at ambient 

temperature. as listed in the Table IV.2. Tensile strength for all types is neglected in 

calculations. 

Additionally. the thermal conductivity of the concrete is taken at its upper limit. As the 

temperature within the concrete increases. the thermal conductivity tends to decrease 

(EN 1994-1-2 [2]). This decrease is not reversible upon cooling. and the thermal 

conductivity is maintained at a constant value corresponding to the one determined at 

the maximum temperature. 

(c) T-shaped column subjected to a loading level of 25% 

(d) T-shaped column subjected to a loading level of 35% 
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Table IV.5 : Characteristics of the HPC mix 

Concrete type Density (kg/m³) Compressive strength (MPa) 

HPC 2583.8 113.5 

HPCPP 2460.9 105.92 

HPCDP 2425.8 92.12 

HPCPPQS 2455.9 95.17 

B- Steel  

The behavior law and thermal properties are specified with EN 1994-1-2 [2]. These properties 

are assumed to be fully reversible during the cooling phase. The thermal properties required to 

calculate heat transfer and temperature distributions within the structures include thermal 

conductivity and specific heat. both of which are considered nonlinear. 

The key physical property required for structural analysis is thermal elongation. The emissivity 

of steel is set to 0.7. and the convection coefficient is taken as 35 W/m²K. 

IV.3.1.2 Mechanical properties 

The reinforcement bars used in reinforced concrete are classified as S400. with their 

mechanical properties assumed to be reversible. This implies that both stiffness and strength 

are fully restored to their initial values upon cooling. In the thermal elongation curve. the 

plateau corresponds to a phase transformation occurring around 800°C. with an elongation 

value of 11 × 10⁻³. This transformation may initiate at slightly lower temperatures. 

approximately 700°C. with a corresponding value of 9 × 10⁻³. Upon cooling. as the steel returns 

to ambient temperature. no residual thermal expansion is observed. 

For concrete. residual thermal expansion or shrinkage was considered when the material 

returned to ambient temperature. Its residual value depends on the maximum temperature 

reached and is determined through experimental testing (Schneider U. 1985) [13]. Spalling is 

not considered in this study by assumption. The compressive strength of concrete does not 

recover upon cooling. According to EN 1994-1-2. an additional 10% loss in compressive 

strength is accounted for during cooling. For example, if the compressive strength decreases 

from 1.00 to 0.50 at a given temperature. it will further decrease to 0.45 upon returning to 

ambient temperature. This assumption is crucial for all the predictions presented in this 

research regarding the residual vertical load-bearing capacity of the columns under study. 

following the complete duration of the fire scenario to which they were exposed. 
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In a recent study. Li and Franssen (2011) [14] demonstrated. based on the analysis of certain 

experimental results reported in the literature. that the additional reduction in compressive 

strength during cooling can be even greater than the 10% reduction specified in EN 1994-1-2 

(Figure IV.11). In the stress-strain relationship of concrete. the strain corresponding to the peak 

stress during cooling is considered fixed. corresponding to the value prevailing at the maximum 

temperature (Felicetti. R. et al.. 2002) [15].  

 

 

 

 

 

 

 

 

  

Figure IV.11: Behavior of materials exposed to fire. a) Evolution of strength as a function of 

temperature (T°). (b) Behavior of concrete after cooling. 

IV.3.2 Numerical analysis process 

During the thermal analysis phase. the temperature distribution within the cross-sections was 

determined using nonlinear 2D transient analyses. The SAFIR software models heat transfer 

within solid structures predominantly through conduction. while at the structural boundaries. 

heat exchange with the environment occurs via convection and radiation. 

For heat conduction in concrete. the heat exchange is governed by Fourier's equation. expressed 

in a cartesian coordinate system. The software employs an iterative process that evaluates 

temperatures across multiple time steps until thermal equilibrium is achieved. The results from 

the thermal analysis were subsequently implemented in the structural modeling. 

For the structural analysis. the columns were discretized longitudinally using Bernoulli beam 

elements. and the cross-sections of these beam elements were divided into fibers corresponding 

to the 2D elements used in the thermal analysis. 

(a) 

(b) 
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IV.3.2.1 Thermal analysis of reinforced concrete columns 

For the present analysis. the same time-temperature curves used in Chapter III for the 

experimental study have been selected to be applied as the thermal load for the columns under 

study (Figure IV.12). In the discussion of the results. the following terms will be used: 

Phase 1: Increasing Temperature Phase (ITP) 

The heating cycle involved a heating rate of approximately 3 to 8°C/min until the target 

temperature was reached. 

Phase 2: Stabilization Phase (SP) 

During this phase. the temperature was maintained constant for a duration of 90 minutes. 

Phase 3: Fire Cooling Phase (FCP) 

In this phase. the gas temperature decreases from the maximum temperature to ambient 

temperature (20°C) with an average cooling rate of about 1°C/min at the beginning of the 

cooling phase. 

Phase 4: Residual Phase (RP) 

This phase occurs when the concrete temperature returns to ambient temperature (20°C). It 

corresponds to the post-fire phase. 

These temperature curves are applied to the reinforced concrete columns on all four sides 

 

 

 

 

 

 

 

Figure IV.12: Thermal treatment curve of the column: heating – stabilization – cooling 
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IV.3.2.2 Structural analysis 

A. Analysis for the evaluation of vertical load-bearing capacity 

The selected sections are commonly used in construction in Algeria. The studied columns have 

square sections of 30x30 cm and 40x40 cm. The square sections are reinforced with 4 or 6 bars 

with a concrete cover of 30 mm. 

One of the objectives of this chapter is to provide insights into the parameters and conditions 

that may influence the residual load-bearing capacity of the column during the cooling phase 

or after cooling. The parameters considered are: 

• Influence of heating duration (various fire scenarios). 

• Influence of the effective height of the column. 

• Influence of section variation. 

• Influence of support conditions. 

• Influence of concrete mix types 

In this section. a reference column with a height of 3.00 meters and a 30x30 cm section is 

presented in most cases. 

IV.3.3 Thermo-Mechanical modeling of the behavior of columns 

IV.3.3.1 Temperature distribution in the sections 

Figure IV.13 and Figure IV.14 depict the evolution of temperature distribution across the 30x30 

cm column section with a 30 mm cover during the heating and cooling phases of fires at 250°C. 

450°C. and 650°C. The results highlight the influence of different concrete mix types—HPC. 

HPCPP. HPCDP. and HPCPPQS—on the temperature distribution. 

At the end of the warm-up phase (60 minutes). the maximum temperatures at the corner of the 

columns were 186.7°C. 188.0°C. 187.6°C. and 188.1°C for HPC. HPCPP. HPCDP. and 

HPCPPQS. respectively. under the 250°C fire. For the 450°C fire. these temperatures increased 

to 395.4°C. 397.4°C. 398.0°C. and 397.4°C. and for the 650°C fire. they reached 623.2°C. 

624.5°C. 624.8°C. and 624.6°C. This demonstrates that the temperature distribution is 

influenced by both the fire intensity and the concrete mix type. 

At the end of the stabilization phase (120 minutes). the temperatures at the exposed face were 

192.0°C. 193.4°C. 193.9°C. and 193.5°C for the 250°C fire. 392.9°C. 394.8°C. 395.5°C. and 

394.8°C for the 450°C fire. and 608.3°C. 609.8°C. 610.3°C. and 609.9°C for the 650°C fire. 

These results indicate that the addition of fibers (polypropylene or date palm) slightly 

influenced the temperature distribution. with HPCDP showing marginally higher temperatures 

compared to other mixes. 
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During the cooling phase (940 minutes). the temperatures at the center of the section decreased 

significantly but remained higher than at the surface. For the 250°C fire. the center 

temperatures were 39.6°C. 38.3°C. 37.8°C. and 38.3°C for HPC. HPCPP. HPCDP. and 

HPCPPQS. respectively. For the 450°C fire. these values were 58.7°C. 56.2°C. 55.4°C. and 

56.2°C. and for the 650°C fire. they reached 120.3°C. 115.2°C. 113.5°C. and 115.2°C. This 

confirms that the center of the section retains heat longer. even after the cooling phase. due to 

the thermal inertia of the concrete. 

The temperatures of the reinforcement bars near the exposed face also varied significantly. At 

the end of the stabilization phase. under the 250°C fire. the bar temperatures were 150.3°C. 

152.5°C. 153.3°C. and 152.7°C for HPC. HPCPP. HPCDP. and HPCPPQS. respectively. For 

the 450°C fire. these values increased to 295.0°C. 299.4°C. 300.9°C. and 299.4°C. and for the 

650°C fire. they reached 566.9°C. 444.1°C. 446.1°C. and 444.5°C. The higher temperatures in 

the bars for the 650°C fire highlight the critical role of the 30 mm cover in providing thermal 

insulation and delaying the temperature rise in the reinforcement. 

These results demonstrate that the type of concrete mix and the presence of fibers influence the 

thermal behavior of columns under fire conditions. The addition of date palm fibers (HPCDP) 

showed a slight improvement in thermal resistance compared to other mixes. particularly at 

higher temperatures. These findings emphasize the importance of material selection and cover 

thickness in ensuring the structural integrity of columns during and after fire exposure. 

Table IV.3 illustrate the evolution of the maximum temperature at different points in the 

concrete and reinforcement bars for the 30x30 cm column exposed to fires of 250°C. 450°C. 

and 650°C 
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Figure IV.13:  Evolution of temperature distribution during heating phase 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.14: Evolution of temperature distribution during cooling phase 

 



81 
 

Table IV.6 :Temperatures at selected points in the column section. 
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IV.3.3.2 Simulation process 

The material model used in the simulation must accurately replicate the behavior of the 

structure under combined thermal and mechanical loading. The response of the structure is 

highly dependent on the load path. meaning that deformations can vary significantly. 

sometimes even taking on opposite signs for the same combination of stress and temperature. 

Axial thermal expansion is notably influenced by mechanical stress during the heating phase. 

which can be interpreted as a dependence of thermal deformation on the path taken within the 

stress-temperature space. Thus. thermal deformation is no longer viewed simply as a function 

of temperature but also as reliant on the stress state applied during heating. The selected models 

are expected to replicate this phenomenology by introducing transient creep deformation. either 

implicitly or explicitly. 

All simulations were conducted using the SAFIR software. utilizing the current thermal and 

mechanical models of EN 1992-1-2 [1] and EN 1994-1-2 [2]. The temperature distribution 

across the different column sections is obtained through a nonlinear transient 2D analysis. Each 

column under study is initially subjected to a constant load. and then the column section is 

exposed to natural fire. encompassing all three phases (heating. cooling) to evaluate the residual 

characteristics of the columns. The load is applied in a decreasing. monotonic manner. and the 

failure time is calculated for each load level. This process continues until no further failure 

occurs. with the final load level representing the column's load-bearing capacity under natural 

fire conditions. 

Figure IV.15 illustrates the simulation principle applied to columns exposed to natural fire. For 

instance. a load of 1000 kN is applied to the column. followed by natural fire exposure with a 

heating phase lasting 60 minutes. The compartment temperature returns to ambient 440 minutes 

from the start of the fire. with cooling observed until the section temperature stabilizes at 

ambient levels. 
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Figure IV.15: Evolution of the load and applied temperature. 

IV.3.4 Parametric analysis for evaluating vertical load-bearing capacity (Nᵣ) 

IV.3.4.1 Evolution of (Nᵣ) as a function of temperature 

Figure IV.16 summarizes the analytical processes applied to the reference column (a column 

with a cross-section of 30 cm x 30 cm and a height of 3 m) exposed to natural fire at varying 

maximum temperatures (250°C. 450°C. and 650°C). Starting from its initial load-bearing 

capacity at time t=0. N20 (cold capacity). the load was gradually reduced. and multiple 

simulations were conducted to calculate the fire resistance time. Based on the determined 

resistance time. failure could be tracked through the different fire phases. This relationship 

between the applied load and fire resistance time illustrates the evolution of the column’s load-

bearing capacity. As observed. the load-bearing capacity continues to decrease even after the 

compartment’s gas temperature reaches its peak. The load indicating the residual load-bearing 

capacity of the column. denoted as Nr. corresponds to the load value beyond which no failure 

is observed. indicated by a horizontal asymptote on the curve. In Figure IV.16(b). the residual 

load value is identified from the horizontal asymptote shown in Figure IV.16(a). The load 

ratio Nr/N20  is evaluated for each fire scenario once the temperatures in the column section 

return to ambient levels. The values on the horizontal axis represent the maximum gas 

temperature for each fire scenario. 
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Figure IV.16: Evolution (N r) of the column as a function of temperature. 

IV.3.4.2 Influence of the effective height of the column on (N r) 

The influence of column height on the residual strength (𝑁𝑟) was analyzed for columns with 

heights of 3 m. 4 m. and 5 m. maintaining a constant cross-section of 30x30 cm². The results 

are presented in Table IV.7  and Figure IV.207. which shows the ratio of the load-bearing 

capacity for columns of varying heights (𝑁ℎ/𝑁𝑅𝑒𝑓) relative to the reference column (𝑁𝑅𝑒𝑓) 

for columns exposed to a natural fire with a maximum temperature of 650°C. 

As shown in Table IV.4. the cold load-bearing capacity (𝑁20) at ambient temperature 

decreased with increasing column height due to buckling effects. The load-bearing capacity of 

the 5 m column (𝑁20 = 9436.88 kN) was reduced by 12% compared to the 3 m column (𝑁20 

= 10621.88 kN). Similarly. the 4 m column showed a 3% reduction. with a load-bearing 

capacity of 𝑁20 = 10336.88 kN. Figure IV.17 illustrates the influence of height-induced 

instability on the cold load-bearing capacity. 

The residual load-bearing capacity (𝑁𝑟) was also analyzed for columns exposed to fire 

scenarios at 250°C. 450°C. and 650°C. The results show that the residual strength decreases 

nonlinearly as column height increases. For instance. at 250°C. the residual strength (𝑁𝑟/𝑁20) 

was 74% for the 3 m column. 73% for the 4 m column. and 72% for the 5 m column. At 450°C. 

these values dropped to 62%. 60%. and 56%. respectively. At 650°C. the residual strengths 

were 39% for the 3 m column. 33% for the 4 m column. and 31% for the 5 m column. 

The analyses confirm that increasing the height of columns significantly reduces their residual 

load-bearing capacity. primarily due to buckling effects. These findings highlight the 

importance of considering height and thermal exposure in the design of columns to maintain 

structural integrity during and after fire events. 
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Table IV.4: Evolution of the bearing capacity as a function of (H) and (T). 

H 3m 4m 5m 

Nr N20(KN) Nr/N20 N20(KN)  Nr/N20 N20(KN)  Nr/N20 

N20 10621.88 1.00 10336.88 1.00 9436.88 1.00 

N250 7840.00 0.74 7560.50 0.73 6780.50 0.72 

N450 6535.00 0.62 6160.00 0.60 5315.00 0.56 

N650 4130.00 0.39 3450.00 0.33 2885.00 0.31 

 

 

 

 

 

 

 

Figure IV.17: Influence of the variation in the height of the column on (N r). 

IV.3.4.3 Influence of column section dimensions on (N r) 

The influence of column section dimensions on the residual strength (Nr) was analyzed for 

columns with a height of 3.00 m. considering cross-sections of 30x30 cm² and 40x40 cm². 

exposed to fire scenarios with maximum temperatures of 250°C. 450°C. and 650°C. The results 

are presented in Table IV.5 and Figure IV.18. 

As shown in Table IV.5. the evolution of the residual load-bearing capacity (Nr) for the 40x40 

cm² column was consistently higher than that of the 30x30 cm² column. At 20°C. the load-

bearing capacity increased by approximately 76% for the larger section. At 250°C. the residual 

strength (Nr/N20) was 74% and 76% for the 30x30 cm² and 40x40 cm² sections. respectively. 

Similarly, at 450°C. these values dropped to 62% and 65%. while at 650°C. they further 

decreased to 39% and 49%. highlighting the influence of section size on thermal performance. 
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Figure IV.18 (a) illustrates the evolution of the relative residual strength (Nr/N20) as a function 

of fire temperature. For the fire scenario at 250°C. the relative strength of the 30x30 cm² 

column was approximately 0.74 compared to 0.76 for the 40x40 cm² section. At 450°C. these 

values were 0.62 and 0.65. respectively. while at 650°C. they reduced to 0.39 and 0.49. These 

results indicate that increasing the section size improves the residual strength of the column. 

thereby enhancing its fire resistance. 

Figure IV.18 (b) presents the residual strength ratio (Nr/N20) for both column sections across 

the range of temperatures. At 20°C. both sections retained 100% of their load-bearing capacity. 

As the temperature increased. the larger section consistently showed higher relative residual 

strength. retaining 49% of its initial capacity at 650°C compared to 39% for the smaller section. 

The analyses confirm that increasing the cross-sectional dimensions of a column significantly 

improves its residual strength under fire exposure. These findings emphasize the importance 

of section size in ensuring the structural integrity and post-fire serviceability of columns. 

Table IV.5: Evolution of the bearing capacity as a function of the column section. 

 

 

 

 

 

 

 

 

 

 

Figure IV.18: Evolution of (N r / N 20) as a function of section and temperature. 

 

H 30X30 cm2 40X40 cm2 

Nr N20 (KN) Nr/N20 N20 (KN) Nr/N20 

N20 10621.88 1.00 18751.88 1.00 

N250 7840.00 0.74 14190.00 0.76 

N450 6535.00 0.62 12125.00 0.65 

N650 4130.00 0.39 9200.00 0.49 
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IV.3.4.4 Influence of support conditions on load-bearing capacity (N r) 

The effect of support conditions on the residual strength of columns under elevated 

temperatures was analyzed using two configurations. with results summarized in Figure IV.19 

and Table IV.6. In the first configuration. columns with double support at the base and single 

support at the top (SS-DS) exhibited a notable reduction in residual strength (Nr) as the 

temperature increased. At 20°C. the residual strength reached its maximum value (N20) but 

progressively declined to 74% at 250°C. 62% at 450°C. and 39% at 650°C. This trend confirms 

the substantial negative impact of high temperatures on the structural performance of columns. 

As summarized in Table IV.6. these results indicate that the columns become non-functional 

beyond 650°C under these support conditions. 

In the second configuration. columns with triple support at the base and single support at the 

top (SS-TS) showed slightly higher residual strength compared to the first configuration. 

although the general decreasing trend with increasing temperature persisted. At 20°C. the 

residual strength was slightly higher. decreasing to 74% at 250°C. 62% at 450°C. and 41% at 

650°C. These results. detailed in Table IV.6. highlight the influence of support conditions on 

the ability of columns to retain residual strength after thermal exposure. 

 As shown in Figure IV.19. the relationship between residual strength and temperature 

demonstrates that support conditions significantly affect the columns' load-bearing capacity 

under thermal stress. Nevertheless. regardless of the configuration. columns lose their 

structural functionality after prolonged exposure to temperatures beyond 650°C. This 

underscores the importance of considering thermal effects and support conditions in the 

structural design of columns subjected to fire scenarios. 

Table IV.6: Evolution of the bearing capacity as a function of the support conditions. 

 

 

 

 

 

 
Double support and                                    

single support 

Triple support and                                      

single support 

Nr N20(KN) Nr/N20 N20(KN) Nr/N20 

N20 10621.88 1.00 10833.75 1.00 

N250 7840.00 0.74 8040.00 0.74 

N450 6535.00 0.62 6725.00 0.62 

N650 4130.00 0.39 4460.00 0.41 
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Figure IV.19: Evolution of the bearing capacity as a function of the support conditions. 

IV.3.4.5 The influence of different concrete mix types on the residual strength (𝑁𝑟) 

The influence of different concrete mix types on the residual strength (𝑁𝑟) was analyzed for 

columns exposed to elevated temperatures. Four types of high-performance concrete (HPC) 

mixes were evaluated: 

1. HPC 

2. HPC with polypropylene fibers (HPCPP). 

3. HPC with date palm fibers (HPCDP). 

4. HPC with polypropylene fibers based in quarry sand (HPCPPQS) 

The results are presented in Table IV .7 and Figure IV.20. which show the residual load-bearing 

capacity (𝑁𝑟) for each mix type at ambient temperature (20°C) and after exposure to fire 

scenarios at 250°C. 450°C. and 650°C. 

At ambient temperature. the reference mix (HPC) demonstrated the highest load-bearing 

capacity (𝑁20 = 10621.88 kN). followed by HPCPP (𝑁20 = 9965.5 kN). HPCPPQS (𝑁20 = 

9543.84 kN). and HPCDP (𝑁20 = 8791.87 kN). The incorporation of fibers. particularly date 

palm fibers. reduced the initial load-bearing capacity compared to the reference mix. while the 

addition of quarry sand in HPCPPQS resulted in a higher initial capacity compared to HPCDP 

but lower than HPC and HPCPP. 

When exposed to elevated temperatures. the residual load-bearing capacity (𝑁𝑟) was evaluated 

as a percentage of the cold load-bearing capacity (𝑁𝑟/𝑁20). At 250°C. the residual strength 

was 74% for HPC. 75% for HPCPP. 77% for HPCDP. and 71% for HPCPPQS. At 450°C. 

these values decreased to 62%. 61%. 71%. and 70%. respectively. At 650°C. the residual 
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strengths further declined to 39% for HPC. 39% for HPCPP. 57% for HPCDP. and 58% for 

HPCPPQS. 

The results indicate that the addition of polypropylene fibers (HPCPP) had a marginal effect 

on residual strength compared to the reference mix (HPC). In contrast. the inclusion of date 

palm fibers (HPCDP) significantly enhanced the residual strength at higher temperatures. 

particularly at 650°C. where HPCDP retained 57% of its load-bearing capacity compared to 

39% for HPC and HPCPP. The HPCPPQS mix. which combines polypropylene fibers with 

quarry sand. exhibited a similar trend to HPCDP at 650°C. retaining 58% of its load-bearing 

capacity. This suggests that quarry sand. when used in conjunction with polypropylene fibers. 

can also contribute to improved fire resistance. albeit to a slightly lesser extent than date palm 

fibers. 

These findings highlight the importance of fiber type and composition. as well as the role of 

quarry sand. in enhancing the fire resistance of high-performance concrete. Date palm fibers. 

in particular. demonstrate significant potential for improving structural integrity under fire 

conditions. while the HPCPPQS mix offers a viable alternative for applications requiring 

enhanced fire resistance. 

Table IV.7: Influence of different concrete mix types on the residual strength. 

 

 

 

 

 

 

 

Figure IV.20: Bearing capacity evolution across different concrete mixes. 

 
HPC HPCPP HPCDP HPCPPQS 

  N20(KN) Nr/N20  N20 (KN) Nr/N20 N20(KN) Nr/N20 N20 (KN) Nr/N20 

N20 10621.88 1.00 9965.5 1.00 8791.87 1.00 9543.84 1.00 

N250 7840 0.74 7448 0.75 6750 0.77 6789.16 0.71 

N450 6535 0.62 6115 0.61 6227 0.71 6695.67 0.70 

N650 4130 0.39 3840 0.39 5040 0.57 5580.47 0.58 
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IV.4 Conclusion 

This chapter investigate the behavior of reinforced concrete columns under natural fire conditions. 

focusing on residual strength and load-bearing capacity during heating and cooling phases. Key findings 

reveal that fire duration and thermal exposure significantly reduce residual strength. particularly in 

larger sections. while column geometry and support conditions influence stability. Concrete mix 

composition plays a critical role. with date palm fibers (HPCDP) demonstrating superior fire resistance. 

retaining 57% of capacity at 650°C compared to 39% for HPC and HPCPP. The mix incorporating 

polypropylene fibers and quarry sand (HPCPPQS) also performed well. retaining 58% of its capacity 

at 650°C. highlighting the potential of quarry sand in enhancing fire resistance. Steel reinforcement 

recovers strength upon cooling. while concrete experiences irreversible damage. exacerbated by thermal 

shock. Numerical modeling using SAFIR software effectively simulated column behavior. providing 

insights into degradation and recovery. These findings emphasize the importance of holistic fire-

resistant design. incorporating innovative materials and realistic fire scenarios. Future research should 

explore advanced materials and refined modeling techniques to further optimize structural fire 

performance. 
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General conclusion 

This research offers a comprehensive understanding of how concrete, particularly high-

performance concrete (HPC), behaves under high-temperature conditions and its implications 

for the structural integrity of reinforced concrete (RC) columns. The study reveals the complex 

interactions between physical, chemical, and mechanical processes that drive concrete 

degradation when exposed to thermal stress. Factors such as heating and cooling cycles, 

material composition, and structural geometry play a significant role in shaping the thermal 

and mechanical responses of concrete. The presence of water, in both liquid and vapor forms, 

further complicates these interactions, leading to issues like mass loss, microcracking, and 

spalling. 

When exposed to high temperatures, concrete undergoes a combination of physical processes 

(e.g., heat transfer, water evaporation), chemical reactions (e.g., dehydration, carbonation), and 

mechanical changes (e.g., deformations, microcracking), all of which contribute to its 

degradation. The residual mechanical properties of concrete after such exposure vary widely, 

with heating and cooling regimes being critical determinants. While steel reinforcement can 

partially or fully recover its strength and stiffness after cooling, concrete experiences 

irreversible damage. Rapid cooling, or thermal shock, can cause up to 33% additional strength 

loss compared to gradual cooling. 

The choice of materials, including cement, silica fume, quarry sand, and reinforcing fibers like 

polypropylene and date palm, significantly influences the performance of HPC. Silica fume, 

for instance, enhances the density and compressive strength of the concrete matrix, while fibers 

such as polypropylene and date palm improve crack resistance and energy absorption. 

However, the addition of fibers generally reduces workability, with date palm fibers having a 

more noticeable impact on viscosity compared to polypropylene. Quarry sand helps maintain 

the compactness and stability of the concrete structure, even when fibers are present. 

Palm fiber-reinforced HPC showed a 65% reduction in compressive strength after three hours 

of high-temperature exposure, a performance comparable to polypropylene-based concrete. 

This highlights the potential of palm fibers as a sustainable alternative. The flexural strength 

of palm fiber concrete was only slightly lower (55% reduction) than that of polypropylene-

based concrete, thanks to the fibers' ductile nature, which enhances flexibility and crack 

resistance. Minimal mass loss was observed in palm fiber concrete between 250°C and 450°C, 
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as the fibers only melt at extremely high temperatures. Additionally, palm fibers improved the 

permeability and spalling resistance of HPC by absorbing water pressure and allowing vapor 

to escape, thereby preserving the concrete's strength. 

The duration of heating and cooling significantly affects the residual load-bearing capacity of 

RC columns. Prolonged exposure to high temperatures leads to substantial strength reduction, 

which continues during the cooling phase. Taller columns are more susceptible to buckling, 

reducing their residual load-bearing capacity. Larger cross-sectional dimensions, however, 

enhance residual strength, underscoring the importance of section size in maintaining structural 

integrity. Support conditions also play a critical role, with fixed supports generally improving 

load-bearing capacity compared to pinned supports. Nevertheless, all configurations lose 

functionality at temperatures above 650°C. Date palm fiber-reinforced HPC (HPCDP) 

outperformed other mixes, retaining 57% of its load-bearing capacity at 650°C, compared to 

39% for polypropylene fiber-reinforced HPC (HPCPP). Numerical modeling using SAFIR 

software effectively simulated the behavior of RC columns under fire conditions, providing 

valuable insights into the time-dependent degradation and recovery of structural capacity. 

These findings emphasize the need for a holistic approach to fire safety design, incorporating 

realistic fire scenarios, advanced modeling techniques, and innovative materials. Future 

research should focus on developing advanced analytical models that account for factors like 

biaxial bending, multi-side fire exposure, spalling, and creep to better simulate real-world 

conditions. Further exploration of sustainable materials like date palm fibers and other eco-

friendly additives is essential to enhance the fire resistance and overall performance of HPC. 

Comprehensive experimental studies and parametric analyses are also needed to validate 

advanced models and establish reliable design guidelines. Structural assessments must consider 

the cooling phase of fires, as it significantly impacts residual strength and load-bearing 

capacity. Adopting a performance-based approach to fire safety design will enable the 

development of cost-effective and innovative solutions for evaluating residual load-bearing 

capacity and seismic performance after a fire.
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