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Abstract  

The topic of structural damage caused by fire has been discussed extensively by 

many researchers for over a decade. High performance concrete (HPC) can’t resist under 

fire exposure and the problem of spalling was seen in experimental tests. Using steel 

fibers in concrete not only develops concrete performance against fire and reduces 

spalling, but also increases structural resistance like resisting bending moment by taking 

into account tensile behavior of fibers. This study focuses on fire behavior of high 

performance fiber reinforced concrete (HPFRC) and presents the bending moment 

capacity of HPFRC beam exposed to fire using plane section approach (2D) and finite 

element method (3D). The time-temperature curve used in the thesis is based on 

standard fire named ISO834.  The variation in material properties, caused by elevated 

temperature, has been studied, including strength and stiffness degradation. 

Compressive and tension constitutive laws change as temperature of the material 

increases according to EC3 Part 1.2.  The behavior of the HPFRC beam when subjected to 

thermal loading followed by fire is presented and shows that there is degradation in 

bending moment capacity. Moreover, this degradation also has been studied under 

situation when there is cooling phases. Time of collapse in both approaches; 2D and 3D 

modeling are presented and compared with each other. The results from this study shows 

that the 3D model predicted a greater time to resist against fire while in 2D model the 

beam will fail sooner. We demonstrate neither models were able to simulate the spalling 

effect clearly in the experimental tests. At the end we suggest an effective way to solve 

this problem by adding polypropylene fibers which should get the concrete to resist 

better against spalling.   
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Astratto   

Il tema dei danni strutturali causati dal fuoco è stato discusso in modo estensivo 

da molti ricercatori da oltre un decennio. Il calcestruzzo ad alte prestazioni (HPC) non 

può resistere ad alte temperature per via del problema di “spalling” riscontratosi nei test. 

L’utilizzo di fibre di acciaio all’interno del calcestruzzo, non solo riduce l’effetto di 

“spalling” ma ne aumenta anche la resistenza strutturale come per il momento flettente, 

tenuto in considerazione il comportamento a trazione delle fibre in acciaio. Questo studio 

si concentra sul comportamento della fibra nel cemento armato (HPFRC) e sull’analisi del 

momento flettente HPFRC durante l’esposizione alle alte temperature, utilizzando 

l’approccio “sezione piano” (2D) e il metodo degli elementi finiti (3D). La curva tempo-

temperatura utilizzata nella tesi è stata ripresa da quella di “fuoco standard” ISO 834.  

Sono state studiate le variazioni delle proprietà del materiale sotto l’effetto delle elevate 

temperature, comprendendo anche la forza e il degrado di rigidezza. Le leggi costitutive 

di compressione e tensione cambiano in funzione della temperatura del materiale e si 

modificano in base alla EC3 parte 1.2. Si dimostrerà che esiste una degradazione nei 

parametri resistivi a momento flettente nelle travi UHPFRC sottoposte a carico termico a 

seguito di un incendio. Abbiamo voluto estendere l’analisi sul degrado del materiale 

anche nella fase di raffreddamento così da avere un’analisi più completa.  I risultati di 

questo studio mostrano che il modello 3D ha predetto un tempo di resistenza al fuoco 

superiore rispetto a quello dell’analisi 2D. Dimostreremo che nessun modello è stato in 

grado di simulare l'effetto di “spalling” in modo chiaro. Alla fine suggeriremo che l’uso di 

fibre di polipropilene dovrebbe risultare un efficace metodo per ridurre il problema di 

spalling alle alte temperature. 
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Notation  

 

l/d Fibers Aspect ratio 

℃ Degree of Celsius 

𝐸𝑑 Design effect of actions in normal temperature design 

Q Heat flow 

𝜆 Thermal conductivity  

𝛼𝑐 Heat transfer coefficient or thermal convection coefficient    

𝑃 Emissive power  

𝜎 Stefan-Boltzmann constant. 

𝑞 Global thermal flux of the black body towards vacuum  

휀𝑟𝑒𝑠 Resultant emissivity  

𝜙 Configuration factor 

∇T Temperature gradient  

𝛼 Thermal diffusivity 

𝑇 Temperature 

T Time 

𝜌 Density 

𝑐 Specific heat 

𝛼𝑐𝑖 Coefficient of convective heat transfer 

𝜖 Surface emissivity 

�̇�𝑏
′′ Heat flow at the boundary 

𝑇𝑔 Gas temperature 

𝑇𝑏 Boundary temperature 

𝛼𝑐 Convection heat transfer coefficient 

𝜖𝑟𝑒𝑠 Resulting emissivity  

𝜃 Concrete temperature 

𝐶𝑐,𝑝𝑒𝑎𝑘 Specific heat at the peak 

∆𝑇 Temperature interval 

𝑓𝑐,𝜃 Characteristic value of the compressive strength of concrete at elevated 

temperature 

휀𝑐1,𝜃 Strain corresponding to 𝑓𝑐,𝜃 

휀𝑐𝑢1,𝜃 Ultimate strain  

𝑓𝑅1𝑘 Serviceability  characteristic flexural residual  strength 

𝑓𝑅3𝑘 Ultimate  characteristic flexural residual  strength 

𝑙 Length at 20℃ 

∆𝑙 Temperature induced elongation  

𝜃𝑎 Steel temperature 

𝑄1𝑘 Live load 

𝐺1𝑘 Permanent load  
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𝐺2𝑘 Imposed load 

𝑀𝐸𝑑 Acting moment 

𝑉𝐸𝑑 Acting shear  

𝑆𝑟𝑚 Mean distance between cracks   
𝑙𝑐𝑠 Characteristic length 

Y Distance between the neutral axis and the tensile side of the cross-section 

𝑐 Concrete cover 

𝜏𝑏𝑚 Mean bond strength between steel and concrete  

𝑓𝑐𝑡𝑚 Mean concrete tensile strength 

𝑘 Parameter to take into account the influence of concrete cover  

∅𝑠 Rebar diameter  

𝜌𝑠,𝑒𝑓  Effective reinforcement ratio  

𝐴𝑐,𝑒𝑓 Effective area of concrete in tension 

𝑅𝑐𝑘 Cubic compression resistance 

휀𝑐1 Deformation at pick  

휀𝑐𝑢 Ultimate deformation 

𝛾𝑐2 Material coefficient 

𝐸𝑐1 Second module of elastic 

𝐸𝑐0 Tangent module of elastic 
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1 : Introduction 

Normal concrete is typically resistant against fire and elevated temperatures, but 

the HPC may result in failure. The high packing density of HPC results in low permeability 

and superior durability over normal concretes.  The failure that typically occurs for HPC 

is explosive spalling at high temperatures. Thermal spalling is mainly due to combination 

of two phenomena; 

1- Increasing of vapor pressure caused by the evaporation of free and bound 

water trapped in the cementitious matrix.  

2- Unequal thermal expansion between the concrete core and surface  

Spalling is more crucial for steel reinforced concrete, because by reducing the 

cross section the convention steel reinforcement may expose to high temperatures. The 

use of steel and polypropylene or steel fibers has shown to mitigate the problem of 

spalling at high temperatures. By adding these fibers to HPC mix the resistance of matrix 

to elevated temperature increases. Also, the addition of fibers allows for higher ductility 

and energy dissipation capacity. Moreover, it allows to optimize the elements sections, 

while reducing the total masses and the execution costs. Addition of fibers increase the 

tensile strength of concrete and constitutive law can be also established for tensile zone.  

The focus of this research is to investigate the residual mechanical properties of 

high performance fiber reinforced concretes at elevated temperatures. Heating of the 

beam is studied in two different heating regimes, with cooling phase and without cooling 

phase.  The body of thesis consists of seven chapters as follows; 

Chapter 1 represents an overview to the thesis  

Chapter 2 represents an introduction to HPFRC both in ambient temperature and 

in elevated temperature according to articles and experimental works already done by 

researchers.   
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Chapter 3 is mainly about the heat transfer and an introduction of engineering 

problem regarding thermal transmission trough the matters.  

Chapter 4 presents engineering problem of this work including geometry of the 

problem, material properties, fire exposure, acting loads and any other parameters 

required to model the problem numerically.  

In Chapter 5 the plane section approach used for finding the bending moment 

capacity. Applying this approach, the problem was modeled in two dimension and the 

plane section approached has been introduced and discussed. 

Chapter 6 works with 3D model of the whole problem using software of Abaqus 

CAE (FEM) and its aim is to find the overall behavior of the HPFRC beam exposed to fire 

in 3D.   

Chapter 7 is going further by considering the beam with its slab and finding the 

results in both 2D and 3D approaches to understand the contribution of slab in bearing 

capacity of the problem.  

Chapter 8 is conclusion on the results of the last three chapters and gives more 

perspective for future studies.  
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2 :  Literature Review  

In the last two decades, concrete technology has enabled the manufacturing of 

concrete that has a uniaxial compression strength of about (or more than) 100 MPa, 

implementing conventional mixing technologies. This concrete has been commonly 

referred to as high strength concrete (HSC). Subsequently, study of the structural 

behavior of HSC has increased during this period together with the research and 

development on the material properties. Research on HSC material properties has shown 

that, besides its increased strength, HSC is also characterized by relatively increased 

brittleness. Adding steel fibers is one way of enhancing the structural performance of HSC 

through an increase in the concrete toughness, yielding high performance concrete 

(HPC). The use of steel fibers has been developed in recent years (Dancygier & Savir, 

2006). 

Therefore, in order to have a better understanding about High performance fiber 

reinforced concrete (HPFRC) the behavior of HPC and FRC according to different articles 

and reports have been discussed separately. After that, the behavior of HPFRC was 

presented according to articles and studies that were performed on HPFRC directly and 

the result of tests and studies will be presented. After that the performance of HPFRC 

when exposed to fire in different researches presented. 
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2.1 Literature review (Concrete in Ambient Temperature)  

2.1.1 HPC   

Based on the compressive strength; concrete is normally classified as normal 

strength concrete, high strength concrete and ultra-strength concrete.  To achieve high 

strength, it is necessary to use high cement content with the lowest possible w/c ratio 

which invariable affect the workability of the matrix (Krstulovic, Haghayeghi, & Uang, 

1995). Therefore, the main difference between conventional concrete and High-

Performance Concrete is essentially the use of chemical and mineral admixtures 

(Kanmalai, Partheeban, & Felix, 2008).  The admixtures can be added to cement concrete 

as a partial replacement of cement along with superplasticiser as a water reducer to get 

the high performance. Generally speaking, the definition ‘high performance’ is meant to 

distinguish structural materials from the conventional ones, as well as to optimize a 

combination of properties in terms of final applications related to the civil engineering. 

The most interesting properties are, for example, strength, ductility, toughness, 

durability, stiffness, thermal resistance, even though it is necessary to take into account 

the final cost of the material and, above all, of the produced structural members  

(GUERRINI, 2000).  

2.1.1.1 Mixture of HPC  

 Mineral and chemical admixtures play an important role in the production of High 

Performance Concrete.   Mineral Admixtures form an essential part of the High 

Performance Concrete mix. They are used for various purposes depending upon their 

properties. Table 2-1 shows different types of mineral admixtures with their particle 

characteristics. Different Chemical admixtures (Super plasticizers) are extensively used 

in development of High Performance Concrete with very low water cement ratio are 

represented in Table 2-2 with their functions (Vatsal & Niraj, 2013).   
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Mineral Admixtures  Classification  Particle characteristics  

Ground granulated blast 

furnace slag  

Cementitious and pozzolanic Unprocessed material are 

grain like sand, ground to 

size< 45 𝜇𝑚 particles and 

have atough texture  

Fly ash Cementitious and pozzolanic  Powder consists of particles 

size 45 𝜇𝑚, 10% to 15% are 

more than 45 𝜇𝑚, solid 

spheres and general smooth  

Silica fume  Highly active pozzolanic Fine powder consisting of 

solid spheres of 0.1 𝜇𝑚 

average diameter 

Rice husk ash  Highly active pozzolanic Particles are <45 𝜇𝑚 in size 

and have cellular and porous 

structure 
Table 2-1: Different mineral admixtures used in HPC 

 

Chemical  Admixtures  Function  

Superplasticizer  To reduce the water requirement by 15 % to 20% without 

affecting the workability leading to a high strength and 

dense concrete  

Accelerator  To reduce the setting time of concrete thus helping early 

removal of forms and therefore used in cold weather 

concreting  

Retarder  To increase the setting time by slowing down the 

hydration of cement and therefore are preferred in places 

of high temperature concerting  

Water reducing admixture  To achieve certain workability (slump)at low water 

cement ratio for a specified strength thus saving on the 

cement 

Air entraining admixture  To entrain small air bubbles in concrete which act as 

rollers thus improving the workability and therefore very 

effective in freeze-thaw cycles as they provide a 

cushioning effect on the expanding water in the 

concreting in cold climate  
Table 2-2: Different chemical admixtures used in HPC 

The composition of HPC usually consists of cement, water, fine sand, 

superplasticizer, fly ash and silica fume. Sometimes, quartz flour and fiber are the 

components as well. The key elements of high performance concrete can be summarized 

as follows: 

- Low water-to-cement ratio, 
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- Large quantity of silica fume (and/or other fine mineral powders), 

- Small aggregates and fine sand, 

- High dosage of superplasticizers, 

- Heat treatment and application of pressure which are necessary for ultra high 

strength concrete after mixing (at curing stage). 

The microstructure of concrete can be described in three aspects, namely 

composition of hydrated cement paste, pore structure and interfacial transition zone. The 

hydrated cement paste is in fact the hydration products when cement is reacted with 

water. The pore structure refers to the gel pores, capillary pores and voids, as well as 

their connections within the hardened concrete. The interfacial transition zone refers to 

the boundaries between the cement paste, and aggregates or particles of admixtures. The 

composition of NSC is relatively simple, which consists of cement, aggregate and water. 

Figure 2-1 shows the microstructure of NSC. 

 

Figure 2-1 Microstructure of NSC 

In HPC, very fine admixture, such as silica fume or fly ash, is added into the design 

mix so that the empty space inside concrete can be reduced significantly. Meanwhile, the 

pore connectivity is lowered because the very fine particles effectively block the capillary 

network. Thirdly, the interfacial transition zone can be toughened by lowering the locally 

high water-to-cement ratio and by improving the particle packing in this zone.  

Superplasticizer is added into the concrete mix so that a very low water-to-cement ratio 

(less than 0.2) become feasible to be adopted. Fine admixtures, like silica fume or fly ash, 

is added as well to improve the particle packing in the interfacial transition zone. It is 

noticed that in order to improve the concrete performance, admixture is a necessary 
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component which must be added into the design mix in order to generate HPC. Hence, its 

microstructure is quite different from that of NSC.  Figure 2-2  (Oral & Denvid). 

 
Figure 2-2Microstructure of HPC 

2.1.1.2 Strength of HPC  

In practice, concrete with a compressive strength less than 50MPa is regarded as 

NSC, while high strength concrete (HSC) may be defined as that having a compressive 

strength of about 50MPa. Recently, concrete with the compressive strength of more than 

200MPa has been achieved. Table 2-3 shows the characteristics of different type of HSC 

with various compositions (Oral & Denvid). 

It is also studied by Kanmalali and he stated that it is  recognized that the use of 

silica fume as a partial replacement for cement provides a significant increase in strength 

of concrete (Kanmalai, Partheeban, & Felix, 2008). 

 Regular  High strength  Very high strength  

Compressive strength 

(MPa) 

<50 50-100 100-150 

Water-to-cement ratio >0.45 0.45-0.30 0.30-0.25 

Chemical admixtures  Not 

required  

Water-reducing 

admixture or 

superplasiticizer  

Superplasticizer  

Mineral admixtures Not 

required  

Fly ash Silica fume  

Permeability (m/s) >10−12 10−13 <10−14 
Table 2-3: Characteristics of High Strength Concretes 
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2.1.1.3 Ductility of HPC   

Research on HPC material properties has shown that, besides its increased 

strength, HPC is also characterized by relatively increased brittleness (Dancygier & Savir, 

2006). Meanwhile, HPC has a larger Young’s modulus than NSC and the post-peak 

softening branch is steeper. HPC behaves linearly up to a stress level which is about 90% 

of the peak stress, whereas lower strength concrete shows nearly no linear part at all. 

When the peak stress has been reached, the stress decays rapidly in high strength 

concrete. A qualitative comparison of uniaxial compressive stress-strain curve of HSC 

with that of NSC is given in Figure 2-3. 

 
Figure 2-3 Schematic of Stress-Strain curve in (a) HPC and (b) NSC under Uniaxial Compression 

 

2.1.2 FRC  

Fibers have been used to reinforce brittle materials since ancient times. The use 

of straw in sun baked clay bricks; mixing of horse hair in plasters were widespread in 

early civilizations. Apart from the role of fibers is essentially to arrest any advancing 

cracks by applying pinching forces at the cracks tips, thus delaying their propagation 

across the matrix and both these methods provide tensile strength to the concrete 

members, and they however do not increase the inherent tensile strength of concrete 

itself creating a distinct slow crack propagation stage (Meikandaan, Arunkumar, & 

PonPaul, Dec 2012). 
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Fiber reinforced concrete (FRC) may be defined as a composite materials made 

with Portland cement, aggregate, and incorporating discrete discontinuous fibers 

(Chanh). 

Fibers are produced from different materials in various shapes and sizes. Typical 

fiber materials are;  

- Steel Fibers: Straight, crimped, twisted, hooked, ringed, and paddled ends. 

Diameter range from 0.25 to 0.76mm.  

- Glass Fibers: Straight. Diameter ranges from 0.005 to 0.015mm (may be bonded 

together to form elements with diameters of 0.13 to 1.3mm).  

- Natural Organic and Mineral Fibers Wood, asbestos, cotton, bamboo, and rock-

wood. They come in wide range of sizes.  

- Polypropylene Fibers: Plain, twisted, fibrillated, and with buttoned ends.  

- Other Synthetic Fibers Kevlar, nylon, and polyester.  Diameter ranges from 0.02 to 

0.38mm.  

A convenient parameter describing a fiber is its aspect ratio (LID), defined as the 

fiber length divided by an equivalent fiber diameter. Typical aspect ratio ranges from 

about 30 to 150 for length of 6 to 75mm  (WAFA, 1990). 

Addition of fibers to concrete influences its mechanical properties which 

significantly depend on the type and percentage of fiber. Fibers with end anchorage and 

high aspect ratio were found to have improved effectiveness. It was shown that for the 

same length and diameter, crimped-end fibers can achieve the same properties as 

straight fibers using 40 percent less fibers. In determining the mechanical properties of 

FRC, the same equipment and procedure as used for conventional concrete can also be 

used.  
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2.1.2.1 Mixture of FRC 

As with any other type of concrete, the mix proportions for SFRC depend upon the 

requirements for a particular job, in terms of strength, workability, and so on. Several 

procedures for proportioning SFRC mixes are available, which emphasize the workability 

of the resulting mix. However, there are some considerations that are particular to SFRC.  

In general, SFRC mixes contain higher cement contents and higher ratios of fine to 

coarse aggregate than do ordinary concretes, and so the mix design procedures the apply 

to conventional concrete may not be entirely applicable to SFRC. Commonly, to reduce 

the quantity of cement, up to 35% of the cement may be replaced with fly ash. In addition, 

to improve the workability of higher fibre volume mixes, water reducing admixtures and, 

in particular, superlasticizers are often used, in conjunction with air entrainment.  

The second factor which has a major effect on workability is the aspect ratio (l/d) 

of the fibres. The workability decreases with increasing aspect ratio, in practice it is very 

difficult to achieve a uniform mix if the aspect ratio is greater than about 100 (Chanh). 

2.1.2.2 Compressive and tensile strength of FRC 

The presence of fibers may alter the failure mode of cylinders, but the fiber effect 

will be minor on the improvement of compressive strength values (0 to 15 percent). 

Many experimental researches have been written in order to describe the effect of fibers 

on Compressive and tensile strength of concrete. For example Meikndaan performed 

number of tests on a FRC beam and the results indicated that there is 13.29% increase in 

compressive strength as compared with normal plain concrete (without fibers).  

Meanwhile adding fibers increases 11.96% of splitting tensile strength as compared with 

normal plain concrete. Moreover, there is 26.56% increase in Modulus of elasticity as 

compared with normal plain concrete (Meikandaan, Arunkumar, & PonPaul, Dec 2012). 

According to Johnston, (Figure 2-4) fibres do little to enhance the static 

compressive strength of concrete, with increases in strength ranging from essentially nil 

to perhaps 25%. Even in members which contain conventional reinforcement in addition 
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to the steel fibres, the fibres have little effect on compressive strength. However, the 

fibres do substantially increase the post-cracking ductility, or energy absorption of the 

material (Johnston, 1974). 

 

Figure 2-4: Stress-strain curves in compression for SFRC 

 

 

Figure 2-5: influence of fiber content on tensile strength 

According to Johnston, for more or less randomly distributed fibers, the increase 

in tensile strength is much smaller, ranging from as little as no increase in some instances 

to perhaps 60%, with many investigations indicating intermediate values, as shown in 
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Figure 2-5. Splitting-tension test of SFRC show similar result. Thus, adding fibers merely 

to increase the direct tensile strength. However, as in compression, steel fibers do lead to 

major increases in the post-cracking behavior or toughness of the composites (Chanh; 

Johnston, 1974). 

The addition of steel fibers to a reinforced concrete beam is known to increase its 

shear strength and if sufficient fibers are added, a brittle shear failure can be suppressed 

in favor of more ductile behavior (Adebar, Mindess, Pierre, & Olund, 1997). 

According to Kwak et al , the fibers appeared to be effective in delaying the 

formation of cracks, or at least in arresting their initial growth. As the steel fiber volume 

increase the failure mode changed to a combination of shear and flexure. The 

experimental results form 12 fiber-reinforced concrete beams demonstrate the steel 

fiber volume fraction, a/d (shear span-depth ratio), and concrete compressive strength 

on the onset of shear cracking, shear strength, ultimate deflection and failure mode. The 

increase in strength was particularly large (69 to 80%) for beams with the smallest a/d 

(Kwak, Eberhard, Kim, & Kim, 2002). 

The presence of 3 percent fiber by volume was reported to increase the splitting 

tensile strength of mortar about 2.5 times that of the unreinforced one. 

2.1.2.3 Ductility of FRC 

Concrete is a brittle material, and usage of steel fibers considerably increases its 

toughness, the energy absorption capacity, among other contributions, like more ductile 

behavior prior to the ultimate failure, reduced cracking, and improved durability (Fatih , 

Tefaruk, & Kamura, 2007). 

 In a research study, the effect of SFs on cracks in RC beams was investigated, and 

it was concluded that a SF dosage of 30–40 kg/m3 was appropriate to have an appreciable 

improvement on cracks (Dupont and Vandewalle ). 
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2.1.2.4 Durability of steel fibers  

A ten-year exposure of steel fibrous mortar to outdoor weathering in an industrial 

atmosphere showed no adverse effect on the strength properties. Corrosion was found to 

be confined only to fibers actually exposed on the surface. Steel fibrous mortar 

continuously immerse in seawater for 10 years exhibited a 15 percent loss compared to 

40 percent strength decrease of plain mortar. 

2.1.2.5 Modulus of elasticity  of FRC 

Modulus of elasticity of FRC increases slightly with an increase in the fibers 

content. It was found that for each 1 percent increase in fiber content by volume there is 

an increase of 3 percent in the modulus of elasticity.  

2.1.2.6 Shear capacity of FRC  

Addition of fibers increases shear capacity of reinforced concrete beams up to 100 

percent. Addition of randomly distributed fibers increases shear-friction strength, the 

first crack strength, and ultimate strength.  

High Strength Concrete Fibers increases the ductility of high strength concrete. 

The use of high strength concrete and steel produces slender members. Fiber addition 

will help in controlling cracks and deflections.  

 

2.1.2.7 Cracking and Deflection  

Tests have shown that fiber reinforcement effectively controls cracking and 

deflection, in addition to strength improvement. In conventionally reinforced concrete 

beams, fiber addition increases stiffness, and reduces deflection  
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Figure 2-6:overall behavior of NC, FRC with loa and high fiber volume 

 

 

Figure 2-7: Type of cracks occur in concrete with fibers and without fibers 

2.1.3  HPFRC 

The development from normal strength (plain) concrete to high strength (plain) 

concrete with a cylinder strength of about 100 N/mm2 took approximately a decade. A 

concrete compressive strength of 100–110 N/mm2 was regarded to be a practical 
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maximum, since the strength of the aggregate particles does not allow a further increase 

of the bearing capacity of the concrete. 

Fiber reinforced concrete is as well a material which has encountered limits in its 

development due to reasons related to its composition. In this case it was the reduced 

workability of concretes with increasing volumes of fibers which impeded the step to 

becoming a real high performance material. As a reaction on this limitation due to 

workability, interesting concepts were developed to increase the maximum volume of 

fibers and their efficiency (Joost, 2009) . 

2.1.3.1 Examples of HPFRC 

High-performance fiber-reinforced cement-based composites were derived 

starting from high-performance materials currently defined using acronyms such as: 

- SIFCON (Slurry Infiltrated Fiber Concrete) 

- SIMCON 

- DSP (Densified with Small Particle systems) 

- RPC (Reactive Powder Concrete) or BPR (Bétons de Poudres Réactives) 

- BSI (Béton Spécial Industriel – Special Industrial Concrete) 

- MDF (Macro-Defect-Free) cements 

The main result obtained from the development of these materials is the optimum 

combination of strength and ductility/toughness, approaching the structural properties 

of steel and other common building materials (plastics, composites) Figure 2-8 (Shah, 

1995).  
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Figure 2-8 Trends of Cement-based materials 

SIFCON and SIMCON are the most popular type of HPFRC, therefore it is better to 

have a brief introduction on them.   

In the nineties the material SIFCON (Slurry Infiltrated Fibre CONcrete) was 

developed, the fibers of which are placed and compacted first, after which the space 

between them was filled with a cement-based slurry. On the other words, SIFCON is a 

type of fibre reinforced concrete but it is produced using a method very different from 

that for ordinary fibre concrete. Fibre concrete is usually produced by adding fibres into 

fresh concrete. All components are then mixed together and cast into a mould (Svermova 

& Bartos, 2002).  In this way a fiber content of 12–13% volume can be reached, which is 

about 10 times the maximum volume obtained in conventional fiber concrete. Very large 

strain capacities (10–15%) and high strengths (120–140 MPa) can be achieved in this 

way (Naaman A. , 23 Jun 1991) (Joost, 2009) . 

 Another concept was SIMCON (Slurry Infiltrated Mat Concrete). To produce this 

concrete, a manufactured continuous mat of interlocking discontinuous steel fibers is 

placed in a form, subsequently infiltrated with a flowable cement-based slurry 

(Kristulovic, Dogan, Uang, & Haghayeghi, 1997). However, on the basis of advanced ideas 

with regard to the composition of fiber reinforced concrete mixtures, new types of fiber 

reinforced concretes with compressive strengths up to 200 N/mm2 and fiber contents up 

to 2.5 vol.%(175 kg/m3) became available (Joost, 2009). 

SIFCON and SIMCON are made by pre-placing short, discontinuous steel fibers or 

continuous stainless steel fiber-mats (from 5 to 20% by volume), respectively, followed 
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by infiltrating the fibers with a cement-based slurry. SIMCON can successfully interact 

with existing structural elements, substantially increasing load capacity, compressive and 

flexural strength, energy-absorption capacity, ductility and toughness. However, to 

achieve the maximum benefit of SIMCON retrofit it is important to prevent delamination 

of the SIMCON layer. Based on the observed cracking mechanism, it can also be 

anticipated that the use of SIMCON would markedly improve durability of retrofitted 

elements (Krstulovic, Haghayeghi, & Uang, 1995).  

Fiber contents in HPFRC plays significant role but it doesn’t mean that by 

increasing to a high value, the strength improved with the same order.  On the other hand, 

extremely high fiber contents do not increase the compressive strength by as much as 

might be expected. For instance, San et al (Sun, Pan, Yan, Qi, & Chen, 1999) found that 

SIFCON with fiber contents of up to 10% by volume had compressive strengths only in 

the range of about 25–50% higher than the plain concrete matrix; different fiber 

geometries led to quite different increases in strength. Similarly, using SIMCON, 

Krstulovic (Krstulovic, Haghayeghi, & Uang, 1995) found an increase of about 30% in 

going from a fiber volume of 2.16% to 5.39%. It may be that for these very high fiber 

volume materials, difficulties in achieving full compaction may lead to increased matrix 

porosities (Bentur & Mindess, 1990). 

However, Very high fiber volumes, appear to be more effective in tension than in 

compression. (Krstulovic, Haghayeghi, & Uang, 1995)  found about a 150% increase in 

the tensile strength of SIMCON on increasing the steel fiber content from 2.16% to 5.25% 

(Naaman & Reinhardt, 2006). 
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Figure 2-9 Schematic comparison of the tensile response of three different strain-hardening FRC composites 

illustrating the tradeoff between strength and ductility (strain is to peak point only). 

Moreover, it is worth noticing that, in conventional reinforced fiber concrete the 

fibers are relatively large in comparison with the aggregate particles. The fibers are 

activated as soon as a major crack in the concrete occurs: In HPFRC the fibers are much 

finer: they are already activated when micro-cracks occur in the concrete (Markovic, 

2006) (Joost, 2009). There are considerable differences between concretes with only one 

type of fiber and concretes with combinations of fibers. Figure 2-10 shows for instance 

that a mixture with 2 vol.% of fibers (155 kg/m3) with l = 13 mm reached a flexural tensile 

strength of 25 N/mm2 whereas a mixture with 1 vol.% short fibers (13 mm) plus 1 vol.% 

long fibers (40 mm) reaches a flexural tensile strength of 40 N/mm2. t can as well be seen 

in the diagram that 1 vol.% of short fibers combined with 0.5 vol.% of long fibers (40 mm) 

offers the same flexural tensile strength as 2 vol.% of short fibers. This shows that by 

combining different types of fibers optimization of mechanical properties can be achieved 

(Joost, 2009). As the fiber content increased, both the maximum applied load and 

ultimate deflection increased also (Kwak, Elberhard, Kim, & Kim, August 2002). 
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Figure 2-10: Fiber Quantity (vol,-%) 

2.1.3.2 Strength of HPFRC 

The addition of fibers to NSC and HPC columns increases the maximum strength. 

The percentage increase in peak strength at constant steel fiber volume fraction is slightly 

decreased with the increase in fiber aspect ratio. The percentage increase for HPC 

columns containing 0.75% steel fibers is about 42% and 21% for specimens with short 

fibers (aspect ratio 60)and long fibers(aspect ratio 100), respectively (Wasan, Ikbal, & 

Zeinab, 2012). It was observed that the same percentage of fibers had different effects on 

the behavior of NC and HPC concrete mixes.  

The maximum strength capacity results for normal strength and HPC columns 

with and without steel fibers reinforced with different longitudinal reinforcement ratio 

are indicated in Table-4. It can be concluded that the peak strength of concrete columns 

significantly increases as the compressive strength of concrete increases. For non-fibrous 

HPC columns (column No. 3), the percentage increase is about 98% relative to non-

fibrous NSC columns (column No.1). The percentage increase in peak stress of fiber 

reinforced columns over non fibrous concrete in the case of HPC is comparatively less 

marked compared to the NSC columns with the same fiber content and aspect ratio. The 

addition of 0.5% steel fibers with aspect ratio 100 to NSC (column No. 2) causes an 

increase in column peak strength of about 54% relative to non-fibrous NSC columns 



34 

 

(column No.1), while the percentage increases for HPC columns containing 0.5% steel 

fibers (column No.6) is about 23% in comparison with non-fibrous HPC columns (column 

No.3). This suggests that HPC requires more fibers to acquire the same percentage 

increase in strength and ductility as that provided by normal strength fibrous concrete. 

Thus, the same percentage of fibers had different effects on the behavior of two concrete 

mixes with different concrete strengths (Wasan, Ikbal, & Zeinab, 2012). It can be seen 

that the inclusion of steel fibers in reinforced normal strength and HPC columns increases 

the deformability of the specimens. It can also be observed that at the same applied stress, 

non-fibrous and fibrous HPC columns have lower deformability relative to non-fibrous 

and fibrous NSC columns (Wasan, Ikbal, & Zeinab, 2012). 

The addition of fibers to HPC columns increases the maximum strength with 

respect to non-fibrous HPC columns specimens. The increase of steel fiber volume 

fraction from 0.5% to 0.75% with aspect ratio 100 causes a slight decrease in maximum 

strength of HPC columns. This may be due to the fact that the increase in volume fraction 

of fibers leads to a reduction in the compatibility of the mix, thus increasing the entrapped 

air, and this is followed by a decrease in strength and density (Tamim, Faisal, & Talal, 

1999). 

The results also demonstrate that at a constant steel fiber volume fraction, the 

percentage increase in peak strength decreases with the increase in the aspect ratio from 

60 to 100. The percentage increase in peak strength for HPC columns containing 0.75% 

steel fibers is about 42% and 21% for specimens with short fibers (aspect ratio 60) and 

long fibers (aspect ratio 100), respectively. This is probably due to the fact that short 

fibers become active earlier than longer fibers to control the initiation and propagation 

of initial micro-cracks, as well as under the increasing loads, once the cracks become quite 

wide in this stage, the short fibers begin to pullout of the matrix, and their crack bridging 

capability is relatively diminished as compared to longer fibers. For a given volume 

fraction of fibers added to the matrix, the short fibers are greater in number and, 

therefore, much closer together. Thus, short fibers influence to a greater degree the early 

part of matrix cracking, thereby enhancing the strength of the composite as compared to 

longer fibers (Bhargava, Sharama, & Kaushik, 2006). 
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The addition of fibers to NSC and HPC columns increases the maximum strength. 

The percentage increase in peak strength at constant steel fiber volume fraction is slightly 

decreased with the increase in fiber aspect ratio. The percentage increase for HPC 

columns containing 0.75% steel fibers is about 42% and 21% for specimens with short 

fibers (aspect ratio 60)and long fibers(aspect ratio 100), respectively (Wasan, Ikbal, & 

Zeinab, 2012) At the same applied load, non-fibrous and fibrous HPC columns have lower 

deformability relative to non-fibrous and fibrous NSC columns; The deformability of steel 

fiber high performance concrete columns after concrete cracking increases as the fibers 

aspect ratio is increased (Wasan, Ikbal, & Zeinab, 2012). 

The results of maximum cylindrical compressive strength  show that in each 

series, slight increase in the compressive strength was observed up to 2% fiber volume; 

however at 3% fiber volume, compressive strength observed to be decreased from 2.37% 

to 15.1% (Ayub, Shafiq, & Nuruddin, 2013). 

2.1.3.3 Shear effect 

The addition of steel fibers to a reinforced concrete beam is known to increase its 

shear strength and, if sufficient fibers are added, a brittle shear failure can be suppressed 

in favor of more ductile behavior  (Kwak, Elberhard, Kim, & Kim, August 2002) (ACI c. , 

1997). 

Soltanzadeh carried an experimental study on replacement of stirrups with fibers 

and he found that “discrete steel fibers is an interesting reinforcement, mainly for high 

strength concrete, since they can totally replace steel stirrups without occurring shear 

failure” (Soltanzadeh, Mazaheripour, Barros, & Sena, 2013). 

According to Hung, one of the beneficial effects of HPFRC is that the system had 

30% reduction in the shear reinforcement of the coupling beams ( Hung & Tawil, 

December 2011). Also he stated that the 20% reduction in the flexural reinforcement in 

the flange and boundary zone of the wall piers, and 50% reduction in confinement 

reinforcement in the boundary zone is another beneficial effects of HPFRC.  
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As well as it is stated that “the use of steel fibers is particularly attractive for high-

strength concrete, which can be relatively brittle without fibers, or if conventional 

stirrups can be eliminated, which reduces reinforcement congestion” (Kwak, Elberhard, 

Kim, & Kim, August 2002). 

2.1.3.4 Failure mode  

High performance fiber cementations composites are characterized by high 

toughness and a hardening behavior in bending. Fibers enhance the ductility of brittle 

materials like concrete, and this improvement is strictly related to the process by which 

load is transferred from the matrix to the fibers and the bridging effect of fibers across 

the cracks. Hence fiber pull-out is the principal mechanism contributing to the high 

toughness of the material and it is the preferable failure mode rather than fracture failure 

mechanism (Caverzan, Cadoni, & di Prisco, Dynamic tensile behaviour of high 

performance fibre reinforced cementitious composites after high temperature exposure, 

2013) . Also the shape of fibers effect on the result of failure mechanism since the HPFRCC 

specimen with twisted fibers are generally sensitive to strain rate, whereas their 

counterparts with hooked fibers are generally not (Kim, El-Tawil, & Naaman, 2009). 

An experimental study done by Ayub et al (2013) on HPFRC shows that strains 

corresponding to the maximum compressive strength as well as splitting tensile 

strengths increase with the increasing of fiber volume and this increment was 

significantly higher than samples without fiber, and it shows  the ductile behavior of the 

concretes with the use of Basalt fibers (Ayub, Shafiq, & Nuruddin, 2013). 

Other investigation revealed that, as the steel fiber volume increase the failure 

mode changed to a combination of shear and flexure. In such failures, significant diagonal 

shear cracks and vertical flexural cracks both formed and may have interacted to produce 

the failure (Kwak, Elberhard, Kim, & Kim, August 2002). 
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Figure 2-11: Typical force-deflection histories (Yoon,Marc,Woo 2002) 

The addition of steel fibers consistently increase the strength, decreased crack 

spacing and sizes, increased deformation capacity and changed a brittle mode to a ductile 

one (Kwak, Elberhard, Kim, & Kim, August 2002). 

2.2 Literature review (Concrete at elevated temperature)  

Fire represents one of the most severe risks to buildings and structures. While 

normal concrete is typically considered to be resistant against fire and high temperatures, 

the low permeability of high performance fiber reinforced concrete (HPFRC) may result 

in failure by explosive spalling at high temperatures. Explosive spalling is the process of 

concrete explosively breaking away as a result of elevated temperatures. Spalling reduces 

the cross section area of critical sections and may expose conventional steel 

reinforcement to high temperatures. The use of steel and polypropylene fibers has shown 

to mitigate the problem of spalling at high temperatures. As Mitsuo and Hiroaki presented 

in their article on 2014 (Mitsuo & Hiroaki , 2014),  concrete exposed to fire spalls owing 

to two phenomena: (1) the restrained thermal dilation of the water inside the concrete 

pores, which generates biaxial compressive stress parallel to the heated surface, 
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subsequently leading to tensile stress developing in the direction perpendicular to the 

heated surface Figure 2-12; and (2) the build-up of pressure in the concrete pores as a 

consequence of the physically/chemically bound water in the cement vaporizing, thereby 

loading tensile stress in the heated concrete microstructure Figure 2-13. Several studies 

have examined and found that some combinations of fibres increased the fire-resistance 

of the HPC. Adding synthetic fibres, especially polypropylene (PP) fibres, to HPC is a 

widely used and effective method of preventing explosive spalling. Figure 2-14 shows 

how spalling is reduced when PP fibres are mixed into concrete. Under normal conditions, 

the PP fibres mixed into concrete exist in a dispersed condition in the concrete. If the 

concrete surface gets heated during a fire, surface cracking occurs first. Then, as the fire 

continues to burn, and the temperature of the concrete rises, the free water existing 

within the concrete turns into vapor, forming vapor bubbles. It is thought that, in the 

absence of the PP fibres, the vapor pressure within these vapor bubbles results in tensile 

stress. If the tensile stress exceeds the tensile strength of the concrete, spalling results. 

However, when the PP fibres are present, they melt at 165–170 _C and form a vapor 

pressure dissipation network, which effectively dissipates the vapors within the concrete 

and prevents spalling. (Mitsuo & Hiroaki , 2014) 
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Figure 2-12:Thermal dilation, (Mitsuo and Hiroaki 2014) 

 

Figure 2-13: Vapor pressure (Mitsuo and Hiroaki 2014) 
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Figure 2-14: Effect of PP fibres (Mitsuo and Hiroaki 2014) 

2.2.1 FRC degradation in elevated temperature  

Mechanical properties of steel fibers will decrease by increasing the temperature. 

An experimental study has been done by Caverzan et all (2015) to investigate the 

mechanical degradation of fibers when exposed to high behavior of high performance 

cementitious composite reinforced by microfibers, when exposed to high temperatures. 

In order to investigate mechanical properties of the fiber at room condition and their 

decay after a thermal treatment, several steel wires were tested in uniaxial tension. A mix 

design HPFRCC  was used, the mix design is specified in Table 2-4. 

Constituent  Dosage (kg/m3) 

Cement type I 52.5 600 

Slag 500 

Water 200 

Super plasticizer 33 l/m3 

Sand 0-2 mm 983 

Fibers (lf=13mm, df=0.16mm) 100 
Table 2-4: Mix design (Caverzan et all 2015) 

The high fiber content and the favorable orientation imposed by the casting flow 

control allowed to guarantee a small dispersion of the response before and after single-

crack localization and a hardening behavior in uniaxial tension .  (Figure 2-15) 
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Figure 2-15: Slab cast applying a unidirectional flow (Carvezan et all 2015) 

In order to investigate mechanical properties of the fibre at room condition and 

their decay after a thermal treatment, several steel wires were tested in uniaxial tension. 

Two meter long steel wire samples were cut from a skein (Figure 2-16) used to produce 

the fibres Uniaxial tension tests. 

 

Figure 2-16:Skein used to produce the fibers (a) (Carvezan et all 2015) 

The mechanical strength of the tested specimens are shown in Figure 2-17and 

Figure 2-18 for temperatures 20, 200, 400 and 600 _C, respectively; The meaning of each 

parameter is explained as follows:  

𝑓𝐼𝑓  : First cracking strength, representing the matrix flexural tensile strength, is the 

maximum strength in the COD range 0–0.1 mm. Due to the hardening behavior in bending 
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after first cracking, the maximum value, in the investigated range, is always considered, 

and it is referred to as 𝑤1;  

𝑤1 : Conventional COD when the first crack is assumed to propagate; 

𝑓𝑒𝑞1: Average nominal strength in COD range between 3wI and 5wI (0.3–0.5 mm) 

that is considered as a reference for Serviceability Limit State (SLS) residual strength; 

𝑓𝑒𝑞2: Average nominal strength in COD range between 0:8wu and 1:2wu, which is 

regarded as ultimate limit state (ULS), when material behavior is governed only by pull-

out mechanism.  

𝑤𝑢: is the ultimate COD. Minimum crack opening between 0.02 lcs and 3mm.  
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Figure 2-17: Stress versus COD curves. Tests carried out on an undamaged specimens 20C; b specimens 

exposed up to 200 C 
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Figure 2-18: Stress versus COD curves. Tests carried out on: a specimens exposed up to 400 C; b specimens 

exposed up to 600 C (Carvezan et all 2015) 

Finally, on the basis of the equivalent strengths, defined by taking into account the 

pre-peak ductility, it is possible to show that the residual equivalent strengths change 

with the increase in temperature (Figure 2-19) differently from steel fiber reinforced 

concrete characterized by a low content of fibers (0.7 %). The comparison clearly 

highlights the surprising performances of such materials in terms of its fire resistance 

behavior. 
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Figure 2-19: Residual strengths versus temperature for SFRC and HPFRC  feq1(T)/feq1(20) versus temperature 

(a);  feq2(T)/feq2(20) versus temperature (b) 
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Figure 2-20: Fracture surfaces on specimen exposed to a thermal cycle up to 600 C;  

fibers failed (a), Pulled out (b) 

The type of fiber failure shows a significant ductility up to 400 _C and the ratio 

between feq2 and feq1 confirms the hardening in bending definition (feq2/feq1 = 1.66). The 

material exposed to 600 C fails due to steel fiber rupture, this behavior being prevailingly 

due to the damage caused to the fibers by the high temperature. Thermal treatment up to 

600 C was shown in Figure 2-20. The significant decay of the fibers mechanical properties 

can be ascribed to the change in the fiber microstructure and an evident reduction of the 

cross section. Moreover, fibers exposed to 600 C appear covered by an oxide film, which 

could affect the bond between the fibers and the matrix. (Caverzan, Colombo, Di Prisco, 

& Rivolta, 2015) 
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2.2.2 HPFRC degradation in elevated temperature  

HPC has advantages but suffers from weakness of higher brittleness. When 

exposed to high temperature HPC exhibits more serious degradation that normal 

concretes do, such as spalling and cracking. Fibers have been used to improve the 

ductility of concrete. It has been found that a number of fibers can also improve the 

residual properties of concrete after exposure to elevated temperatures. (Poon, Shui, & 

Lam, Compressive behavior of fiber reinforced high performance concrete subjected to 

elevated temperatures, 2004) 

The presence of steel fibers increases the tensile strength of concrete, at high 

temperatures, and thus reduces spalling and enhances fire resistance. Also, the increased 

deformation capacity from the addition of steel fibers contributes to minimizing spalling. 

The type of load and its intensity have significant influence on spalling and the resulting 

fire resistance. The fire intensity, fire size and heat output, and rate of heating influence 

the degree of spalling and fire endurance duration. The main parameters that influence 

fire performance of high performance concrete are: concrete strength, silica fume, 

concrete moisture content, concrete density, fiber reinforcement, and type of aggregate. 

(Kodur & Phan, 2007) 

An experimental investigation was conducted on behavior 

of high performance steel-fiber concrete subjected to high temperature, in terms of 

explosive spalling and permeability. A series of concretes incorporated steel fiber at 

various dosages were prepared. Explosive spalling tests were conducted on control 

plain concrete and steel fiber concrete. The results prove that steel fibers efficient to 

avoid spalling concrete under high temperature. The permeability increases significantly 

after thermal exposure. Therefore it is concluded that steel fiber can play a positive effect 

on explosive spalling of high performance concrete under high temperature, as well as on 

permeability after thermal exposure. (Peng, Duan, Yang, & Hao, 2014) 
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2.2.2.1 Compressive and flexural strength  

The compressive strength results of a series of experimental tests performed by 

(Lau & Anson, Effect of high temperatures on high performance steel fibre reinforced 

concrete, 2006)for heated specimens are shown in Figure 2-21 It can be observed that 

the reduction in strength is noticeable, but not disastrous, if concrete is not heated above 

400 °C. However, the reduction in strength is considerable between 400 and 800 °C but 

even then remains useful at around the 30 MPa mark for HPC. At 1000 °C maximum 

temperature all mixes have negligible strengths of between 4 MPa and 12 MPa, and at 

1200 °C, between 6 MPa and 19 MPa. For all three mixes, the addition of fibres gives small 

increases of about 5% to 15% regardless of mix and regardless of maximum temperature 

of heating. Thus, the addition of fibres to concrete is of some compressive strength 

benefit. Increased saturation percentage decreases strength for all mixes and this 

remains the case regardless of the maximum temperature of heating. Fully saturated 

concretes are 5 to 12 MPa weaker than concrete 20% saturated. 

Figure 2-22 shows that for all values of maximum temperature, steel fibre 

reinforced concretes have better flexural strength than concretes without steel fibres, 

although there is no significant difference in flexural strength between SFRC and the non-

fibre mixes after exposure to a temperature of 1000 °C. The reduction in flexural strength 

occurs progressively from 105 °C up to about 1000 or 1100 °C. For concrete exposed to a 

maximum heating temperature of 1100 °C, it is observed that in some cases, the residual 

flexural strength is a little greater than that for concrete exposed to 1000 °C. 
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Figure 2-21: Compressive strength after heating (Mpa) (Lau, 2004) 

Figure 2-22: Flexural strength VS maximum heating temperature (Lau, 2004) 

 

 

 



50 

 

Another experimental tests was performed by Poon et al(2004) on HPFRC and the 

results shows in Figure 2-23 that the compressive strength obtained from the cylinder 

tests is, on average, 0.83 times of that obtained from the cube tests. Replacement of 

cement by MK resulted in an increase of 20% to 25% in the compressive strength, while 

a 10% replacement of cement by steel fibers increased the strength by 15 to 20%. 

Comparing with the use of steel fibers at the level of 1%, which resulted in a small 

increase in the compressive strength, the use of 0.11% or 0.22% PP fibers had negative 

effects on the compressive strength. Similar results had been reported by other 

researchers such as (Qian & Stroeven, 2000). 

 

Figure 2-23: Compressive strength (poon et al 2004) 

Figure 2-24 shows the effect of temperature on the residual compressive strength 

of the HPCs, where the compressive strengths were given as relative values, with 

reference to the compressive strength of the unheated concrete mixes. Figure 2-24a 

shows that for the PC concrete prepared without any fibers, the relationship between the 

residual compressive strength and exposure temperature can be approximated by the 

dash line, assuming that the compressive strength maintains constant up to 200 jC and 

then drops linearly with increasing temperatures. This dash line is also shown in 

Figure 2-24b and c as a reference to compare the performance of the MK and SF series 

mixes. Clearly, the use of MK and SF resulted in a quicker loss of compressive strength, 

although they increased the compressive strength of the unheated concrete. The use of 

steel fibers slightly reduced the rate of degradation of compressive strength. (Poon, Shui, 
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& Lam, Compressive behavior of fiber reinforced high-performance concrete subjected to 

elevated temperature, 2004) 

 

Figure 2-24: effect of temp. on compressive strength (Poon 2004) 

2.2.2.2 Modulus of elasticity and Poisson’s ratio 

According to Lau(2006), Figure 2-25 illustrates the effects of different heating 

temperatures on the modulus of elasticity. It can be seen from the results that the loss in 

modulus of elasticity, for concrete mixes increased significantly. Concrete mixes 

reinforced with steel fibres consistently show higher values of modulus of elasticity than 

non-fibre mixes.  It can be seen from the results that the loss in modulus of elasticity, 
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Concrete mixes reinforced with steel fibres consistently show higher values of modulus 

of elasticity than non-fibre mixes.  

 

 

Figure 2-25:Elastic modulus VS. temperatures (Lau, 2006) 

According to other tests, it was observed that the use of steel fibers slightly 

reduced the rate of degradation of compressive strength. The decrease in elastic modulus 

with increasing temperature. The results show that the degradation of elastic modulus is 

much quicker than that of compressive strength. Only 18% of the elastic modulus original 

sample was retained, on average, after the concretes were exposed to 600 jC. This was 

further decreased to 11% after exposure to 800 jC. 

Wu et al. observed that for high-strength concrete prepared without any fibers, 

the elastic modulus dropped quickly from 200 to 600 jC, but the decrease was more 

gradual from 100 to 200 jC and from 600 to 900 jC. The slower drop of elastic modulus 

after heating to 600 jC was also observed in this study for both the concretes prepared 

with and without the use of fibers the mixes with 1% steel fibers seemed to preserve the 

elastic modulus to a higher percentage than those concretes prepared with the PP fibers 

or a combination of the PP and steel fibers. 
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Since Poisson's ratio is related to modulus of elasticity, the Poisson's ratio for 

concrete cylinders heated at different temperatures up to 1100 °C is also determined. It 

indicates that Poisson's ratio reduces after high temperature exposure Figure 2-26. (Lau 

& Anson, Effect of high temperatures on high performance steel fibre reinforced concrete, 

2006) 

 

Figure 2-26: Poisson's ratio vs temperature (Lau, 2006) 

2.2.2.3 Fracture Energy  

According to an experimental test performed by Felicetti et al, The fracture energy 

(which was measured only in the residual tests), CRC exhibits a strong increase up to 

250–300 ℃, followed by a steep decrease. In contrast, the lower fracture energy of RPC 

is hardly affected by the temperature and the extremely reduced fracture energy of HSC 

(one order of magnitude) is scantly affected by the temperature. (Felicetti, Gambarova, 

Natali Sora, & Khoury, 2000) These different fracture energy trends point out the role 

played by steel fibres and suggest a change in the mechanical properties of the fibres 

and/or the matrix surrounding them with temperature growth as observed by Biolzi et 

al. (2004) In particular, the steel microfibers became weak and brittle and specimens 

showed a response not influenced by fibers. No fiber pullout was detected in the 

specimens treated at highest temperature. When the maximum temperature reached was 
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equal to 750℃, a fiber partial melting occurred and the internal core of fibers was clearly 

different from the external portion in terms of both morphology and composition. The 

steel fibers partially melted tended to fill the cracks formed in the concrete. 

By increasing the maximum temperature exposure, pull-out energy decreases 

while the energy associated to the failure of fibres increases, this being justified by the 

change in the ratio of G pull out/G failure.  We can say at last the specimens exposed up 

to 600 _C have a brittle behavior associated with fibre failure. 

 

 

Figure 2-27: COD vs Stress in T=20, 200, 400 and 600 C (Felliceti et al 2000) 

The total energy Gf shows a significant decay starting from 200 _C as exhibited it 

can be observed that the fracture energies computed from the average curves up to 0.1 

mm and at the peak strength are less affected by the thermal damage with respect to the 

total one as reported for the tests at medium strain rate.  



55 

 

3  Heat Transfer  

3.1 What is Heat and Temperature? 

All matter is made up of molecules and atoms which are always in different types 

of motion. The motion can be translating, rotating or vibrating which creates thermal 

energy. Therefore all matters have thermal energy and the level of motion defines heat of 

a matter. The more motion the atoms or molecules have the more heat they will have.  

All movement of atoms and molecules are not similar to each other, some move 

faster than others. Temperature is a definition to cope with this variety and unified it in 

theory. Temperature is an average value of energy for all the atoms and molecules in a 

given system and it is independent of how much matter there is in the system. It is simply 

an average of the energy in the system. 

3.2 How is heat transferred? 

If there is a temperature difference between two systems, heat will always find a 

way to transfer from the higher to lower system in order to fulfill balance between two 

systems. 

Heat transfer takes place in three ways. Conduction, Convection and Radiation. 

Both conduction and convection require matter to transfer heat. 

3.2.1 CONDUCTION 

Conduction takes place in matter. Conduction is one way to transfer heat between 

substances that are in direct contact with each other. It is transmission of kinetic energy 

among the molecules without matter transport. It is possible to classify matters according 

to the rate of heat transfer by conduction and define matters to be a good conductor or 
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less conductor. The better the conductor, the faster heat will be transferred. For example 

metal is defined as a good conductor because heat transfer faster.  

Conduction occurs when a substance is heated, particles will gain more energy, 

and vibrate more. These molecules then bump into nearby particles and transfer some of 

their energy to them. This then continues and passes the energy from the hot end (more 

energetic particles) down to the colder end (less energetic particles) of the substance due 

to energy gradient. Conduction takes place in solids, liquids and gases. Fourier found an 

empirical relation for this type of heat transmission.   

Fourier’s law is a law based on observation. It states that the rate of heat flow 
𝑑𝑄

𝑑𝑡
, 

through a homogeneous solid is directly proportional to the area, A, of the section at right 

angles to the direction of heat flow, and to the temperature difference along the path of 

heat flow, 
𝑑𝑇

𝑑𝑥
.  

𝑑𝑄

𝑑𝑡
= −𝜆𝐴

𝑑𝑇

𝑑𝑥
 

 

Figure 3-1 Conduction 

Heat flow in a unit of time over length of L is therefore:  

𝑄 = 𝜆𝐴(𝑇1 − 𝑇2)/𝐿 

𝑄 = 𝐻𝑒𝑎𝑡 𝐹𝑙𝑜𝑤 (𝑊) 
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𝜆 = 𝑇ℎ𝑒𝑟𝑎𝑚 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑦 (
𝑊

𝑚𝑐
) 

Thermal conductivity of a substance is defined as the heat flow per unit area per 

unit time when the temperature decreases by one degree in unit distances. The SI unit of 

thermal conductivity is  
𝑊

𝑚𝐶
.  

3.2.2 CONVECTION 

One other way for heat transmission is Convection. Thermal energy can be 

transferred from hot places to cold places in fluids or gases due to bulk or macroscopic 

motion. Convection occurs when warmer areas of a liquid or gas rise to cooler areas in 

the liquid or gas. Cooler liquid or gas then takes the place of the warmer areas which have 

risen higher. This results in a continuous circulation pattern. Water boiling in a pan is a 

good example of these convection currents. Another good example of convection is in the 

atmosphere. The earth's surface is warmed by the sun, the warm air rises and cool air 

moves in.   

The heat transfer from the solid surface to the fluid can be described by Newton’s 

law of cooling1. This empirical law states that the heat transfer (
𝑑𝑄

𝑑𝑡
) from a solid surface 

of area A, at a temperature𝑡𝑠𝑢𝑟𝑓𝑎𝑐𝑒, to a fluid of temperature𝑡𝐹𝑙𝑢𝑖𝑑 , is:  

𝑑𝑄

𝑑𝑡
= 𝛼𝑐𝐴(𝑡𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑡𝐹𝑙𝑢𝑖𝑑) 

𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑖𝑛𝑔 𝑎 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒;      𝑄 = 𝛼𝑐𝐴(𝑡𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑡𝐹𝑙𝑢𝑖𝑑) 

                                                           
1 At contact surfaces between a fluid and a solid wall, there is always a thin layer of fluid through which the 
heat is transferred by conduction. Whenever there is an appreciable movement of the fluid, conduction heat 
transfer in fluid may be neglected compared with convection heat transfer. 
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Figure 3-2: Convection 

Where 

𝑄 = ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑤 (𝑊) 

𝛼𝑐 is the heat transfer coefficient or thermal convection coefficient.   (
𝑊

𝑚2𝐶
) 

Matter  𝛂𝐜   
𝐖

𝐦𝟐𝐂
 

Air – natural convection  1-20    

Water- natural convection  250-750  

Still air (sides not exposed to fire)  4 

Still air (sides not exposed to fire)  

Including radiation in linearized form  

9 

Air in turbulent regime (sides exposed to 

fire) ISO 834 and external nominal fires  

25 

Air in turbulent regime (sides exposed to 

fire) hydrocarbon nominal fire  

50 

Air in turbulent regime (sides exposed to 

fire) parametric fire and zone models  

35 

Table 3-1: Typical values of 𝛼𝑐 

3.2.3 RADIATION 

Radiation is a method of heat transfer that does not rely upon any contact between 

the heat source and the heated object as is the case with conduction and convection. Heat 

can be transmitted through empty space by thermal radiation often called infrared 

radiation. Energy emitted by matter due to changes in electron configuration that results 

in changes in energy via electromagnetic waves or photons. No mass is exchanged and no 

medium is required for its propagation.  Radiation is propagation of electro-magnetic 

waves in vacuum or in transparent matters. Examples of radiation is the heat from the 

sun, or heat released from the filament of a light bul.  

http://www.edinformatics.com/math_science/electromagnetic_spectrum.htm
http://www.edinformatics.com/math_science/electromagnetic_spectrum.htm
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Heat transfer by radiation occur between solid surfaces, although radiation from 

gases is also possible. Solids radiate over a wide range of wavelengths, while some gases 

emit and absorb radiation on certain wavelengths only.  

 

Figure 3-3: Radiation 

When thermal radiation strikes a body, it can be absorbed by the body, reflected 

from the body, or transmitted through the body (Figure 3-3). The fraction of the incident 

radiation which is absorbed by the body is called absorptivity (α). Other fractions of 

incident radiation which are reflected and transmitted are called reflectivity (ρ), and 

transmissivity (τ). The sum of these fractions should be unity.  

α+ ρ+ τ=1 

Therefore there is no reflection from a black body2. Applying the Kirchoff’s law3 to 

a black body results in that it should have an emissivity of unity. ε =1  

Emissivity (ε ) is a property of the body surface and is dependent on the 

temperature of the body and the wavelength of the emitted radiation. It is dimensionless 

value.    

                                                           
2  Black body by definition is an object that absorbs all radiation falling on it or in other words it has an 
absorptivity equal to unity (α=5) . 
3 Kirchoff’s law states that the absorptivity and emissivity of a grey body are equal at any given temperature.  



60 

 

 This means that a good absorber of radiation is also a good emitter of radiation. 

There are no totally black bodies in practice, but many surfaces approximate to the 

definition4. 

Empirical relation for radiation is Stefan-Boltzmann law. The Stefan-Boltzmann 

law states that the emissive power, P, from a black body is directly proportional to the 

forth power of its absolute temperature.  

𝑃 = 𝜎𝑇4 

Where 

𝑃= Emissive power is defined as the energy radiated from a body per unit area 

per unit time. 5 

𝜎 is the Stefan-Boltzmann constant.  (𝜎 = 5.67𝐸 − 08 
𝑊

𝑚2𝑐4) 

𝑞 = PA =  σ 𝑇
4𝐴 

 𝑞 = 𝑔𝑙𝑜𝑏𝑎𝑙 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑓𝑙𝑢𝑥 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑙𝑎𝑐𝑘 𝑏𝑜𝑑𝑦 𝑡𝑜𝑤𝑎𝑟𝑑𝑠 𝑣𝑎𝑐𝑢𝑢𝑚 (𝑊) 𝑖𝑛 𝑎𝑟𝑒𝑎 𝐴 

𝑞 =  σ𝑛𝐴(𝑇1
4 − 𝑇2

4)/(
1

ε1
+

1

ε2
− 1) 

Under the assumption of unit view factor (𝜙 = 1)  

Where 

 휀𝑖 is the surface emissivity.  

𝑇i
    is the surface temperature  

On the other hand; 

                                                           
4 Grey body is defined as a body with constant emissivity over all wavelengths and temperatures. Such an ideal 
body does not exist in practice but the assumption is good approximation for many objects used in 
engineering.  
5  The emitted power, P, for a non-black body depends also on its emissivity ε (P= ε𝜎𝑇4). 
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𝑞 =  σ𝑛𝐴(𝑇1
4 − 𝑇2

4)휀𝑟𝑒𝑠 

휀𝑟𝑒𝑠 = 𝑟𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 (0.56 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑡𝑎𝑙𝑖𝑎𝑛 𝑐𝑜𝑑𝑒 𝐼𝑁𝐼9502) 

휀𝑟𝑒𝑠 = 𝜙. 휀𝑚𝑒𝑚𝑏𝑒𝑟. 휀𝑓𝑖𝑟𝑒 = 1.0 . 0.8 . 1.0  (𝐸𝑁 1991 − 1 − 2) 

According to Eurocode1991-1-2; In general 휀𝑓𝑖𝑟𝑒 = 1 is assumed, which makes the 

rigorous formula for the resultant emissivity much simpler.   

q =  σ𝑛𝐴(𝑇1
4 − 𝑇2

4)/(
1

εres
+

1

εfire
− 1) = σ𝑛𝐴(𝑇1

4 − 𝑇2
4)/(

1

εres
+ 0) = ε𝑟𝑒𝑠σ𝑛𝐴(𝑇1

4 − 𝑇2
4) 

Where 

𝜙 is the configuration factor, accounting for the visibility of the flames.  

휀𝑚𝑒𝑚𝑏𝑒𝑟 For some material is given in Table 3-2. 

Member  𝛆𝐦𝐞𝐦𝐛𝐞𝐫 

Generic  0.8 

Concrete 0.7 

Carbon steel  0.7 

Stainless steel 0.4 
Table 3-2: Typical values for 휀𝑚𝑒𝑚𝑏𝑒𝑟  

3.3 FOURIER EQUATION  

Fourier’s law defines heat conduction in continuous medium as follows; 

 

Figure 3-4 Fourier equation for heat flux 
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𝑞′′ ≅ −𝜆∇T 

Where  

𝑞′′ is heat flux  

𝜆 is coefficient of thermal conductivity 

∇T is temperature gradient  

Heat Equation 

𝜌𝑐
𝜕𝑇

𝜕𝑡
= ∇. (𝜆∇𝑇) + 𝑞 

To simplify the equation two hypotheses are presented;  

Hyp. 1: constant conductivity  

𝜌𝑐
𝜕𝑇

𝜕𝑡
= 𝜆∇(∇𝑇) + 𝑞 

Therefore; 

𝜕𝑇

𝜕𝑡
≅

𝜆

𝜌𝑐
(∇2𝑇) +

𝑞

𝜌𝑐
 

In equation above, term of  
𝜆

𝜌𝑐
 is called thermal diffusivity (m^2 /s)  

Hyp. 2: No internal sources  

𝜕𝑇

𝜕𝑡
≅

𝜆

𝜌𝑐
(∇2𝑇) 

(Equation 1) 
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𝜆

𝜌𝑐
 is called diffusivity and in order to know the rate of heat flow in a substance it 

is necessary to know the conductivity, specific heat and density of the substance. These 

parameters are called thermal properties of materials.  

The temperature field in a construction is controlled by Fourier’s differential 

equation for heat balance as follows: 

3.3.1 Coordinate system  

The various distances and angles involved when describing the location of a point 

in different coordinate systems (Figure 3-5). Since in this study, rectangular coordinates 

has been chosen, only the final Fourier equation for rectangular coordinates will be 

discussed.  

 

Figure 3-5: coordinates systems 

By considering case “a” in Figure 3-5 ; 

∇2𝑇 =
∂2T

𝜕𝑥2
+

∂2T

𝜕𝑦2
+

∂2T

𝜕𝑧2
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Figure 3-6: Rectangular coordinate 

Substituting in Equation 1; 

∂2T

𝜕𝑥2
+

∂2T

𝜕𝑦2
+

∂2T

𝜕𝑧2
=

1

𝛼

∂T

𝜕𝑡
 

(Equation 2) 

Where  

𝛼 is thermal diffusivity [𝜆 / 𝜌𝑐] 

𝑇 is temperature (℃) 

t is time (s) 

𝜌  is density (kg/m3) 

𝑐 is specific heat  

Equation 2, gives an approximation for the temperature distribution since it 

doesn’t consider moisture and vapor movements. These factors are considered by 

varying the thermal factors like thermal capacity according to experiments and 

laboratory tests.  

Knowing that 
∂T

𝜕𝑡
 is the rate of heat transfer that can be found through conduction, 

convection or radiation empirical formulas.  
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3.4 Steady versus transient heat transfer  

In reality heat flux may change or remain constant with time at any point within 

the medium. In order to simplify the calculation an assumption have been considered that 

called steady state which implies no change with time at any point within the medium 

and in the contrast the transient state has been defined that implies variation with time 

or time dependence (Figure 3-7). Therefore, the temperature or heat flux remains 

unchanged with time during steady heat transfer through a medium at any location, 

although both quantities may vary from one location to another. 

 

Figure 3-7: Steady Vs. Transient state 

3.5 Boundary and Initial conditions 

The temperature distribution in a medium depends on the conditions at the 

boundaries of the medium as well as the heat transfer mechanism inside the medium. To 

describe a heat transfer problem completely, two boundary conditions must be given for 
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each direction of the coordinate system along which given for each direction of the 

coordinate system along which heat transfer is significant.   

1. Initial condition  

A condition, which is specified at time t=0 is called the initial condition.   

T(x,y,z,0)=f(x,y,z) 

Note that under steady conditions, the heat conduction equation does not involve 

any time derivatives, and thus we do not need to specify an initial condition. 

The heat conduction equation is first order in time, and thus the initial condition 

cannot involve any derivatives (it is limited to a specified temperature). However, the 

heat conduction equation is second order in space coordinates, and thus a boundary 

condition may involve first derivatives at the boundaries as well as specified values of 

temperature. 

2. Temperature boundary condition  

The temperature of an exposed surface can usually be measured directly and 

easily. Therefore, one of the easiest ways to specify the thermal conditions on a surface is 

to specify the temperature. For one dimensional heat transfer through a plane wall of 

thickness L, for example, the specified temperature boundary conditions can be 

expressed as 

𝑇(0, 𝑡) = 𝑇1 

𝑇(𝐿, 𝑡) = 𝑇2 

3. Heat flux boundary condition  

The sign of the specified heat flux is determined by inspection: positive if the heat 

flux is in the positive direction of the coordinate axis and negative if it is in the opposite 

direction. Note that it is extremely important to have the correct sign for the specified 

heat flux. 
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Another classification of boundary conditions is to define prescribed boundary 

conditions or prescribed boundary heat flux. 

A. Prescribed boundary conditions 

 A-1: Non-linear boundary conditions:  

At x=0                   −𝜆
𝜕𝑇

𝜕𝑥
≅ 𝛼𝑐1[𝑇1 − 𝑇0] + 𝜖1σ𝑛[𝑇1,𝑠𝑢𝑟

4 − 𝑇0
4] 

At x=L                   −𝜆
𝜕𝑇

𝜕𝑥
≅ 𝛼𝑐2[𝑇2 − 𝑇𝐿] + 𝜖2σ𝑛[𝑇2,𝑠𝑢𝑟

4 − 𝑇𝐿
4] 

Where  

σ𝑛 5.67e-08 stefan-bolzmann constant [W/m2K4] 

𝛼𝑐𝑖 Coefficient of convective heat transfer [W/m2.K] 

𝜖  Surface emissivity  

 A-2: Classification of linearized boundary conditions:  

1- Dirichlet   (Specify temperature)     

  𝑇𝑥=0 = 𝑇1    Constant surface temperature  𝑇𝑥=𝐿 = 𝑇2 

2- Neumann  

(−𝜆
𝜕𝑇

𝜕𝑥
)

𝑥=0
= 𝑞𝑠,1

′′      Constant heat flux at the wall   (−𝜆
𝜕𝑇

𝜕𝑥
)

𝑥=𝐿
= 𝑞𝑠,2

′′  

3- Robin  

(−𝜆
𝜕𝑇

𝜕𝑥
+ h1T)

x=0
= f1    

                                   Convective boundary condition (−𝜆
𝜕𝑇

𝜕𝑥
+ h2T)

x=L
= f2 
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B. Prescribed boundary heat flux 

- The heat flow at the boundary is based on convection and radiation and so; 

−�̇�𝑏
′′ ≅ 𝛼𝑐[𝑇𝑔 − 𝑇𝑏] + 𝜖𝑟𝑒𝑠𝜎𝑛[𝑇𝑔

4 − 𝑇𝑏
4] 

Where  

�̇�𝑏
′′ is heat flow at the boundary [W/m2] 

𝑇𝑔 is gas temperature [C] 

𝑇𝑏 is boundary temperature [C] 

𝛼𝑐 is convection heat transfer coefficient [W/m2C] 

𝜖𝑟𝑒𝑠 is resulting emissivity  

𝜎𝑛 is Stefan-Bolzman constant [W/m2K4] 

Heat transfer coefficients at boundaries: 

In order to find the heat exchange at the boundaries of the fire exposed member 

the heat transfer coefficients of both emissivity and convection are required. Eurocode 

(ENV 1992-2-2, 1994) provide6 the value for emissivity and convection factors as follows;  

Emissivity/convection  ϵr αc 

Unexposed surface  0.8 (landersson, 1974) 9 

Exposed surface  0.56 25 
Table 3-3: Emissivity/Convection values for Un/Exposed surfaces 

  

                                                           
6 The heat transfer at the structure surfaces is dependent on factors such as distance from burning objects and 
gases to the actual surface, properties and direction of the actual surface and surrounding gas turbulence. 



69 

 

4 : Engineering Problem  

The main object of this study is to evaluate bearing capacity of the structural 

elements in exceptional conditions such as those exposed to fire. The geometry of slab 

and beam under study has been shown in Figure 4-1 and Figure 4-2. It is assumed that 

the beam is simple supported beam and each beam carries load of slab with one-meter 

length. Material used for slab is normal fiber reinforced concrete (NFRC) and for beam is 

high performance fiber reinforced concrete (HPFRC). The load acting on the system is 

considered as live load, permanent load and weight of elements (slab and beam). 

Behavior of the beam and its bearing capacity under different scenarios of fire time-

temperature curves has been studied. It is worth noticing that for high performance 

concrete which is used for the beam material, the mechanical performance at elevated 

temperatures are higher than those of an ordinary concrete, but its thermal conductivity 

is similar, and this implies that the steel reinforcement present in the elements can still 

reach very high temperatures and therefore be ineffective in purposes of structural 

strength. In order to have an effective contribution of steel bars after fire exposure, it is 

required to consider a larger value for concrete cover. It is designed to use bars with 

diameter of 10 mm to obtain a cover net of 40 mm. In order to still ensure the bearing 

capacity also the ultimate limit states have been provided for two additional longitudinal 

reinforcement bars with diameter of 12 mm placed underneath the previous with 

concrete cover equal to 16 mm as shown in Figure 4-3. 

Figure 4-1: Geometry of beam and slab (values in mm) 
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4.1 Geometry of the problem  

Geometry of the beam considering the whole section and the section with hole is 

presented in Figure 4-2. The beam is reinforced by longitudinal steel bars located at 

bottom as it is shown in Figure 4-3. 

 

Figure 4-2: Geometry of beam section in detail 

 

Figure 4-3: Section Details of reinforcement bars 
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Geometry Specifications:   Values (mm)   

Length of the beam 6 m 

Width of the beam 180 mm 

Distance between beams 1000 mm 

Slab height 100 mm 

Bars diameter 10mm and 12 mm  

Hole diameter 100 mm 
Table 4-1:Geometry specifications 

4.2 Admixture of the beam  

The mix design of the HPFRC beam was iteratively optimized so as to obtain a self 

compacting material. An amount of 1.2% by volume of straight high-carbon steel 

microfibers (length 13 mm, diameter 0.16 mm, aspect ratio of about 80) was added to the 

mix, as shown in Table 4-2: HPFRCC- mix compositionTable 4-2. 

Component  Content  

Cement I 52.5  600 𝑘𝑔/𝑚3 

Sand 0-2 mm 977 𝑘𝑔/𝑚3 

Water  200 𝑙/𝑚3 

Superplasticizer  33 𝑘𝑔/𝑚3 

Slag 500 𝑘𝑔/𝑚3 

Steel fibers  100 𝑘𝑔/𝑚3 
Table 4-2: HPFRCC- mix composition  

4.3 Exposing Fire  

Fire exposing on a system can be considered in the model by using a relation of 

temperate variation over time. The most used time- temperature relation for designing 

structures under fire is standard fire ISO 834 that has been presented in standard 

national codes. This temperature-time relation on the boundary of the member is defined 

in Equation 3 and in Figure 4-4: 

𝑇𝑏 = 345 ∗ log10(8𝑡 + 1) + 𝑇0         𝑡 > 0  

(Equation 3) 
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Where  

 𝑇𝑏 is boundary temperature [C] 

𝑇0 is ambient temperature [C]  (assumed 20 C )   

T is time [min] 

 

Figure 4-4: Standard fire IS0834 curve (Time-Tempreature) 

4.4 Material properties  

4.4.1 Introduction 

Fire behavior of concrete structure is related to the mechanical, thermal and 

deformation properties of concrete.  Results obtained from fire tests show that these 

properties are varied with respect to temperature and also they depend on the 

composition and characteristics of concrete mix. Thermal properties of materials defines 

rate of heat flux and thermal diffusion in cross section while mechanical properties of 

material are needed to determine the extent of strength loss and stiffness deterioration 

of the member. The material properties degradation are given by Eurocode (EN1992-1-

2-2004) and in this study the decreasing of strength and modulus of elasticity were 

defined according to Eurocode. It is worth noticing that the mechanisms behind the 
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behavior of the material or underlying physical and chemical phenomena are not 

addressed in the Eurocode.  

4.4.2  Thermal Properties of Materials  

Thermal properties of materials are those affect the temperature distribution or 

define the rate of heat transfer.  Specific heat, Conductivity and density are the 

parameters required to determine diffusivity. These parameters also vary with 

temperature and for both materials, steel and HPFRC these parameters and its variation 

with respect to temperature are presented.   

4.4.2.1 Thermal Properties of Concrete  

4.4.2.1.1 Specific heat  

Specific heat, denoted as 𝐶𝑝 or 𝐶, is the heat required to raise the temperature of 

a unit mass of material by one degree. The common units for specific heat are kcal/kg-ºC 

and kJ/kg-ºC. The specific heat of concrete at room temperature varies in the range of 

0.84 KJ/kg·C and 1.800 KJ/kg·C for different aggregate types. The specific heat property 

is sensitive to various physical and chemical transformations that take place in concrete 

at elevated temperatures. This includes the vaporization of free water at about 100°C, the 

dissociation of Ca(OH)2 into CaO and H2O between 400–500°C, and the quartz 

transformation of some aggregates above 600°C.  Specific heat is therefore highly 

dependent on moisture content and considerably increases with higher water to cement 

ratio. In this study, normal concrete has been used for slab and high performance 

concrete has been applied for construction of the beam, therefore the values of specific 

heat for both material NC and HPC will be discussed.  

4.4.2.1.1.1 Specific heat of Normal Strength concrete (used for slab) 

The specific heat  𝑐𝑝(𝜃)[𝑘𝐽/𝑘𝑔℃]  of siliceous and calcareous concrete, as a 

function of concrete temperature, is given according to EN2-part 1-2. As it is shown in 

Figure 4-5 the specific heat depends on moisture content. There is a peak between 100 
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℃ and 200 ℃ due to the heat needed to evaporate the water inside the concrete. Jansson7  

states that this peak has a certain width due to a variable boiling point for the 

water as a result of pore size and pore pressure.  

 

Figure 4-5: specific heat, as function of temperature at 3 different moisture (u=0, 1.5 and 3%)  EN2-1-2 

The mathematical expression for dry concrete (u=0%) is:  

Siliceous and calcareous aggregates:  

𝐶𝑃(𝜃) = 900 (𝐽/𝑘𝑔℃)            20℃ ≤ 𝜃 ≤ 100℃ 

𝐶𝑃(𝜃) = 900 + (𝜃 − 100)(𝐽/𝑘𝑔℃)           100℃ ≤ 𝜃 ≤ 200℃ 

𝐶𝑃(𝜃) = 1000 +
𝜃 − 200

2
 (𝐽/𝑘𝑔℃)            200℃ ≤ 𝜃 ≤ 400℃ 

𝐶𝑃(𝜃) = 1100 (𝐽/𝑘𝑔℃)            400℃ ≤ 𝜃 ≤ 1200℃ 

Where 

                                                           
7 (Jansson, 2008) 
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 𝜃          is the concrete temperature (℃)  

Where the moisture content is not considered explicitly in the calculation method, 

the function given for the specific heat of concrete with siliceous or calcareous aggregates 

may be modelled by a constant value, 𝐶𝑃,𝑝𝑒𝑎𝑘   , situated between 100 ℃ and 115 ℃  with 

linear decrease between 115 ℃ and 200 ℃.  

𝐶𝑃,𝑝𝑒𝑎𝑘 
= 900 (𝐽/𝑘𝑔℃)   𝑓𝑜𝑟 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 0% 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡  

𝐶𝑃,𝑝𝑒𝑎𝑘 
= 1470 (𝐽/𝑘𝑔℃)   𝑓𝑜𝑟 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 1.5% 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡  

𝐶𝑃,𝑝𝑒𝑎𝑘 
= 2020 (𝐽/𝑘𝑔℃)   𝑓𝑜𝑟 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 3% 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡  

And linear relationship between (115°C, 𝐶𝑃,𝑝𝑒𝑎𝑘) and (200°C,1000 𝐽/𝑘𝑔℃).  For 

moisture contents a linear interpolation is acceptable. The peaks of specific heat are 

illustrated in Figure 4-5.   

4.4.2.1.1.2 Specific Heat of High Strength Concrete: 

For high strength concrete an equation is given by ENV 1992-1-2, for 

determination of the specific heat as function of temperature for both siliceous and 

calcareous concrete:  

𝐶𝑐 = 900 +
80𝑇

120
− 4 (

𝑇

120
)

2

 

Where  

𝐶𝑐  is specific heat (J/kg K) 

T is temperature where the peak is situate (ºC) 

Due to steam generation the curve describing the specific heat will have to be 

modified. As the thermal properties of water are known and the amount of water needed 

to account for the moisture in the concrete is known, the area under the cc curve can be 
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calculated.  The value of the specific heat peak in EN 1992-1-2, /1995/ is declared for the 

water content 2 and 4 % by weight as 1875 and 2750 J/Kg K  respectively. 

The following equation, is adopted to determine the peak of the specific heat curve 

for an arbitrary water content in HPC;  

𝐶𝑐,𝑝𝑒𝑎𝑘 = 2
2500.103(1 − 0.001𝜃)𝛿

∆𝑇
+ 𝐶𝑐,𝑝 

𝐶𝑐,𝑝𝑒𝑎𝑘  is value of specific heat at the peak [J/kg K] 

𝜃  is temperature where the peak is situated [ºC] 

𝛿   is water content by weight [-] 

∆𝑇  is temperature interval where the steam is generated [k] 

𝐶𝑐,𝑝  is specific heat already determined at the temperate T [J/kg K] 

Similarly to NC, the specific heat for HPC depends on moisture content, therefore 

the above equation was modified and different curves can be determined for different 

amount of water content in concrete.   

The specific heat at elevated temperatures for high strength concrete has been 

determined for concrete characterized by a water cement ratio of 0.3, a cement weight of 

465 kg/m3, 10 % silicafume of cement, concrete density of 2450 kg/m3 and the relative 

humidity of 40 and 60 %.  The specific heat curves are illustrated in Figure 4-6.  In this 

figure also the value of specific heat of dry HPC and NC (according to EN1992-1-2) are 

presented.  
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Figure 4-6: Specific heat for normal concrete NC, dry HPC and HPC with 60% humidity 

4.4.2.1.2 Thermal conductivity  

The thermal conductivity of concrete is the rate of heat transferred through a unit 

thickness of the material per unit temperature difference, with common units 𝑤/𝑚 𝐾 and 

kcal/m-h-ºC. It is dependent upon the type of aggregate, porosity of the concrete, and the 

moisture content. Also, thermal conductivity values for concrete elements are dependent 

on the temperature of the concrete.  

4.4.2.1.2.1 Thermal conductivity of NC 

The Eurocode determines only a lower and an upper limit for the thermal 

conductivity λc  [W/m°C] of concrete. Additional rules may be given in the National Annex 

of the Member State. For example, in Sweden, the lower limit most be applied. In Belgium, 

the lower limit is used for calcareous concrete and the average of the two limits for 

siliceous concrete (Wit, 2011).  It can be read in the Eurocode (EN  1992-1-2, 2004) that 

the lower limit of thermal conductivity was obtained through the comparison of 

temperatures measured in fire tests performed on different types of concrete. This limit 
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gives more realistic temperatures than the upper limit, which was obtained from tests on 

composite steel/concrete structures. 

According to Eurocode 1992-1-2, the thermal conductivity 𝜆𝑐  of concrete may be 

determined between lower and upper limit of values as;  

The upper limit: 

𝜆𝑐 = 2 − 0.2451 (
𝜃

100
) + 0.0107 (

𝜃

100
)

2

  𝑤/𝑚 𝐾 

The lower  limit : 

𝜆𝑐 = 1.36 − 0.136 (
𝜃

100
) + 0.0057 (

𝜃

100
)

2

  𝑤/𝑚 𝐾 

𝜃 is the concrete temperature 

  

Figure 4-7: Upper and lower limit of the thermal conductivity of concrete as a function of the concrete 

temperature. EN 1992-1-2 
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4.4.2.1.2.2 Thermal conductivity of HPC: 

According to Eurocode 1992-1-2, the value of thermal conductivity for high 

strength concrete for use in a Country may be given in its National Annex within the range 

defined by lower and upper limit. 

In this report the values for the thermal conductivity of HPC according to Holst 

(1994), have shown an acceptable agreement with values for normal concrete given by 

the EN, where a 2nd  degree polynomial has be adapted. The equation below only 

considers temperature as a variable, although  𝜆𝑐  is known to vary with moisture content 

as well. This is assumed to be of sufficient accuracy but gives a somewhat high 

temperature. 

𝜆𝑐 = 2 −
0.24𝜃

120
+ 0.012 (

𝜃

120
)

2

  

𝜆𝑐 is thermal conductivity [W/mk] 

𝜃 is temperature [ºC] 

Thermal conductivity as a function of temperature is shown in Figure 4-8  for 

comparison the thermal conductivity for normal concrete is plotted in the same graph. 

 

Figure 4-8: Thermal conductivity of HPC and comparison with NC 
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The two previously given thermal properties summarized: for an increase in 

temperature, the thermal conductivity will decrease and the specific heat will increase. 

As a result, the thermal diffusivity decreases with increasing temperature. 

4.4.2.1.3 Density   

Type of aggregate in concrete primarily defines the density of concrete. Concretes 

made of dense aggregates have densities ranging from 2000 kg/m3 to 2400 kg/m3. 

Lightweight aggregate concretes have densities ranging from 1000kg/m3 to 1500kg/m3. 

When concrete is heated free moisture is driven away once the temperature in the 

section exceeds 100ºC. Vapor migrates through the capillaries and forces the moisture to 

the outer surfaces of the concrete element. On an exposed side of an element it will turn 

into steam but an unexposed side it will condense.  Losses in moisture reduce the density 

of concrete by a small amount but for practical purposes it is commonly neglected 

(Levesque, 2006). 

4.4.2.1.3.1 Density of NC 

According to EN 1992-1-2:2004, the variation of density for NC with temperature 

is influenced by water loss and is defined as follows: 

𝜌(𝜃) = 𝜌(20℃)     for 20℃ ≤ 𝜃 ≤ 115℃ 

𝜌(𝜃) = 𝜌(20℃). (1 − 0.02(𝜃 − 115)/85)              for 115℃ ≤ 𝜃 ≤ 200℃ 

𝜌(𝜃) = 𝜌(20℃). (0.98 − 0.03(𝜃 − 200)/200) for 200℃ ≤ 𝜃 ≤ 400℃ 

𝜌(𝜃) = 𝜌(20℃). (0.95 − 0.07(𝜃 − 400)/800) for 400℃ ≤ 𝜃 ≤ 1200℃ 

4.4.2.1.3.2 Density of HPC 

For high performance concrete the density has been chose according to UNI 9502-

2001 for calcareous concrete with 2% of moisture. 
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𝜌(𝜃) = 2300  for 𝜃 ≤ 100℃ 

𝜌(𝜃) = 2250  for 𝜃 ≥ 100℃ 

The variation of density for NC and HPC for concrete with a density of 2300kg/m3 

is illustrated in Figure 4-9. 

 

 

Figure 4-9: Density of concrete as a function of temperature 

4.4.2.1.4  Overview on Normal strength concrete and high strength concrete  

High performance concrete has less porous than normal strength concrete. 

Thermal conductivity and specific heat is higher for denser materials. Higher conductivity 

means that the heat transfers faster in the concrete. Whereas higher value of specific heat 

means that the heat transfer slower because it provides an enhanced heat storage 

potential. The product of density and specific heat is called volumetric specific heat (in 

EN 1992-1-2) or capacitivity and is often used to indicate the potential for transfer heat. 

Moreover, Anderberg and Pettersson(1992) presented properties for normal strength 

concrete. The higher value of conductivity can be cancelled by higher value of specific 
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heat in HPC but it is still difficult to judge about the behavior of HSC and make a 

comparison with NSC.  

Although in this study the thermal properties of HPC has been applied for the 

beam, according to Eurocode, values given for normal strength concrete may be applied 

also for high strength concrete.  

In this study the specific heat has been considered without peak (dry u=0) and 

the results are in the conservative side. The higher value of specific heat works in favor 

of the section thermal diffusion while the smaller value of specific heat indicates that the 

material can’t store thermal energy and the temperature of section increases more.  

4.4.2.2 Thermal Properties of steel 

The amount of steel is in most concrete structures so low that it hardly influences 

the total temperature distribution (Donoel, 2007). When nevertheless needed, the other 

properties can be found in Eurocode 3 (EN 1993-1-2, 2005). In the next chapters, the 

beam has been modelled in 2D and 3D. In plane section approach (2D), the cross section 

has been modelled without the steel bars since their existence does not affect the overall 

temperature distribution, while in FEM beam model (3D) the steel bars have been drawn 

in the model, therefore it is needed to present the thermal properties of steel.  

4.4.2.2.1 Specific Heat 

According to EN 1993 1-2, Specific heat of steel can be calculated as; 

𝐶𝑎 = 425 + 0.773𝜃 − 1.69𝐸 − 03𝜃2 + 2.22𝑒𝐸 − 06𝜃3   [J/kgK]  for  20℃ ≤ 𝜃 ≤ 600℃ 

𝐶𝑎 = 666 +
13002

738−𝜃
    [J/kgK]    for  600℃ ≤ 𝜃 ≤ 735℃ 

𝐶𝑎 = 545 +
17820

𝜃−731
    [J/kgK]    for  735℃ ≤ 𝜃 ≤ 900℃ 

𝐶𝑎 = 650          [J/kgK]    for  900℃ ≤ 𝜃 ≤ 1200℃ 

𝜃 is the steel temperature [C] 

The variation of the specific heat with temperature is illustrated in Figure 4-10. 
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Figure 4-10: Specific heat of steel as a function of temperature 

4.4.2.2.2 Thermal conductivity 

Thermal conductivity of steel is presented in EN 1993. 1-2 (2005) as follow;   

𝜆𝑎(𝑡) = 54 − 0.0333𝜃     𝑊/𝑚℃  for  20℃ ≤ 𝜃 ≤ 800℃ 

𝜆𝑎(𝑡) = 27.3    𝑊/𝑚℃   for  800℃ ≤ 𝜃 ≤ 1200℃ 

Where 

𝜃 is the steel temperature [C] 

The variation of the thermal conductivity with temperature is illustrated in 

Figure 4-11. 
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4.4.2.2.3 Density 

According to En 1993-1-2, the unit mass of steel or density may be considered to 

be independent of the steel temperature and it is proposed a constant value of 7850 

Kg/m3 for steel.  

4.4.3 Mechanical Properties of Materials  

General  

Fire behavior of concrete members are also related to their mechanical properties 

such as compressive and tensile strength, young modulus of materials, and finally 

constitutive laws for stress-strain response at elevated temperatures.   

Compressive strength of concrete at elevated temperature depends on 

water/cement ratio, aggregate interface transition zone, curing condition, aggregated 

type and size admixture types and type of stress. 

The tensile strength of concrete is much lower than compressive strength, due to 

this cracks can propagate under tensile loads. Concrete is weak in tension, and for NSC, 

tensile strength is only 10% of its compressive strength and for HSC tensile strength ratio 

is further reduced. Thus, tensile strength of concrete is often neglected in strength 

calculations at room and elevated temperatures. However, it is an important property, 

because cracking in concrete is generally due to tensile stresses and the structural 

damage of the member in tension is often generated by progression in micro-cracking. 

Under fire conditions tensile strength of concrete can be even more crucial in cases where 

fire induced spalling occurs in a concrete structural member.  In fiber reinforced concrete 

by use of fibers the tensile strength of concreted increases. Also in this case the tensile 

strength varied with temperature.  

Another property that influences fire resistance is the modulus of elasticity of 

concrete which decreases with temperature. At high temperature, disintegration of 

hydrated cement products and breakage of bonds in the microstructure of cement paste 
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reduce elastic modulus and the extent of reduction depends on moisture loss, high 

temperature creep, and type of aggregate. 

4.4.3.1 Mechanical Properties of Concrete  

In fib model code, mechanical properties of concrete are given by a reduction 

factor that represents the decrease of the property for an increase of the material 

temperature (Table 4-3).  

 

Table 4-3: values of the main parameters of the stress-strain relationships of normal weight concrete with 

siliceous or calcareous aggregates concrete at elevated temperatures. Linear interpolation may be used. Copied 

from EN 1992-1-2 (2004). 

The corresponding mechanical property at normal temperature (20°C) can be 

found in EN 1992-1-1 and it is represented in Table 4-4.  Since creep effects are not 

explicitly considered, the given material models are only applicable for heating rates 



86 

 

between 2 and 50°C per minute. If the heating rate deviates from this range, the reliability 

of the strength and deformation properties must be demonstrated explicitly.   

 

Concrete properties  

 

Slab Beam 

fc 45 Mpa fc 110 Mpa 

휀𝑐1 0.0024 휀𝑐1 0.0025 

휀𝑐𝑢 0.02 휀𝑐𝑢 0.02 

Ec0 28050 Mpa Ec0 65824 Mpa 
Table 4-4:Mechanical properties of Concrete for Slab and Beam 

4.4.3.1.1 Constitutive law for concrete in Compression  

Both the compressive strength and the stiffness of uniaxial stressed concrete are 

reduced when the temperature rises. The reduction of the modulus of elasticity is even 

bigger since the peak stress strain increases with temperature. This is all reflected by 

Figure 4-13 where different stress-strain diagrams are plotted for different temperatures 

and for a certain type of concrete. Note, that the Eurocode makes a difference between 

siliceous aggregate concrete and calcareous aggregate concrete. The latter is defined as a 

concrete containing calcareous aggregates. The stress-strain relationship is 

characterized by the following three variables, which are also illustrated in Figure 4-12: 

𝑓𝑐,𝜃  is the characteristic value of the compressive strength of concrete at elevated 

temperature  

휀𝑐1,𝜃 is the strain corresponding to 𝑓𝑐,𝜃 

휀𝑐𝑢1,𝜃 is the strain that defines the end of the descending branch  

The mathematical expression of the ascending branch is: 

𝜎 =
3𝜀𝑓𝑐,𝜃

𝜀𝑐1,𝜃[2+(
𝜀

𝜀𝑐1,𝜃
)

3

]

    𝑓𝑜𝑟 휀 ≤ 휀𝑐1,𝜃              Eq.  1 
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Figure 4-12: Mathematical model for stress-strain relationships of concrete under compression at elevated 

temperatures. From EN 1992-1-2(2004) 

 

Figure 4-13: compressive stress- strain relationship of concrete c110 for different values of the concrete 

temperature. The descending branch is chosen to be linear. Based on a figure from the fib Bulletin 46 (2008)  
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The descending branch must be adopted to avoid numerical instability during 

modelling. The shape may be chosen linear or nonlinear (see also Figure 4-12). The main 

parameters of the stress-strain curve are dependent on temperature and their value, 

intended for normal weight concrete, is found in Table 4-3 . Linear interpolation may be 

used.     

4.4.3.1.2 Constitutive law for Concrete in Tension  

In general, the tensile strength of concrete should be ignored. By adding steel 

fibers into the matrix the tensile strength of the concrete mix increases considerably and 

the model presented in fib MC can be used. The procedure to find the tensile behavior of 

FRC is illustrated in four steps: 

1- Classification of  Fibers  

According to fib model code, to classify the post-cracking strength of FRC a linear 

elastic behavior can be assumed, by considering the characteristic flexural residual  

strength values that are significant  for serviceability   (fR1k) and ultimate (fR3k) 

conditions. In particular two parameters, namely  fR1k  (representing the strength 

interval) and a letter a, b, c, d or e (representing thefR3k/fR1kratio).  The strength interval 

is defined by two subsequent numbers in the series: 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 

8.0 … [MPa] while the letters a, b, c, d, e correspond to the residual strength ratios:  

 a  if 0.5 ≤ fR3k/fR1k < 0.7  

 b if 0.7 ≤ fR3k/fR1k < 0.9  

 c if 0.9 ≤ fR3k/fR1k< 1.1   

 d if 1.1 ≤ fR3k/fR1k< 1.3  

 e if 1.3 ≤ fR3k/fR1k 

  The designer has to specify the residual strength class and the fR3k/fR1k ratio as 

well as the material of the fiber.    
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Properties of fibers used in slab: 

  fR1k = 4 Mpa,              fR3k = 3.6 Mpa 

fR3k/fR1k = 0.9  c      Fiber class: 4C  

Properties of fibers used in beam: 

  fR1k = 15 Mpa,             fR3k = 16.5 Mpa 

fR3k/fR1k = 0.9  c      Fiber class: 16.5d  

2- Define tension behavior of fibers  

  A stress-crack opening law in uniaxial tension is defined for the post-cracking 

behavior of FRC.  Two simplified stress-crack opening constitutive laws may be deduced 

from the bending test results: a plastic rigid behavior, or a linear post- cracking behavior 

(hardening or softening) as schematically shown in Figure 4-14, where 𝑓𝐹𝑡𝑠represents 

the serviceability residual strength, defined as the post-cracking strength for 

serviceability crack openings, and  𝑓𝐹𝑡𝑢 represents the ultimate residual strength. In this 

study a linear post-cracking behavior (softening) is considered for calculations.  

 

Figure 4-14: Simplified post-cracking constitutive laws: stress-crack Opening (continuous and dashed lines 

refer to softening and hardening post-cracking behavior, respectively)  
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Figure 4-15: Typical results from a bending test on a softening material (a); linear post-cracking constitutive 

law (b) For numerical analyses, more advanced constitutive laws are recommended, including first crack tensile 

strength.  

When considering softening materials, the definition of the stress-strain law is 

based on the identification of the crack width and on the corresponding structural 

characteristic length (lcs) of the structural element. Thus, the strain can be assumed 

equal to:            휀 =
𝑤

𝑙𝑐𝑠
        

3- Define characteristic length 

Characteristic length is a value needed for converting displacement to strain. It 

can be computed as the minimum value between the mean distance between cracks 

𝑆𝑟𝑚 and the distance y between the neutral axis and the tensile side of the cross-section.  

𝑙𝑐𝑠 = min (𝑠𝑟𝑚, 𝑦) 

𝑆𝑟𝑚 = 1.5𝑙𝑠,𝑚𝑎𝑥 

𝑙𝑠,𝑚𝑎𝑥 = 𝑘𝑐 +
1

4

(𝑓𝑐𝑡𝑚 − 𝑓𝐹𝑡𝑠𝑚)

𝜏𝑏𝑚𝑠

∅𝑠

𝜌𝑠,𝑒𝑓 
   

Where  

𝑘 = 1.0      Empirical parameter to take into account the influence of concrete 

cover  

𝑐 = 22 mm    concrete cover  
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𝜏𝑏𝑚 = 1.8𝑓𝑐𝑡𝑚 = 10.08 𝑀𝑝𝑎 is the mean bond strength between steel and                       

concrete  

𝑓𝑐𝑡𝑚 = 5.6 𝑀𝑝𝑎   Mean concrete tensile strength  

𝑓𝐹𝑡𝑠𝑚 = 5.067 𝑀𝑝𝑎 

∅𝑠 = 10 𝑚𝑚  Rebar diameter  

𝜌𝑠,𝑒𝑓 =
𝐴𝑠

𝐴𝑐,𝑒𝑓
= 0.058 Effective reinforcement ratio  

𝐴𝑐,𝑒𝑓    Effective area of concrete in tension 

 𝑙𝑠,𝑚𝑎𝑥 = 24.27 𝑚𝑚 

𝑙𝑐𝑠 = min(1.5 × 𝑙𝑠,𝑚𝑎𝑥, 180) = 36.40 𝑚𝑚 

 

Table 4-5:Values for τ_bm for deformed reinforcing bars (fib MC2010, Table 7.6-2) 

 

4- Find stress-strain relationship  

Fib MC 2012 presented two models to define the stresses of fibres.  

A) Rigid-plastic model     

B) linear model  
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Rigid plastic model identifies an unique reference value, 𝑓𝐹𝑡𝑢, based on the 

ultimate behavior. This value is determined as :  

𝑓𝐹𝑡𝑢 =
𝑓𝑅3

3
 

Linier model identifies two reference values, namely 𝑓𝐹𝑡𝑢 and 𝑓𝐹𝑡𝑠 . They have to be 

defined through residual values of flexural strength using the following equations:  

𝑓𝐹𝑡𝑠 = 0.45𝑓𝑅1 

𝑓𝐹𝑡𝑢 = 𝑓𝐹𝑡𝑠 −
𝑤𝑢

𝐶𝑀𝑂𝐷3

(𝑓𝐹𝑡𝑠 − 0.5𝑓𝑅3 + 0.2𝑓𝑅1) > 0 

Where  

𝑤𝑢 is the maximum crack opening accepted in structural design; its value depends 

on the ductility required.  

The equation for 𝑓𝐹𝑡𝑢 when 𝑤𝑢 = 𝐶𝑀𝑂𝐷3 is obtained from the rotational 

equilibrium at ULS, when a stress block in tension along the section is taken into account, 

Figure 4-16 

Figure 4-16: Stress diagrams for determination of the residual tensile strength f_Fts )b) and f_Ftu(C) for the 

linear model respectively 

In this study a linear model is assumed and for the beam the corresponding values 

are:  
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𝑓𝐹𝑡𝑠 = 0.45𝑓𝑅1 = 6.75 𝑀𝑃𝐴 

𝑓𝐹𝑡𝑢 = 𝑓𝐹𝑡𝑠 −
𝐶𝑀𝑂𝐷3

𝐶𝑀𝑂𝐷3

(𝑓𝐹𝑡𝑠 − 0.5𝑓𝑅3 + 0.2𝑓𝑅1) = 0.5𝑓𝑅3 − 0.2𝑓𝑅1 = 5.2 𝑀𝑃𝐴 

For Slab:  

𝑓𝐹𝑡𝑠 = 0.45𝑓𝑅1 = 1.8 𝑀𝑃𝐴 

𝑓𝐹𝑡𝑢 = 𝑓𝐹𝑡𝑠 −
𝐶𝑀𝑂𝐷3

𝐶𝑀𝑂𝐷3

(𝑓𝐹𝑡𝑠 − 0.5𝑓𝑅3 + 0.2𝑓𝑅1) = 0.5𝑓𝑅3 − 0.2𝑓𝑅1 = 1𝑀𝑃𝐴 

It is assumed that the elasticity modulus in tension and compression are equal. 

Therefore it is possible to calculate correspond strain of 𝑓𝐹𝑡𝑠&𝑓𝐹𝑡𝑢; 

Beam:       𝐸𝑐 = 65824 𝑀𝑃𝑎, 휀1 = 𝑓𝐹𝑡𝑠/𝐸𝑐 = 0.0001,    휀𝑢 =
𝑤𝑏

𝑙𝑐𝑠
= 0.06867 

 

Figure 4-17: Constitutive law for HPFRC beam in tension 

Slab:          𝐸𝑐 = 65824 𝑀𝑃𝑎,   휀1 = 𝑓𝐹𝑡𝑠/𝐸𝑐 = 0.0001, 휀𝑢 =
𝑤𝑏

𝑙𝑐𝑠
= 0.06867 
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Figure 4-18: Constitutive law for FRC Slab in tension 

5- Define degradation of FRC strength in elevated temperature  

In elevated temperature the fibers strength decreases and this degradation is 

according to experimental tests presented in chapter 2 by Carvazan et all (2013).  

 

Figure 4-19: Constitutive law for HPFR in tension for different temperatures 
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4.4.3.2 Mechanical Properties of steel  

In reinforced concrete structures reinforced steel bars play significant role when 

structural elements are exposed to fire. It becomes more significant when the steel bars 

have a primary load bearing capacity like in the case of slabs or beams. These elements 

are more vulnerable in case of increase of temperature due to fire, because position of 

steel bars in slabs or beams are near the surface, to gain a maximum moment capacity at 

ordinary temperature. Therefore, in case of fire the steel bars temperature rises and the 

time to reach to maximum temperature depends on concrete cover and thermal 

properties of concrete. In continue, when temperature increases in the steel, the strength 

reduces and this reduction is proportion to the residual strain considered. The effect of 

temperature in steel bars in high performance concrete is more critical than ordinary 

strength concrete due to existence of more amount of reinforcement.  

According to EN1993, part 1-2, the strength and deformation properties of 

reinforcing steel at elevated temperatures shall be obtained from the stress-strain 

relationships specified in Figure 4-20. The relationship given in Figure 4-20 should be 

used to determine the resistances to tension compression moment or shear.  
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Figure 4-20: Stress-strain relationship for carbon steel at elevated temperatures. EN1993.1.2 

𝑓𝑦,𝜃 = 430 𝑀𝑝𝑎  Effective yield strength  

𝑓𝑝,𝜃 = 300 𝑀𝑝𝑎  Proportional limit 

𝐸𝑎,𝜃 = 205000 𝑀𝑝𝑎        Slope of the linear elastic range  

휀𝑝,𝜃 = 0.0015   Strain at the proportional limit  

휀𝑦,𝜃 = 0.02   Yield strain 

휀𝑠,𝜃 = 0.15   Limiting strain for yield strength  

휀𝑢,𝜃=0.2   Ultimate strain 
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Figure 4-21: Reduction factors for the stress-strain relationship of steel at elevated temperatures (EN1993.1.2) 

  

 

 

 

 

 

 

 

 

Figure 4-22: 

Reduction factors 

for stress-strain 

relationship of 

carbon steel at 

elevated 

temperatures 

(EN1993.1.2) 
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After finding the stress-Strain relationship for ambient temperature, it is possible 

to use the degradation coefficient suggested by Eurocode to find the stress-strain 

relationship at elevated temperature. The results are shown in Figure 4-23 and Table 4-6. 

Parameters 

Temperature (℃) 

20 400 500 600 700 800 900 1000 

Fsy (Mpa) 430 430 335.4 202.1 98.9 47.3 25.8 17.2 

fsp(Mpa) 300 126 108 54 21 15 12 6 

Es(Mpa) 205000 143500 123000 63550 26650 18450 14350 8200 

𝜺𝒔𝒑 0.001463 0.000878 0.000878 0.00085 0.000788 0.000813 0.000836 0.000732 
Table 4-6: strength of steel bars at elevated temperature 

 

Figure 4-23: Constitutive law for steel bars at elevated temperature, Compression and tension 

 

4.4.4 Deformation properties of materials:  

Thermal expansion, creep strain are deformation properties of materials are 

dependent on the chemical composition, aggregate type, and chemical reactions during 

heating in the concrete and for steel the thermal expansion depends on the molecule 

composition of the steel bars.   
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4.4.4.1 Thermal expansion of concrete    

When concreted exposed to fire it goes under expansion. The thermal expansion 

varies with temperature. The thermal expansion of concrete increases from zero at room 

temperature to about 1.3% at 700°C and then generally remains constant through 

1000°C. This increase is substantial in the 20–700°C temperature range and is mainly due 

to high thermal expansion resulting from constituent aggregates and cement paste in 

concrete. Thermal expansion of concrete is complicated by other contributing factors 

such as additional volume changes caused by variation in moisture content, by chemical 

reactions (dehydration, change of composition), and by creep and micro-cracking 

resulting from non-uniform thermal stresses. In some cases, thermal shrinkage can also 

result from loss of water due to heating, along with thermal expansion, and this might 

lead to the overall volume change to be negative, that is, shrinkage rather than expansion. 

 

Figure 4-24: Thermal expansion of Concrete(Kodur 2014) 
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Eurocodes accounts for the effect of type of aggregate on variation of thermal 

expansion than of concrete with temperature. Concrete made with siliceous aggregate 

has a higher thermal expansion than that of carbonate aggregate concrete. However, 

ASCE provisions provide only one variation for both siliceous and carbonate aggregate 

concrete. 

The strength of concrete and presence of fiber have moderate influence on 

thermal expansion. The rate of expansion for HSC and fiber-reinforced concrete slows 

down between 600–800°C; however the rate of thermal expansion increases again above 

800°C. The slowdown in thermal expansion in the 600–800°C range is attributed to the 

loss of chemically bound water in hydrates, and the increase in expansion above 800°C is 

attributed to a softening of concrete and excessive micro- and macrocrack development. 

(Kodur V. , 2014) 

4.4.4.2 Thermal expansion of steel  

Steel rebar show elongation behavior under elevated temperatures. If the grades 

of rebar was higher it shows less elongation and it depends on ductile behavior of the 

steel. At high temperatures the steel reinforcement show ductile behavior and it causes 

increase in deflection of the structural members.   The elongation ratio were increased up 

to 300°C,   while the material becomes brittle with decrease of the elongation values.  

The elongation ratios were slightly increased up to 300°C, however, above this 

temperature material becomes brittle with decrease of the elongation values. According 

to EN 1993.1.2  the relative thermal elongation of steel ∆𝑙/𝑙 should be determined from 

the following:  

For 20℃ ≤ 𝜃𝑎 < 750℃ 

∆𝑙

𝑙
= 1.2 × 10−5𝜃𝑎 + 0.4 × 10−8𝜃𝑎

2 − 2.416 × 10−4 

For 750℃ ≤ 𝜃𝑎 < 860℃ 
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∆𝑙

𝑙
= 1.1 × 10−2 

For 860℃ ≤ 𝜃𝑎 < 1200℃ 

∆𝑙

𝑙
= 2 × 10−5𝜃𝑎 − 6.2 × 10−3 

Where  

𝑙 is the length at 20℃ 

∆𝑙 is the temperature induced elongation  

𝜃𝑎  is the steel temperature (℃) 

The variation of the relative thermal elongation with temperature is illustrated in 

Figure 4-25. 

 

Figure 4-25: Relative thermal elongation of carbon steel as a function of the temperature 

This behavior is not sufficient for rebar steel in reinforced concrete structures. In 

this study the steel bars are considered to have a fixed expansion of1.1 × 10−2.  
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4.4.5 Spalling properties  

There are large number of factors that are interdependence and makes prediction 

of spalling quite complex.  A review of the literatures presents that major causes for fire 

induced spalling in concrete are low permeability of concrete and moisture migration in 

concrete at elevated temperatures. In many laboratory tests explosive spalling has been 

observed which refers to a sudden and violent braking away of a surface layer concrete. 

(Diederichs, Jumppanen, & Schneider, 1995) (Castillo, C. , Durrani, A.J., Jan-Feb 1990) 

(Phan L. , 2005) (Phan, L.T., Carion, N.J., 2003) (Kodur V. , 2003) (Kalifa, P., Menneteau, 

D., Quendard, D., 2000).  

Two theories has been presented for explaining of this phenomenon.  

1- Pressure Build-Up  

According to this theory, spalling is caused by the increasing of pore pressure 

during heating.  Free water residing in the concrete pores and chemically-bound water in 

the concrete matrix undergo transformation from liquid to a gaseous phase. The 

extremely high water vapor pressure, generated during exposure to fire, cannot escape 

due to the high compactness and low permeability of higher strength concrete. So 

concrete especially HPC has inability to successfully mitigate the buildup of internal 

pressure as, expand in volume, and transport through the concrete with increasing 

concrete temperature. (Phan l. , 2007) When the effective pore pressure (porosity times 

pore pressure) exceeds the tensile strength of concrete, chunks of concrete fall off from 

the structural member. This pore pressure is considered to drive progressive failure; that 

is, the lower the permeability of concrete, the greater the fire induced spalling. This 

falling-off of concrete chunks can often be explosive depending on fire and concrete 

characteristics.  

2- Restrained thermal dilation. (Kodur V. K., May 2000) . 

This hypothesis considers that spalling results from restrained thermal dilatation 

close to the heated surface, which leads to the development of compressive stresses 

parallel to the heated surface. These compressive stresses are released by brittle fracture 
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of concrete (spalling). The pore pressure can play a significant role on the onset of 

instability in the form of explosive thermal spalling (Bažant, 1997) 

 Although spalling might occur in all concretes, high-strength concrete is believed 

to be more susceptible to spalling than normal-strength concrete because of its low 

permeability and low water-cement ratio. Another factors such as strength, aggregate 

type, relative humidity, amount of silica fume, and other admixtures are interdependent 

and influence on spalling. But the most significant factor is the variation of porosity with 

temperature which is higher in HSC than NSC. (Dwaikat, M.B., Kodur, V.K.R., 2009) 

The additions of PP fibers cause a significant reduction in maximum pore pressure 

and prevent explosive spalling. The polypropylene fibers melt when temperatures in 

concrete reach about 160–170°C and this creates pores in concrete that are sufficient for 

relieving vapor pressure developed in the concrete.   

 

4.5 Acting Loads 

Let us now calculate the acting forces on the slab and beam.  It is assumed that the 

most appropriate static scheme which has the maximum positive moment is a simply 

supported beam. Regarding load combinations, one load combination as suggested by 

EUR codes has been considered. This load has been used for design of the beam in 

ambient temperature. The loads acting on beam are: permanent loads, imposed loads and 

live loads. 

4.5.1 Permanent loads (𝑮𝟏𝒌) 

 Permanent load is a constant load over time in a structure (slab, beam, or 

…) that is due to the weight of the members itself. Permanent loads are also known 

as dead loads or static loads. Weight of a member may be usually determined as a product 

of the volume and the density.  
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The determination of the characteristic values of self-weight, and of the densities 

shall be in accordance with EN 1990, given in Table 4-7. 

 

Table 4-7: nominal density of construction materials 

In this study the permanent load on the beam is the summation of self-weight of 

the slab and self-weight of the beam itself which is equal to 𝐺1𝑘 = 2.395 𝐾𝑁/𝑚. 

4.5.2 Imposed loads (𝑮𝟐𝒌) 

   Imposed loads on buildings are those arising from occupancy and the values 

given include:  

- Normal use by persons;  

- Furniture and moveable objects;  

- Vehicles;  
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- Rare events such as concentrations of people and furniture, or the moving or 

stacking of objects during times of reorganization and refurbishment. 

The imposed loads specified in this part are modelled by uniformly distributed 

loads. For the determination of the imposed loads, floor and roof areas in buildings should 

be sub-divided into categories according to their use. 

 

Figure 4-26; Category of imposed loads 
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Table 4-8: Imposed loads on floors, balconies and stairs in buildings according to Eurocode 

NOTE Values for qk and Qk are given in Table 4-8.  In this study the slab is 

considered in category A so  𝐺2𝑘 = 2 𝐾𝑁/𝑚 (considering one meter length of slab). 

4.5.3 Variable loads (𝑸𝟏𝒌) 

A moving, variable weight added to the dead load or intrinsic weight of a structure. 

𝑄1𝑘 = 2 𝐾𝑁/𝑚  

4.5.4 Load combination  

Load combination suggested by Eurocode is :  

 G1k + G2k + Q1k Eq. (1) 

 

= 2.395 + 2 + 2 = 6.395 𝐾𝑁/𝑚 

4.5.5 Acting Bending moment and shear force  

On the basis of these considerations it is possible to calculate the acting bending 

moment and shear force for the beam with span of 6 meters.   
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Acting moment (𝑀𝐸𝑑) and shear (𝑉𝐸𝑑) for a simple supported beam in the center 

is:  

𝑀𝐸𝑑 =
𝑤𝑙2

8
=

6.39(6)2

8
= 28.75 𝐾𝑁. 𝑚 
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5 : 2D model   

5.1 Introduction 

 

 

 

 

Figure 5-1: main procedure of the plane section approach 

The aim of this chapter is to find the time of failure when beam is exposed to fire. 

To reach this aim, it is necessary to follow the plane section approach to find the bearing 

capacity of the beam section in the middle of the span and compare it with maximum 

acting moment. 
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5.2 Creating numerical model  

The section was modelled in Abaqus CEA software in order to find the 

temperature distribution over the cross section in different times of exposure. The 

software program requires number of parameters and characteristics’ inputs to analyze 

the problem. The following steps have been used to produce the model and read the 

results. 

5.2.1 Part 

In Abaqus there is a section which called “Part”. In this section model can be drawn 

by knowing the geometry of the beam. The coordinates of the points were determined in 

meter unit, therefore in all other sections, if it is referred to length, the unit is considered 

to be in meter.  

Part attributes:  

Part: "HPC", Modeling space: 2D Planar, Type: Deformable 

It is a shell part (1 shell face, 17 edges and 17 vertices) 

Coordinates of the points:  

Points Coordinates (x, y, z) points coordinates(x, y, z) 

1 0., 0. , 0.  10 -30.E-03,255.E-03,0. 

2 90.E-03,0.,0. 11 -30.E-03,225.E-03,0. 

3 90.E-03,30.E-03,0. 12 -15.E-03,215.E-03,0. 

4 60.E-03,30.E-03,0. 13 -15.E-03,60.E-03,0. 

5 60.E-03,55.E-03,0. 14 -60.E-03,55.E-03,0. 

6 15.E-03,60.E-03,0. 15 -60.E-03,30.E-03,0. 

7 15.E-03,215.E-03,0. 16 -90.E-03,30.E-03,0. 

8 30.E-03,225.E-03,0. 17 -90.E-03,0.,0. 

9 30.E-03,255.E-03,0.   

Number of geometries: 17   &   Number of constraints: 21 
Table 5-1: Coordinates of he point in 2D model 
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Figure 5-2: create part (Geometry of the beam) 

5.2.2 Property  

In this part the property of the material used for beam is defined. The material 

used for beam is high performance fiber reinforced concrete (HPFRC), therefore the 

required fields were filled with the data of HPFRC given in chapter 2. It is summarized in 

continue;  

1- Density (General properties ) 

Used as uniform distribution and temperature dependent data 

Density (kg/m3) 2300 2300 2250 2250 

Temperature (C) 20 70 120 1220 
Table 5-2: Density over temp input of numerical model 
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Figure 5-3: Density over temperature of HPC 

2- Conductivity (Thermal properties)  

Used type as isotropic and temperature dependent data 

Temperature (°C) Conductivity (W/MK) Temperature (°C) 

Conductivity 

(W/MK) 

20 1.960333 570 1.13075 

70 1.864083 620 1.080333 

100 1.808333 670 1.034083 

120 1.772 720 0.992 

150 1.71875 770 0.954083 

170 1.684083 820 0.920333 

200 1.633333 870 0.89075 

220 1.600333 920 0.865333 

270 1.52075 970 0.844083 

320 1.445333 1020 0.827 

370 1.374083 1070 0.814083 

420 1.307 1120 0.805333 

470 1.244083 1170 0.80075 

520 1.185333 1220 0.800333 
Table 5-3: Conductivity over temperature input of numerical model 
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Figure 5-4: Thermal conductivity of HPC 

3- Specific Heat (Thermal properties) 

Used constant volume and temperature dependent data.  

Temperature (C) Specific Heat(J/kgK) Temperature (C) Specific Heat(J/kgK) 

20 913.2222 570 1189.75 

70 945.3056 620 1206.556 

100 963.8889 670 1221.972 

120 976 720 1236 

150 993.75 770 1248.639 

170 1005.306 820 1259.889 

200 1022.222 870 1269.75 

220 1033.222 920 1278.222 

270 1059.75 970 1285.306 

320 1084.889 1020 1291 

370 1108.639 1070 1295.306 

420 1131 1120 1298.222 

470 1151.972 1170 1299.75 

520 1171.556 1220 1299.889 
Table 5-4: temperature-specific heat value for concrete input of Abaqus  
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Figure 5-5: Specific heat over temperature 

 Note: the results using specific heat with peak is more and less similar to final 

results of using specific heat without peak. Therefore in order to be also in conservative 

side it is assumed that there is no peak in the trend.  

After defining the material it is possible to assign the material to the beam section 

drawn in previous part.  

5.2.3 Assembly 

In this part the model can be assembled if there are more than one parts in 

different stances and postures. Since here the geometry of beam consists only one part, it 

is simply assembled as it is.  

5.2.4 Step  

Defining the procedure or method to analyze the problem has been considered in 

step. Since the problem refers to beam exposed to fire and we want to know the 

temperature distribution the procedure type is chosen as “General Heat transfer”. The 

basic inputs are time period which is equal to time of fire exposure 12000 seconds (Time 

period of ISO834 is 200 minutes).  The response is consider as transient which is closer 
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to what happens in reality rather than steady-state (Explained in chapter2). The results 

will be found in specific times according to incrementation. Maximum number of 

increments is 10000. Increment sizes are: Initial=30, minimum=5 and maximum=60 

seconds.   Maximum allowable temperature change per increment is 20 and maximum 

allowable emissivity change per increment is 0.1. The equation solver method is direct 

and matrix storage is solver default. Solution techniques is full newton and default load 

variation with time is instantaneous. Extrapolation of previous state at start of each 

increment is considered linear. 

The output is assumed to be found as thermal results which is nodal temperature 

and heat flux vector at each increment for the whole model.  

5.2.5 Interaction  

The interaction is the part where the fire will be defined by introducing two 

parameters. First, surface film condition (Embedded coefficient) which is defined for heat 

transfer step and has been assigned to the bottom side of the beam where fire has effect. 

Film coefficient is 15 and is instantaneous, sink definition is uniform with temperature of 

1. Table of time-temperature ISO834 is used for sink amplitude. Second parameter is 

surface radiation which is also defined in heat transfer step. Radiation type is to ambient 

and it has been assigned to the bottom side of the beam. Emissivity distribution is uniform 

for simplicity. Emissivity is 0.5, ambient temperature is 1 and amplitude by table of time-

temperature of ISO834. Second parameter illustrates radiation while the first one means 

both convection and conduction. 

 

 

 

Figure 5-6: interaction assigned to the bottom side of the beam 
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5.2.6 Load 

In this part loads, boundary conditions and predefined fields can be defined into 

the model. Since this numerical model is aimed to render the thermal results there is no 

need to input loads or constrains to the model and only by selecting predefined 

temperature field in initial step, the temperature of 20 can be assigned to the whole 

model.  

5.2.7 Mesh 

 Meshing is very important in numerical analyses because type and number of 

meshes can affect the results. Triangle was used as element shape of mesh which gives 

better results rather than rectangular. Element type was selected as standard library, 

linear geometric order and heat transfer family. Meshing was done in part object with 

sizes approximately equal to 0.005 (m). Total number of nodes are 771 and total number 

of elements are 1358.  

 

                  Figure 5-7: Mesh elements of the beam section 
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5.2.8 Job and visualization  

By creating a job, it is possible to run the model. The results will be presented in 

visualization part. In this part the results can be presented over depth of the section (field 

output) and/or over time of exposure (history output). Figure 5-8/4-7 shows nodal 

temperature and heat flux at the end of exposure period. This results can also be extracted 

for other times.  

 

Figure 5-8: Nodal temperature after 200 min 

 

Figure 5-9: Heat Flux after 200 min 
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Figure 5-10: Field output (temperature over depth of cross section after 200 min) 

Figure 5-10 shows the result of nodal temperature at the end of the period over 

the center line of cross section (zero is top of the beam and 0.25 m is located at bottom of 

the beam).  In case of need for other times it is possible to render the results for those 

times by simply change the time step. 

5.3 Fire analysis  

The steps for producing model and find the results were explained above. In the 

following, the required results and the way to apply them for plane section analysis will 

be described in details.   

5.3.1 Find temperature distribution 

The first goal of this chapter is to reach the temperature distribution over the cross 

section. By knowing the temperature distribution, it is possible to find the strength and 

modulus elasticity degradation for steel and concrete in different layer of the section. 

These parameters are required to calculate bending moment capacity.  To achieve this 

aim number of points in different layers of section were chosen in order to find their 

temperature over time. These points are shown in Figure 5-11. 
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. 

 

 

 

Figure 5-11: Defining points over cross section 

The results obtained from model were extracted on these 11 nodes (8 layers). For 

the first two layers an average value of temperature in corresponding nodes has been 

considered (𝑇𝑙𝑎𝑦𝑒𝑟1 =
(𝑇𝑁1+𝑇𝑁2+𝑇𝑁3)

3
  and  𝑇𝑙𝑎𝑦𝑒𝑟2 =

(𝑇𝑁4+𝑇𝑁5)

2
) while for the other layers its 

assumed that the temperature is equal to the temperature of corresponding 

node(𝑇𝑙𝑎𝑦𝑒𝑟𝑖 = 𝑇𝑁𝑖).  

Temperature distribution varies over depth as well as over time. Therefore for 

each node it is needed to find the temperature in different times.  Figure 5-12 shows 

temperature variation over time in each 11 nodes. As well as, it is possible to find 

temperature over section in different time steps which will be used later in plane section 

approach (Figure 5-13).  

Y (depth) 

Temperature 20 C at t=0 min 
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Figure 5-12: Temperature over time in different nodes 

 

Figure 5-13: Temperature distribution of section in different times 
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5.4 Plane section approach  

 The bending moment vs. curvature diagrams are obtained following a plane 

section approach and the provisions provided by the Fib Model Code 2010. 

In case of fire exposure the material suffers degradation. Since the temperature 

varies over time this degradation also differs over time. By fixing time, it is possible to 

find degradation of material which gives us constitutive laws and finally the bearing 

capacity of the section.  

The process of finding bending moment capacity of the beam section has been 

done by Matlab code using finite element method. This code requires temperature 

distribution over the cross section (which has already obtained in previous part), then it 

automatically considered its corresponding degradation in different layers of the beam 

according to coefficients given by Eurocode.  By fixing a specific curvature the Matlab 

code look for a neutral axis imposing translational equilibrium. After finding neutral axis, 

strains in tension and compression zones are known and it is possible to find the stress 

in each layer according to constitutive laws already defined. Finally, bending moment of 

the section can be calculated by integrating the stresses over cross section multiplying by 

its distance. The failure mode were estimated on the basis of the simplified piecewise-

linear constitutive laws were derived for both the fiber-reinforced matrix and the 

reinforcing bars. It is worth noticing that the acceptable failing in HPFRC beams are those 

with flexural failure and not brittle.  This procedure should be repeat for the next 

curvature until the whole diagram of moment-curvature is achieved and also should be 

done for the next time of exposure. The whole process has been shown in an algorithm in 

the following page.    
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5.4.1 Section Geometry and Discretization  

The primary step of performing plane section analysis is defining geometry and 

then discretizing the cross section. The Geometry in Matlab code is defined by rectangular 

giving the depth and width. So the inputs are:  

Depth (mm) Width (mm) 

 
 

Figure 5-14: Defining geometry in Matlab code 

0 60 

30 60 

40 30 

195 30 

200 120 

225 120 

225.00001 180 

255 180 

 

Discretizing of section performed horizontally dividing into 30 parts. In Matlab 

code, the input is “n_sez=30” in PS_SFRC_tegolo2.m script. 

 

Figure 5-15: Discretization of cross section 

N=1 
N=2 

… 

N=30 

… 

… 
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Define characteristic length 

Characteristic length has been calculated in chapter 3. This value is needed for 

converting displacement to strain. The summarized result of characteristic length is as 

follows:  

𝑙𝑐𝑠 = min (𝑠𝑟𝑚 = 1.5𝑙𝑠,𝑚𝑎𝑥 , 𝑦) 

𝑙𝑠,𝑚𝑎𝑥 = 𝑘𝑐 +
1

4

(𝑓𝑐𝑡𝑚 − 𝑓𝐹𝑡𝑠𝑚)

𝜏𝑏𝑚𝑠

∅𝑠

𝜌𝑠,𝑒𝑓 
   

Where  

𝑘 = 1.0      Empirical parameter ( effect of concrete cover ) 

𝑐 = 22 mm    concrete cover  

𝜏𝑏𝑚 = 1.8𝑓𝑐𝑡𝑚 = 10.08 𝑀𝑝𝑎 is the mean bond strength between steel and                       

concrete  

𝑓𝑐𝑡𝑚 = 5.6 𝑀𝑝𝑎   Mean concrete tensile strength  

𝑓𝐹𝑡𝑠𝑚 = 5.067 𝑀𝑝𝑎 

∅𝑠 = 10 𝑚𝑚  Rebar diameter  

𝜌𝑠,𝑒𝑓 =
𝐴𝑠

𝐴𝑐,𝑒𝑓
= 0.058 Effective reinforcement ratio  

𝐴𝑐,𝑒𝑓    Effective area of concrete in tension 

 𝑙𝑠,𝑚𝑎𝑥 = 24.27 𝑚𝑚   −→    𝑙𝑐𝑠 = min(1.5 × 𝑙𝑠,𝑚𝑎𝑥, 180) = 36.40 𝑚𝑚 

In Matlab code this value is located in PS_SFRC_tegolo2.m script as 

lcar=24.27*1.5 and lcar_leg=lcar.  
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5.4.2 Temperature distribution over section in a fixed time  

The output of numerical modelling (Abaqus) is needed in this part because in 

continue the temperature of each layer is needed. This input for Matlab is a text file using 

results of part 4.3.1 . First row is time in minutes, first column is depth of cross section 

and the values inside are the temperatures at the corresponding time and depth. (These 

values are the same as Figure 5-13) 

  

5.4.3 Material Properties and their constitutive laws in ambient and 

degradation in high temperature   

By knowing temperature distribution over the cross section, it is possible to apply 

the coefficient given by Eurocode for reducing young modulus, compression strength and 

tensile resistance of materials.  

A) Bars properties and constitutive laws   

Bars were not defined in the geometry of cross section in previous step. Therefore 

they are needed to define numerically in the code script.  The area and location of bars 

were putted in main script (PS_SFRC_tegolo2.m) in the name of “barre” as follows;   

  barre=[210., 314.15;  [Area of the bars in 1st layer, its location (y)] 

        233., 226.188]; [Area of the bars in 2nd layer, its location (y)] 
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Then for material properties of bars the inputs will be written in sforzzo_barre.m 

script. The values are the ones illustrated in chapter 3 part 3.52 and 3.5.3.  As a summary 

the inputs of this part are ; 

fsy_20=430.; fsp_20=300.; Es_20=205000.; 
 

andamento_fsy=[20.,1.; 

    400.,    1.; 

    500.,   0.78; 

    600.,   0.47; 

    700.,   0.23; 

    800.,    0.11; 

    900.,    0.06; 

    1000.,  0.04; 

    1100.,  0.02; 

    1200.,  0.]; 

 

 

andamento_fsp=[20.,1.; 

    100.,   1.; 

    200.,   0.81; 

    300.,   0.61; 

    400.,   0.42; 

    500.,   0.36; 

    600.,   0.18; 

    700.,   0.07; 

    800.,   0.05; 

    900.,   0.04; 

    1000.,  0.02; 

    1100.,  0.01; 

    1200.,  0.]; 

 

andamento_Es=[20.,1.; 

    100.,  1.; 

    200.,   0.9; 

    300.,   0.8; 

    400.,   0.7; 

    500.,   0.6; 

    600.,   0.31; 

    700.,   0.13; 

    800.,   0.09; 

    900.,   0.07; 

    1000.,  0.04; 

    1100.,  0.02; 

    1200.,  0.]; 

 
 

 

 

Figure 5-16: Constitutive law for steel bars at elevated temperature, Compression and tension 
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B) Concrete properties and constitute laws  

It is assumed that concrete only work in compression zone and fibers are the only 

material that stands against tensile forces. Therefore, in Comprssione.m script the inputs 

are concrete properties which has been illustrated in chapter 3 part 3.5.3.1.1. As short 

the constitutive law is also presented in Figure 5-23 

 

Figure 5-17: compressive stress- strain relationship of concrete c110 for different values of the concrete 

temperature. The descending branch is chosen to be linear. Based on a figure from the fib Bulletin 46 (2008)  

fc_20=110.; 
 

andamento_fc=[20,   1.; 

    200,    0.8; 

    400,    0.6; 

    600,    0.4; 

    900,    0.08; 

    1200,   0.]; 

 

andamento_ec1=[20., 0.0025; 

    100.,   0.0040; 

    200.,   0.0055; 

    300.,   0.0070; 

    400.,   0.01; 

    500.,   0.015; 

    600.,   0.025; 

    1100.,  0.025]; 

 

andamento_ecu=[20., 0.02; 

    100.,   0.0225; 

    200.,   0.025; 

    300.,   0.0275; 

    400.,   0.03; 

    500.,   0.0325; 

    600.,   0.0350; 

    700.,   0.0375; 

    800.,   0.04; 

    900.,   0.0425; 

    1000.,  0.0450; 

    1100.,  0.0475]; 
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C) Fibers properties and constitutive laws  

Fibers are the material that stands against tensile forces arising on cross section.  

The fiber properties has been already introduced in chapter 3 part 3.5.3.1.2 which should 

be input of Matlab script named “trazione.m’. To summarize they are; 

Properties of  fibers  used in slab: 

  fR1k = 4 Mpa,              fR3k = 3.6 Mpa 

fR3k/fR1k = 0.9  c      Fiber class: 4C  

feq006_20=4;%Mpa 
feq063_20=3.6;%Mpa 
fIf_20=5.78;%Mpa 
Ec_20=65824.; %Mpa 
wb=2.5;   %mm 

Properties of fibers used in beam: 

  fR1k = 15 Mpa,             fR3k = 16.5 Mpa 

fR3k/fR1k = 0.9  c      Fiber class: 16.5d  

feq006_20=15;%Mpa 

feq063_20=16.5;%Mpa 

fIf_20=5.78;%Mpa 

Ec_20=65824.; %Mpa 

wb=2.5;   %mm 

crack opening 
 

andamento_f006=[20.,    

1.; 

    200.,   1.09; 

    400.,   0.87; 

    600.,   0.82]; 

 

andamento_f063=[20.,    

1.; 

    200.,   1.03; 

    400.,   1.02; 

    600.,   0.19]; 

 

andamento_fIf=[20.,    

1.; 

    200.,   0.97; 

    400.,   0.46; 

    600.,   0.49]; 

 

andamento_Ec=[20.,  

1.; 

200.,   0.850343225; 

400.,   0.500442835; 

600.,   0.466763092]; 
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Figure 5-18: Constitutive law for HPFR in tension for different temperatures 

 

5.4.4 Discretize the curvature axis 

The procedure for finding moment-curvature diagram is based on discretization 

of curvature axis and finding for each curvature its corresponded bending moment. In 

this study the curvature of the first part of the diagram was discretize into number of 200 

curvatures and for the rest part of the diagram the axis of curvature was discretize into 

30 parts. So totally the bending moment will be calculated in 230 points.  

%Numero di punti del diagramma momento-curvatura prima parte 

  

np1=200; 

  

%Numero di punti del diagramma momento-curvatura seconda parte 
np2=30; 

5.4.5 Translational Equilibrium and find Neutral Axis (NA) 

  In this part for each curvature the neutral axis will be calculated using 

translational equilibrium. In order to reach the equilibrium, tensile and compressive 
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forces should be equal to each other. It is illustrated in Figure 5-19  and in script 

equilibrioflex.m. (The constitutive law for each temperature and layer can be calculated 

by applying the results of pervious steps.) 

 

 

 

 

 

 

Figure 5-19: Establish translational equilibrium to find N.A 

 

Figure 5-20: General equation for translational forces acting on the section 

The matlab code use a trial value for N.A and solve the equation. If the equilibrium 

does not full filled then it change the position of N.A and resolve the equation until the 

equilibrium full filled. In this time the value of N.A will be stored to calculate bending 

moment capacity in the next steps.  
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5.4.6 Bending moment capacity  

After finding the position of neutral axis it is possible to find the bending moment 

capacity of the cross section by integrating the tensile and compressive stresses in each 

layer.  

 

 

Figure 5-21: Calculating bending 

moment capacity of the beam by 

knowing strains and its 

corresponding stresses over cross 

section. 

 

5.4.7 Moment-curvature curves 

By choosing new curvature and performing all steps mentioned above, it is 

possible to find the bending moment for each curvature and draw the final and complete 

diagram of moment-curvature for a fixed time of fire exposure. Then, by changing the 

time of exposure in the inputs of Matlab code the new moment-curvature will be obtained 

for new time. At the end, it is possible to draw out all the moment-curvature diagrams for 

different times of exposure in one plot to simply compare them with each other.  Final 

result are presented in Figure 5-22 for beam section exposed to ISO834. 
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Figure 5-22: Moment curvature at different times 

By comparing the results it is obvious that the maximum bending moment 

decreases as the time increases because of the degradation of material strength in high 

temperature. One another result obtained by comparing the diagrams is that the ductility 

increases as time evolves. Also, the results indicate that the initial slope of the curves 

decreases, as we know this slope in Moment-curvature diagram is the bending stiffness 

(EJ) and it reduces by increasing time and it is due to the degradation of material stiffness 

in high temperature.  

5.5 Results  

5.5.1 Time of failure 

After comparing the results, it is possible to draw the bending capacity of the 

section over time by considering the maximum moment capacity for each time and collect 

these maximum moments and their corresponding time in a table to draw the diagram. 
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This diagram has been shown in Figure 5-23. Then, it is assumed that the acting bending 

moment calculated in previous chapter (caused by live load, dead load and permanent 

load) does not change over time. The intersection of constant acting bending moment and 

capacity bending moment curve gives us the time of failure. Therefore, In this case, failure 

will occur after 85 minutes of fire exposure as it can be observed in Figure 5-23. Acting 

bending moment already calculated and the value is Med=27.8 KN.M.   

  

Figure 5-23: Bending moment capacity over time 
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5.6 : 500 C isotherm method  

Number of different methods has been introduced by Eurocode 2 part 1-2 for 

finding capacity of structures exposed to fire. One of simplified calculation method is 

500℃ isotherm method which has been introduced in Annex B of EN 2. This method is 

applicable to a standard fire exposure.  This method simplified calculation by comprising 

a general reduction of the cross section size with respect to a heat damaged zone at the 

concrete surfaces. It is assumed that concrete with temperature over 500 ℃ is damaged 

and have no strength. Moreover, it is assumed that the damaged concrete do not 

contribute to the load bearing capacity of the member, while the residual concrete cross 

section retains its initial values of strength and modulus of elasticity (Figure 5-24). The 

thickness of the damaged concrete, is made equal to the average depth of the 500 

isotherm in the compression zone of the cross section. On the basis of these assumptions 

the procedure for calculating the resistance of a reinforced concrete beam in the fire 

situation may be carried out as follows:  

 

Figure 5-24: 500 Degree isotherm and simplified assumptions for concrete strength 

1. Determine the position of isotherm 500 ℃ 

Thermal distribution over time has been calculated in previous part. Therefore it 

is possible to find the penetration of 500 C isotherm over time in the cross section of the 
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beam.  The results has been presented in Table 5-5 and graphically shown in Figure 5-25 

in eight steps. 

 

Figure 5-25: Position of  500 C isothrem in different steps  

Number  Time (min) Approximate depth 

of 500 ℃ (mm) 

1 19.6 1 

2 30.016667 15 

3 40.016667 25 

4 50.016667 27 

5 60.016667 31 

6 70.016667 42 

7 80.016667 49 

8 100.01667 53 
Table 5-5Penetration of 500 degree isotherm 
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2. Determine a new width and height 

 By excluding the concrete outside the 500 ℃ isotherm the new width and effective 

height of undamaged concrete can be calculated. The rounded corners of isotherms can 

be regarded by approximating the real form of the isotherm to a rectangle or a square. 

Number  Time 

(min) 

Approximate 

depth of 500 ℃ 

(mm) 

New 

width 

(mm) 

New 

height 

(mm) 

1 20 1 180 254 

2 30 15 180 239 

3 40 25 140 226 

4 50 27 120 223 

5 60 31 120 219 

6 70 42 70 213 

7 80 49 45 206 

8 100 53 30 202 
Table 5-6: New width and height after penetration of 500 C isotherm 

3. Determine the temperature of reinforcing bars in the tension and compression 

zones. 

The temperature of the individual reinforcing bar can be evaluated from the 

temperature profiles results of FEM (Abaqus) and is taken as the temperature in the 

center of the bar. The values of temperature in each step is given in Table 5-7. Some of 

the reinforcing bars may fall outside the reduced cross-section, they may be included in 

the calculation of the ultimate loadbearing capacity of the fire exposed cross-section; 

Number  Time (min) Temperature at the 

center of Bar 1 

Temperature at the 

center of Bar 2 

Temperature at the 

center of Bar 3 

1 20 243.949 129.469 104.707 

2 30 359.739 228.427 188.23 

3 40 448.889 314.484 263.62 

4 50 521.823 389.475 330.997 

5 60 582.729 454.525 390.576 

6 70 634.535 511.267 443.357 

7 80 679.275 561.161 490.382 

8 100 752.969 644.893 570.606 
Table 5-7: Temperature of bars over time of exposure 
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4. Determine the reduced strength of the reinforcement due to the temperature  

After knowing the temperature of each bar it is possible to apply the table 

suggested by Eurocode to find level of degradation in strength and elastic modulus of 

steel bars. The values of strength and stiffness for different steps has been presented  in 

Table 5-8. 

Table 5-8: Results of degradation of steel bars due to increasing of temperature 

5. Use conventional methods to calculate bending moment capacity  

Bending moment capacity of the reduced cross-section can be determined by 

finding the position of neutral axis and integrating the stresses over the cross 

section. Since the cross section is not a simple rectangular, one can apply 

“Response2000” or “VcaSlu” program to find the moment capacity of the 

complicated sections. Here, Matlab program was used to integrate the forces and 

find the bending capacity of the section.  The procedure however is shown in 

Figure 5-26. 

 

Figure 5-26: Conventional 

calculation methods: ultimate 

bearing capacity 
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The final results of Matlab program has been represented in Table 5-9 and shown 

graphically in Figure 5-27: Bending Moment Vs Time (500'C method)Figure 5-27.  

Number  Time 

(min) 

Resisting 

Bending 

moment 

KN.m  

1 20 59 

2 30 55 

3 40 52 

4 50 50 

5 60 48 

6 70 44 

7 80 40 

8 100 34 
Table 5-9: Results of Bending Moment Capacity (method :  500'C isotherm) 

 

  

Figure 5-27: Bending Moment Vs Time (500'C method) 

6. Compare the ultimate load-bearing capacity with the design load  

Acting load is assumed to be constant over time and the value is 28.7 KN.M. 

Finding the intersection of the acting bending moment and the bending moment capacity 

curve gives us the time of failure.  By extrapolating, time of collapse is approximately 

equal to 120 minutes as it can be observed in Figure 5-27.   
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7. Comparing the result of plane section (2D model) and 500 isotherm methods 

In order to compare the results, two curves have been drawn in one plot as 

presented in  Figure 5-28. The two method gave similar results until 50 minutes 

after fire exposed, however after this time the results show some differences with 

each other and indicates that plane section approach gives lesser value for 

bending moment capacity and designing according to plane section approach is 

more on conservative side. As time evolves, this difference becomes more and 

more, therefore the time of failure will vary significantly from one method to other 

one.   

 

Figure 5-28: Time of failure (acting Bending moment and bending moment capacity of section according to 

500'C and FEM) 

According to 500 isotherm method, the section will fail after 120 min of fire 

exposure while the plane section approach calculates time of failure after 85 minutes. 

This overestimating of bending moment of the 500-isotherm method can be due 

to disregarding degradation in concrete with temperature less than 500 ℃. While in 

reality the concrete elasticity and strength reduced at elevated temperatures even if the 

temperature was lower than 500 degree. 
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5.6.1 Fire scenarios (Cooling phases) 

By considering different cooling phases, it is possible to establish different fire 

scenarios. In this part, it is assumed that fire ISO834 cooled down linearly after 30, 60, 90 

and 120 minutes of exposure. The graph of time-temperature for different cooling phases 

is presented in Figure 5-29. 

Figure 5-29: Different fire scenarios and cooling phases 

The beam model already was defined in Abaqus and only by changing the input of 

fire temperature-time table it is possible to study other scenarios. Finally, thermal 

distribution over section in different time of fire exposure can be achieved for each 

scenarios. The graphs presented in Figure 5-31 and Figure 5-32 show temperature 

distribution at specific times (60, 100, 130 and 150 minutes) for different scenarios. 

According to the results by increasing the time the differences among the result of 

different scenarios become greater. As well as, these differences of temperature value 

over cross section are more obvious and significant in the bottom of section rather than 

the top. Another comment on the results are on the cooling effect, since it has shown that 

after cooling starts, there is still evolution of temperature over specific depth near the 

outside of the cross section and it doesn’t decrease suddenly by cooling down the surface.  
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 Figure 5-30: Temperature distribution over depth for different fire scenarios at different times  
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Figure 5-31: Temperature distribution over depth for different fire scenarios at different times  
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5.6.1.1 Moment-curvature and Moment-time diagrams for each scenarios  

The procedure to fine the Moment-curvature diagram is the same as before and 

only the input of fire (temperature-time) and input of temperature distribution over 

cross section in different times should be considered as new inputs of the program. Both 

inputs have been already calculated and presented in previous parts and by substituting 

them into the model, the final results can be achieved. Moment-curvature diagram of each 

scenarios and its corresponding moment-time diagram will be presented in this part. 

5.6.1.1.1   Scenario 1 (cooling starts after 30 min) 

Final results of Moment-curvature diagram are presented in Figure 5-32 . 

 

Figure 5-32: Moment-Curvature for fire Scenario 1 at different times 
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Figure 5-33:Bending moment capacity over time (Cooling 30 min) 

As it can be seen in Figure 5-33, the minimum bending moment capacity is around 

48 (KN.M) and it happens after 86 minutes.  

Cooling started after 30 minutes but the minimum bending moment capacity 

doesn’t occur at that time, while it continuing reducing its capacity till some minutes after 

30 min. Finally after 86 minutes it reaches to its minimum bending moment capacity and 

after that it increases again due to the cooling of the material. It indicates that although 

cooling started, the temperature still increases inside the cross section and it doesn’t 

reduce suddenly, Therefore the material experiences degradation also for a while after 

cooling started.   
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5.6.1.1.2   Scenario 2 (cooling starts after 60 min) 

Final results of Moment-curvature diagram are presented in Figure 5-34. 

Figure 5-34:Moment-Curvature for fire Scenario 2 at different times 

 

Figure 5-35::Bending moment capacity over time (Cooling 60 min) 

As it can be seen in Figure 5-35, the minimum bending moment capacity is around 

27 (KN.M) and it happens after 105 minutes.  
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5.6.1.1.3   Scenario 3 (cooling starts after 90 min) 

 

 

Figure 5-36:Moment-Curvature for fire Scenario 3 at different times 

 

Figure 5-37: Bending moment capacity over time (Cooling 90 min) 

As it can be seen in Figure 5-37, the minimum bending moment capacity is around 

17 (KN.M) and it happens after 125 minutes. 
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5.6.1.1.4   Scenario 4 (cooling starts after 120 min) 

 

Figure 5-38:Moment-Curvature for fire Scenario 4 at different times 

Figure 5-39: Bending moment capacity over time (Cooling 120 min) 

As it can be seen in Figure 5-39, the minimum bending moment capacity is around 

11 (KN.M) and it happens after 147 minutes. 
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5.6.1.1.5  Comparing different scenarios  

In order to better compare the results all scenarios were shown in one graph 

(Figure 5-40).  As it can be seen, if the cooling phase started sooner, the degradation in 

the bending moment capacity would be lower. Moreover, the time corresponding to the 

cooling, is not the time when the section experience its minimum bending moment 

capacity. The minimum bending moment capacity of the section will occur after a while 

when cooling started.  

Figure 5-40: Capacity bending moment-time for all scenarios 

 Summarize the results presented in previous parts:  

1st Scenario : Cooling 30  Mmin=48 (KN.m)   

2nd  Scenario : Cooling 60  Mmin=27 (KN.m) 

3rd  Scenario : Cooling 90  Mmin=17  (KN.m) 

4th  Scenario : Cooling 120  Mmin=11 (KN.m) 
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The results can be also drawn in a diagram as Figure 5-41. In this diagram it is 

possible also to compare scenarios results with the result of fire without cooling 

(ISO834).  

 

Figure 5-41: Resisting bending moment-time for beam exposed to ISO834 and beam exposed to different 

cooling phases 

 

The graph indicates that with cooling phases in a specific time, the beam section 

suffers greater degradation of resisting bending moment and it is more critical. The 

failure will occur at 58 minutes while in beam exposed to fire ISO834 without cooling the 

failure occurs after 85 minutes. It shows that temperature penetrates into the certain 

depth of beam section even for a time after cooling started.  
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6 : 3D Model 

 

6.1 Numerical Models 

The whole beam with and without slab, was modelled in Abaqus. The software is 

suitable also for 3D modelling and performing numerical analysis (FEM) for engineering 

purposes.  3D modelling in Abaqus used for analyzing the problem according to given 

parameters and chosen methods and at the end can visualize the FEM results.  

The analysis and the results are highly dependent on the inputs and chosen 

methods, therefore special care should be given to inputs and other required parameters.  

One problem here is the way to define a fiber-reinforced concrete because it is not 

possible to define fibers in the model due to large number of fibers and uncertainly about 

their orientation and distribution. Therefore, one way to cope this problem is to accept 

the HPFRC as a homogeneous concrete called “composite” which has compression 

capacity of high performance concrete and tension capacity of fiber elements. 

Considering this concept, HPFRC can be modeled by defining its properties into the 

software. 

Inputs of 
FEM 3D 
model

•Geometry and BCs.

•material properties and 
constitiutive laws 

•fire exposure scenarios

• acting loads and 
pressure

Define the 
required 

parameters  

•Haet transfer parameters  

•Type and size of meshing

•Method and proceducre

Results 
•compare results of different 
fire scenarios 

•compare results of 3D with 2D 
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6.1.1 Geometry  

In Abaqus, section “Part”, it is possible to model the beam geometry. In 3D model, 

steel bars should be defined into the model, because they play role for achieving the 

bearing capacity of the beam. Therefore, there are 2 separate parts; concrete beam and 

steel bars. While in 2D model, thermal analysis was done without considering the steel 

bars, because the temperature at the center of the bars is equal to the temperature of 

concrete at corresponding point.  

Geometry of concrete beam is the same as illustrated in chapter 4 part 4.2.1. The 

difference is the section was extruded to 3 meters of depth to get the 3D model. Since 

there is a symmetry in six-meter-length beam, therefore only the half of the beam which 

is length of 3 meters, was modelled (Figure 6-1). 

 

Figure 6-1: Geometry of concrete beam (3D model) 

The second part is steel bars. By defining new part in Abaqus the steel bars were 

drawn in plane and extruded for 3 meters.  

a) 

                                                             b) 

Figure 6-2: Geometry of steel bars ; a)steel bars in plane section b)steel bars after extrusion 
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The radius of steel bars in the first layer is 6 mm and for the second layer is 5 mm. 

the coordinates and positions of steel bars are the same as illustrated in chapter 4. Some 

inputs to draw the steel bars were presented in Error! Not a valid bookmark self-

reference.. 

Table 6-1: Coordinates of the steel bars points 

6.1.2 Property of the material  

In this part the property of the material used in the beam will be defined and 

assigned to the model.  Beam consists of steel and HPFRC material. The mechanical and 

thermal properties and their degradation in high temperature has been already described 

in Chapter 3, part 3.5. To have a short view of inputs a summarize description of the 

material has been presented in the next part. Material properties are mostly temperature 

dependent while there are also some other properties that presented only in room 

temperature. 

6.1.2.1 HPFRC:  

1- Conductivity (inputs varies with temperatures and are the same as 2D model)  

2- Density (inputs varies with temperatures and are the same as 2D model)  

3- Specific heat (inputs varies with temperatures and are the same as 2D model)  

4- Elastic: Young modulus, Poisson’s ratio (varies with temperatures)  

Young’s modulus of the concrete used is 1.49
𝜀𝑐1

𝑓𝑐
 and according to the coefficient 

given in Eurocode 2 part 1-2 (table 3.1), the degradation of compressive strength (𝑓𝑐) and 

strain corresponding to 𝑓𝑐  (휀𝑐1) and can be calculated for high temperature (as described 

in 4.4.3.1.1).  

Center Coordinates of circles with radius of 

5 mm (x,y,z) 

Center Coordinates of circles with radius of  

6 mm (x,y,z) 

40.E-03,45.E-03,0. 15.E-03,22.E-03,0. 

15.E-03,45.E-03,0. -15.E-03,22.E-03,0. 

-15.E-03,45.E-03,0.  

-40.E-03,45.E-03,0. 
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Young’s Modulus (
𝑵

𝒎𝟐
)  Poisson’s ratio Temperature (℃)  

65824000000 0.2 20 

23936000000 0.2 200 

9873600000 0.2 400 

2632960000 0.2 600 

526592000 0.2 900 
Table 6-2: Table of Young's Modulus variation by increasing temperature 

5- Expansion (Constant and equal to 2E-005)  

6- Concrete damaged plasticity:  

a) Plasticity (constant),  

Plasticity Properties 

Dilation Angle 38 

Eccentricity 0.1 

𝑓𝑏0/𝑓𝑐0 1/16 

K 0.67 

Viscosity parameter 0 
Table 6-3: plasticity properties of concrete input of 3D model 

b) Compressive behavior  (varies with temperatures)  

Figure 6-3: compressive stress- strain relationship of concrete c110 for different values of 

the concrete temperature.(refer to 4.4.3.1.1)  
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In Abaqus the inputs are inelastic strain and it is assumed that 60% of maximum 

compressive strength (0.6fc) is the starting point for inelastic strains.  

Yield stress (N/ m2) 

Inelastic 

strain Temperature  Yield stress (N/ m2) 

Inelastic 

strain Temperature  

66000000 0 20 26400000 0 600 

72522280 0.00015 20 28573868 0.0013 600 

80296408 0.0003 20 31317126 0.0026 600 

87311503 0.00045 20 33841445 0.0039 600 

93464387 0.0006 20 36118240 0.0052 600 

98675871 0.00075 20 38123698 0.0065 600 

1.03E+08 0.0009 20 39840111 0.0078 600 

1.06E+08 0.00105 20 41256796 0.0091 600 

1.08E+08 0.0012 20 42370505 0.0104 600 

1.1E+08 0.00135 20 43185328 0.0117 600 

1.1E+08 0.0015 20 43712115 0.013 600 

1.1E+08 0.001497 20 44000000 0.014973 600 

0 0.018997 20 0 0.024973 600 

52800000 0 200 5280000 0 900 

56429239 0.00025 200 5758390 0.0014 900 

61291860 0.0005 200 6344099 0.0028 900 

65831678 0.00075 200 6877957 0.0042 900 

70008870 0.001 200 7353031 0.0056 900 

73788512 0.00125 200 7763762 0.007 900 

77142094 0.0015 200 8106316 0.0084 900 

80048717 0.00175 200 8378808 0.0098 900 

82495883 0.002 200 8581351 0.0112 900 

84479817 0.00225 200 8715961 0.0126 900 

86005336 0.0025 200 8786324 0.014 900 

88000000 0.003294 200 8800000 0.014973 900 

0 0.022794 200 0 0.032473 900 

39600000 0 400 

 

42696614 0.0005 400 

46670235 0.001 400 

50343457 0.0015 400 

53677641 0.002 400 

56640042 0.0025 400 

61357778 0.0035 400 

63089983 0.004 400 

64404829 0.0045 400 

65313967 0.005 400 

66000000 0.005989 400 

0 0.025989 400 
Table 6-4: Table of yield stress-Temperature value of concrete input of 3D model 
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c) Tensile behavior (varies with temperatures)  

According to description given in chapter 4 part 4.4.3.1.2, tensile behavior of 

HPFRC is allocated to steel fibers and it is shown in Figure 6-4. 

 

Figure 6-4: Constitutive law for HPFR in tension for different temperatures (refer to 4.4.3.1.2) 

The program required displacement instead of strain. In order to convert strain to 

displacement the characteristic length (4.4.3.1.2) has been used. The inputs of Abaqus 

are also started from the maximum stress because after that point, cracks propagate.   

Yield stress 

(N/m2) 

Displacement 

(m) Temperature  

Yield stress 

(N/m2) 

Displacement 

(m) Temperature  

6750000 0 20 0 0.002532 200 

6531243 0.000364 20 5872500 0 400 

6312487 0.000728 20 5862645 0.000364 400 

6093730 0.001092 20 5852790 0.000728 400 

5874973 0.001456 20 5842935 0.001092 400 

5656217 0.00182 20 5833080 0.001456 400 

5437460 0.002184 20 5823225 0.00182 400 

5250000 0.002496 20 5813370 0.002184 400 

0 0.002533 20 5805000 0.002494 400 

7357500 0 200 0 0.00253 400 

7046735 0.000364 200 5535000 0 600 

6735969 0.000728 200 4596566 0.000364 600 

6425204 0.001092 200 3658131 0.000728 600 

6114438 0.001456 200 2719697 0.001092 600 

5803673 0.00182 200 1781262 0.001456 600 

5492907 0.002184 200 842828 0.00182 600 

5227500 0.002495 200 0 0.002148 600 
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6.1.2.2 Steel: 

1- Conductivity  (constant=46) 

2- Density  (constant=7750 Kg/m3) 

3- Specific heat (constant=490 j/kgC) 

4- Elastic: Young modulus, Poisson’s ratio   

Young’s Modulus N/m2 Poisson’s ratio Temperature  

2.05E+11 0.3 20 

2.05E+11 0.3 100 

1.85E+11 0.3 200 

1.64E+11 0.3 300 

1.44E+11 0.3 400 

1.23E+11 0.3 500 

6.36E+10 0.3 600 

2.67E+10 0.3 700 

1.85E+10 0.3 800 

1.44E+10 0.3 900 
Table 6-5: Young's Modulus over temperature increasing input of steel in 3D model 

5- Expansion (constant=1E-020) 

6- Plastic  

Constitutive law for steel bars has been already presented in 4.4.3.2. Figure 6-5 

presents the final results of that part that will be used as input of Abaqus. It is 

worth noticing that in software the plastic strain is needed, therefore from this 

graph the corresponding value of plastic strains should be extracted and 

inserted in the required field. Plastic strain starts when the stress reaches to 

its maximum value and the results were presented in Table 6-6. 
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Figure 6-5: constitutive law of steel 

 

Yield Stress (N/m2) Plastic Strain  Temperature  

4.3E+08 0 20 

4.3E+08 0.196902 20 

4.3E+08 0 400 

4.3E+08 0.196003 400 

3.35E+08 0 500 

3.35E+08 0.196273 500 

2.02E+08 0 600 

2.02E+08 0.19582 600 

98900000 0 700 

98900000 0.195289 700 

47300000 0 800 

47300000 0.196436 800 

25800000 0 900 

25800000 0.197202 900 

17200000 0 1000 

17200000 0.196902 1000 
Table 6-6: plastic strain of steel bars in different temperature 
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6.1.3 Assembly  

 In this section, HPFRC beam (part 1) and Steel bars (part 2) are assembled 

together. In order to assemble these two parts, firstly it is needed to extract holes 

corresponding to steel bars from the beam. Then, by adding steel bars to part 1 in the 

positions of holes the model become complete and new part will be created (Part 3). At 

the end, it is better to make part 3 dependent in order to have better meshing. 

 

 

 

        a) Part 1                                     b) Part2                      c) Part 1 with holes 

 

 

 

d) Part 3 

Figure 6-6: procedure to assemble steel bars and HPFRC beam 
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6.1.4 Step 

In this part, the method of analyzing and its required parameters were defined. 

Since the model is carrying load and also exposed to fire, the method has been chosen is 

“coupled temp-displacement”. Time period is 12370 seconds and was used transient 

response. Maximum number of increment is 500000 with initial size of 0.01 and 

maximum size of 50. Maximum allowable temperature change per increment is 10. Using 

linear extrapolation between results of two following increments.   

The outputs are “stresses”, “plastic strains (PE)”, “Strains (E)”,”Nodal temperature 

(NT)”, “Damage” and “displacement (U)” for every increments.  

6.1.5 Interaction  

Interaction is the part that the property and characteristic of fire will be defined. 

Surface radiation and surface film condition has been defined same as 2D model and the 

only difference refers to the surface of exposure which is on the bottom plane of the beam 

in 3D model.   

 

 

 

 

 

 

 

 

 

Figure 6-8: Exposed 

surface 

Figure 6-7: Interactions' input to FEM model 
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6.1.6 Load , Boundary condition and predefined field 

Loads (dead load and live load) are defined as a “Pressure” on the top surface of 

the beam. The pressure is equal to 106 KN/m2 and is the value of Load divided by the 

width of the beam at top.   

From chapter 3: liniear Load on beam = 6.395 KN/m 

 

Pressure =
6395

0.06
= 106

KN

m2
 

 

 

Figure 6-9: Loads in FEM model 

 

Only half of the beam was modelled due to existence of symmetry and therefore a 

symmetry boundary conditions will be used at the center of the beam. Simple support has 

been chosen for the beam end by fixing Y and X movements equal to zero. Furthermore, 
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a constraint is set at the center of the beam for X direction restraining the displacement 

regarding the rigid body motions.  

In predefined field, the whole model has been selected and initial temperature 

equal to 20 C was assigned.  

 

6.1.7 Mesh   

 In element types part, “Standard and linier coupled temperature -displacement” 

is chosen for the analysis.   Approximate global size of meshes are 0.02 and using tet mesh.  

Total number of nodes: 48176 

Total number of elements: 262521 

 262521 linear tetrahedral elements of type C3D4T 

All regions in the assembly that require a mesh are meshed. 

6.1.7.1 Meshes and Convergence 

Since this model has shown a sensitivity analyzing on meshing, therefore it is 

important to mesh the model with more care. The results with different meshes reveals 

that the dependency of response to mesh size and type is high and convergence should 

be considered. Convergence is a concept in FEM, representing that the smallness of the 

elements beyond a certain size does not affect its accuracy and final results.  

Abaqus is a Finite Element Method and uses numerical techniques to find 

approximate solution for structural problems. When solving a finite element problem, we 

have to ensure that the solution we obtained is accurate. One of the approximation in a 

FEM comes from mesh and discretization of the model. The geometry is discretized into 

finite number of small elements. Increasing the number of elements in the model will 

cause the solution to approach the analytical solution. At some point further mesh 
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refinement yields little or no change in solution, and the mesh is assumed to have 

converged.  

Abaqus offers few convenient ways to evaluate mesh convergence such 

as Quilt, Discontinuity and SJP (strain jump at nodes). They are effective tools to quickly 

check mesh convergence and have confidence on the analysis results in the context of the 

finite element mesh. In this study only the first way has been used. In the visualization 

module of Abaqus/CAE offers some contour options to check for mesh convergence. One 

of the contour plot options is Quilt contour. Quilt contour plot is an effective means of 

displaying results on an element-by-element basis. The values are computed for each 

element face individually with no averaging across element boundaries. Hence it shows 

the difference in values across individual elements against neighboring elements thereby 

giving a reasonable idea about mesh convergence. Quilt plot options are available only 

for element based outputs. The results are shown in Figure 6-10. 

 

Figure 6-10: Convergence check -Quilt option 

 Ideally a mesh is fine enough such that for any given node, all the elements 

attached to it have nearly the same strain. For coarse meshes in areas of rapidly changing 

strain, adjacent elements sharing one or more of the same nodes may calculate 

dramatically different strain values. When the adjacent nodes have the same strain values 

the error is zero and when the nodes have different values the error is positive, naturally 

the closer the error to zero the higher confidence in results. As the number of elements 
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increases in the solution, it provides a more accurate representation of the solution field 

and the discretization error is reduced. 

In order to reduce the cost of calculation, it is necessary to avoid very fine meshes. 

Therefore among three options of mesh type (Hex, Wedge and Tet), Tet has been chosen, 

because it approaches convergence in meshing with larger size than Hex or wedge.  

6.1.8 Job and visualization  

By creating a job in the “job” part, the model will be submitted and the results will 

be stored in visualization part.  

6.1.8.1 Results 

After submitting the job, an error occurs indicating that “the analyzing has not 

been completed successfully”. This means that the beam will collapse so the analyzing of 

the problem stops at time of failure. This time is the last step that the results have been 

calculated. For this model it happens after 5390 seconds, indicating that after about 90 

minutes the beam will collapse. Results can be illustrated in different outputs and some 

of them are presented in this part:  

- Nodal temperature  

 

Figure 6-11: evolution of nodal temperature for different steps 
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As Figure 6-11 shows, temperature increases from the bottom of the beam where 

there is exposed surface to the top.  Degradation of material strength will be more in 

tensile zone for steel fibers and for steel bars rather than compressive zone or concrete 

properties of the beam.   

- Stresses on the beam:  

Stresses on beam evolve by increasing the temperature and when a point 

reaches to its final strain, the stress become zero. For point B, evolution of stress over 

time has been plotted in Figure 6-12. There is an initial stress due to initial strain and 

then there is increasing trend of stress until it experienced its maximum strain and 

then it reaches to zero means that the point will not any more contribute for the 

bearing capacity of the beam. Figure 6-13 shows the evolution of stresses over the 

beam for 3 different steps.   

 

Figure 6-12: Stress over time for point B 

 

Figure 6-13: Von Mises Stresses evolution for 3 steps   
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- Plastic strain and total strain  

 

Figure 6-14 shows the plastic strain evolution over the beam. As it can be observed, 

plastic strain is activated only on small portion of the beam at the last step.   As it is shown 

in figure, other parts (dark blue) have zero plastic strains. For these parts the elastic 

strain existed and it has been shown in Figure 6-15. 

 

 

Figure 6-14: Plastic strain evolution over time ( for three different steps) 

 

 

Figure 6-15: Total strain evolution over time (for three different steps)   
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Figure 6-16: Displacement-time from FEM for center point 

In the model a central point has been chosen to interpret the results. This point 

(A) is critical point since it is located at the bottom of the beam (tension zone) in mid-

span and suffers the highest displacement. The results of Displacement-time of this point 

has been shown in Figure 6-16.   

As it can be seen there is an initial increase in displacement and then there is an 

increasing trend until it reaches to failure. The initial increase in displacement is due to 

the mechanical loading act on the beam and it makes a maximum displacement in the 

center of the span which is around 0.0129 mm. Then the beam is going to expose fire 

ISO834 and experiences degradation in material strength which leads to increase 

displacement until it fails completely. As it can be seen in Figure 6-17, total strain of that 

point increases as well due to increase of temperature. For plastic strain, the results 

indicates that there is a primary plastic strain at the beginning while this value is small 

and constant over a specific period of time. Then, after 5000 seconds (83 min) it starts to 

increase and reaches to infinite value after 6 minutes which means that the beam 

collapsed after 89 minutes of fire exposure.   

A 

 

B 

 

C 
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Figure 6-17: total and plastic Strain over time of a central point 

Now, choose a node B located at top of the section (compression zone) in the 

center of the span. Observing the results which has been presented in Figure 6-18, shows 

that there is an elastic strain at the beginning of the analysis due to the mechanical loading 

and then as temperature increases the total strain increases due to the activation of 

plastic strains and its evolution over time. 
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Figure 6-18: Total strain and plastic strain over time of a central point in compression zone 

Point C was selected to study and is located in steel bars in the first layer and the 

result has been presented in Figure 6-19. It shows that there is an initial elastic strain due 

to the mechanical loading and by exposing to thermal loading this strain increases 

without any activation of plastic strains. Activation of plastic strain will occur after 7.5 

minutes and it increases until it reaches to failure.   

 

 

Figure 6-19: total strain and plastic strain of a central point in steel bars 
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6.1.9 Conclusion 

One of the differences between plane section approach (2D) and FEM approach 

(3D) is the failure time. 3D model (finite element analysis) can resist more against fire. It 

can be because of contribution of the beam section at the center with transversal sections. 

On the other words, the bearing capacity of 3D model is proportional to the section and 

its surroundings’ contributions which make confinement for the beam while in 2D 

analysis, only the cross section stands against the loads and the surrounding concretes is 

disregarded. This confinement can increase the bearing capacity in terms of bending 

moment and can make the beam more resistance against elevated temperature.  

6.1.10 Different fire scenarios  

Different fire scenarios are being considered in FEM model to find the effect of 

cooling phases. The model is the same used before only the fire table changed. Fire 

exposure can be considered with cooling phases that starts at different times such as 60 

min, 70 min or after 80 min. Different fire scenarios are shown in Figure 6-20.  

 

Figure 6-20: Fire exposure scenarios considered in 3D model 
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6.1.10.1 Results of different scenarios   

The results reveals that the beam can stand against the loads completely if the 

cooling started before 70 minutes, while if the cooling started at any time after 80 minutes 

it cannot resist and will fail after some minutes. In the 3rd scenario, the cooling started 

after 80 minutes and the section fails at 92 minutes of total time period. However in other 

two scenarios that cooling started sooner (after 60 and 70 minutes), the beam will not 

fail and only experienced deflection.    

In the 3rd scenario, the result of strain-time for a point located at the center and 

bottom of the beam reveals that the strain goes to infinite after 92 minutes (Figure 6-21). 

This time is higher than the time of cooling started (80 min) and it is due to the 

penetration of temperature into the section and continue increasing of temperature in a 

certain depth over a specific time after cooling started. 

 

Figure 6-21: Strain-time of scenario 3 for a central point 

  

The section will not fail if the cooling started after 80 minutes. If the cooling 

started at any time after 80 minutes, the analyses of FEM cannot complete means that the 

section will collapse. Result of the FEM with cooling started at 80 minutes is presented 

here. As we can see the beam can resist for 92 minutes and then collapse. According to 
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the results, the failure will occurs 12 minutes after cooling starts. Figure 6-22 shows the 

temperature distribution of beam at time of failure.  

 

Figure 6-22: Thermal distribution of beam exposed to fire with cooling at 80 min 

 

As we can in Figure 6-23, there is maximum tensile stresses in steel bars. 

 

 

Figure 6-23: Maximum principal stresses on beam section at time of failure 
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6.1.11 Comparing results  

Comparing the results of plane sectional approach (2D model) and 3D model for 

different time of cooling reveals that the 3D model stands more and failure will occur only 

in case of cooling after 80 minutes and there is no failure if the cooling started before 80 

minutes. While in 2D model even if the cooling started at 30 min, the beam will fail after 

a while. It indicates that in 3D model there is contribution of transverse planes which 

made beam to be confined, therefore it leads to increase the bearing capacity.  
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7 Beam with slab (2D and 3D) 

Model has been also considered with one-meter-length slab on the beam. The slab 

was added to the beam in both 2D and 3D approach and the bending moment capacity 

has been calculated in different scenarios.  

1- Only bottom side of the beam exposed to fire ISO834 (No cooling),  

2- both bottom sides of beam and slab exposed to fire with cooling  phases  

7.1.1 Geometry of beam with slab 

 

 

 

Figure 7-1:Model of beam with slab 
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7.1.2 Property of the Slab  

In this part the property of the material used for slab is defined. The material used 

for beam is the same as before while for slab the material is normal fiber reinforced 

concrete (FRC), therefore the required fields for slab will be filled with the data of FRC 

given in chapter 2.   

1- Density (General properties ) 

Used as uniform distribution and temperature dependent data 

Density (kg/m3) 2300 2300 2250 2250 

Temperature (C) 20 70 120 1220 
Table 7-1: Density over temp input of numerical model 

2- Conductivity (Thermal properties)  

Used type as isotropic and temperature dependent data 

Temperature (°C) Conductivity (W/MK) Temperature (°C) 

Conductivity 

(W/MK) 

20 1.960333 570 1.13075 

70 1.864083 620 1.080333 

100 1.808333 670 1.034083 

120 1.772 720 0.992 

150 1.71875 770 0.954083 

170 1.684083 820 0.920333 

200 1.633333 870 0.89075 

220 1.600333 920 0.865333 

270 1.52075 970 0.844083 

320 1.445333 1020 0.827 

370 1.374083 1070 0.814083 

420 1.307 1120 0.805333 

470 1.244083 1170 0.80075 

520 1.185333 1220 0.800333 
Table 7-2: Conductivity over temperature input of numerical model 

3- Specific Heat (Thermal properties) 

Used constant volume and temperature dependent data.  
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Temperature (C) Specific Heat(J/kgK) Temperature (C) Specific Heat(J/kgK) 

20 913.2222 570 1189.75 

70 945.3056 620 1206.556 

100 963.8889 670 1221.972 

120 976 720 1236 

150 993.75 770 1248.639 

170 1005.306 820 1259.889 

200 1022.222 870 1269.75 

220 1033.222 920 1278.222 

270 1059.75 970 1285.306 

320 1084.889 1020 1291 

370 1108.639 1070 1295.306 

420 1131 1120 1298.222 

470 1151.972 1170 1299.75 

520 1171.556 1220 1299.889 
Table 7-3: Temperature-specific heat of concrete of slab input of Abaqus 

4- Elastic: Young modulus, Poisson’s ratio (varies with temperatures)  

Young’s modulus and Poission’s ratio of the concrete used is :  

Young’s Modulus (
N

m2)  Poisson’s ratio Temperature (℃)  

28050000000 0.2 20 

5- Expansion (Constant and equal to 2E-005)  

6- Concrete damaged plasticity:  

- Plasticity (constant),  

Plasticity Properties 

Dilation Angle 38 

Eccentricity 0.1 

𝑓𝑏0/𝑓𝑐0 1/16 

K 0.67 

Viscosity parameter 0 
Table 7-4: Plasticity properties of slab input of Abaqus 
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- Compressive behavior:   

 

Figure 7-2: Constitutive law for slab in compression 

Yield 
stress (N/ 
m2) 

Inelastic 
strain Temperature  

Yield 
stress (N/ 
m2) 

Inelastic 
strain Temperature  

27000000 0 20 10800000 0 600 

29806297 0.00015 20 11689310 0.0013 600 

33100177 0.0003 20 12811552 0.0026 600 

36053038 0.00045 20 13844228 0.0039 600 

38618211 0.0006 20 14775644 0.0052 600 

40760971 0.00075 20 15596058 0.0065 600 

42461207 0.0009 20 16298227 0.0078 600 

43714604 0.00105 20 16877780 0.0091 600 

44532250 0.0012 20 17333388 0.0104 600 

44938855 0.00135 20 17666725 0.0117 600 

44969955 0.0015 20 17882229 0.013 600 

45000000 0.001437 20 18000000 0.014973 600 

0 0.019037 20 0 0.024973 600 

21600000 0 200 2160000 0 900 

23084689 0.00025 200 2355705 0.0014 900 
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25073943 0.0005 200 2595313 0.0028 900 

26931141 0.00075 200 2813710 0.0042 900 

28639992 0.001 200 3008058 0.0056 900 

30186209 0.00125 200 3176084 0.007 900 

31558129 0.0015 200 3316220 0.0084 900 

32747203 0.00175 200 3427694 0.0098 900 

33748316 0.002 200 3510553 0.0112 900 

34559925 0.00225 200 3565620 0.0126 900 

35184001 0.0025 200 3594405 0.014 900 

36000000 0.003294 200 3600000 0.014973 900 

0 0.022794 200 0 0.032473 900 

16200000 0 400  

17466797 0.0005 400 

19092369 0.001 400 

20595051 0.0015 400 

21959035 0.002 400 

23170926 0.0025 400 

24220441 0.003 400 

25100909 0.0035 400 

25809539 0.004 400 

26347430 0.0045 400 

26719350 0.005 400 

27000000 0.005989 400 

0 0.025989 400 
Table 7-5: Table of value of stress-strain over temperature for slab 

- Tensile behavior (varies with temperatures)  

In Abaqus, the model required displacement instead of strain, therefore, in order 

to convert strain to displacement the characteristic length has been used. The inputs of 

Abaqus are also started from the maximum stress when cracks starts to propagate.   
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Figure 7-3: Constitutive law in tension for slab 

Yield 
stress 
(N/m2) 

Displacement 
(m) Temperature  

Yield 
stress 
(N/m2) 

Displacement 
(m) Temperature  

1800000 0 20 1566000 0 400 

1683458 0.000364 20 1503923 0.000364 400 

1566915 0.000728 20 1441846 0.000728 400 

1450373 0.001092 20 1379769 0.001092 400 

1333830 0.001456 20 1317692 0.001456 400 

1217288 0.00182 20 1255615 0.00182 400 

1100746 0.002184 20 1193537 0.002184 400 

1000000 0.002499 20 1140000 0.002498 400 

0 0.002535 20 0 0.002535 400 

1962000 0 200 1476000 0 600 

1819220 0.000364 200 1215158 0.000364 600 

1676439 0.000728 200 954315.4 0.000728 600 

1533659 0.001092 200 693473.2 0.001092 600 

1390878 0.001456 200 432630.9 0.001456 600 

1248098 0.00182 200 171788.6 0.00182 600 

1105317 0.002184 200 0 0.002148 600 

982000 0.002499 200  

0 0.002535 200 
Table 7-6: Stress-displacement value of slab for different temperature 
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7.1.3 Load 

In the part of “load”, the loads will be applied to the model. It is worth noticing that 

since the model contains slab, the weight of slab should be cancelled from the load 

calculated in chapter 4. The program consider it automatically and do not need to 

consider this value in the calculations. Therefore value of 4000 N/m2 is the load applying 

on the model.  

 

Figure 7-4: Loads acting on the beam with slab model 

(The boundary condition and predefined field of temperature is the same as beam without slab. ) 

7.1.4 Mesh 

Meshing is the same as beam without slab. Just the number of elements increases 

due to the existence of the slab.  

Mesh of 3D model:  

All regions in the assembly that require a mesh are meshed. 

Total number of nodes: 72512 

Total number of elements: 419072 

419072 linear tetrahedral elements of type C3D4T 
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Figure 7-5: Mesh of beam with slab in 3D model 

Mesh of 2D model:  

All regions in the assembly that require a mesh are meshed. 

Total number of nodes: 3430 

Total number of elements: 6194 

 6194 linear triangular elements of type DC2D3  

 

Figure 7-6: Meshing of beam with slab in 2D model 
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7.1.5 2D model 

In 2D model, in addition to modelling beam in Abaqus, it is needed to use Matlab 

program to fine the bending moment capacity of the beam with slab. The results of FEM 

(temperature distribution over cross section in different times) has been used as an input 

for matlab. The slab geometry should be added to the previous geometry in the code. 

Number of discretization of section, number of curvatures, material properties, 

constitutive laws, degradation of material ... is the same as illustrated in chapter 5.  

Temperature distribution over the cross section has been extracted from the 

numerical modelling for all sides exposed to fire with cooling 60. The result has been 

presented in Figure 7-7 and Figure 7-8. 
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Figure 7-7:Results of FEM: both slab and beam are exposed to fire with cooling started at 60 min. Results at 

time 0, 5,12,24,43,63 minutes) 

Figure 7-8: Results of FEM: both slab and beam are exposed to fire with cooling started at 60 min, Results at 

time 83,103,123,143,163,182 and 200 minutes) 

For the other case, where the slab is not exposed to fire the temperature over the 

slab can be assumed to be constant and is the same with the temperature of top of the 

beam in result of without slab. Since the temperature at that layer are not high and the  

variation of temperature is negligible. 
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Figure 7-9: Temperature distribution over depth at time 60 min 

 

 

Figure 7-10: Temperature distribution over depth at time 100 min 
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Figure 7-11: Temperature distribution over depth at time 130 min 

Figure 7-12: Temperature distribution over depth at time 150 min 
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For 2D model (plane section approach) the calculations have done in cooling 

scenarios such as; 30, 60, 90 and 120 (bottom of the beam exposed to fire).  

After running the program, the final results in term of moment-curvature diagram 

have been extracted for each scenarios.  

Figure 7-13:Moment-curvature of beam with slab  for cooling started at 30 min 

 

Figure 7-14:Moment-curvature of beam with slab  for cooling started at 60 min 
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Figure 7-15:Moment-curvature of beam with slab  for cooling started at 90 min 

 

Figure 7-16:Moment-curvature of beam with slab  for cooling started at 120 min 
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Bending moment capacity degradation over time can be found using the same 

procedure explained in chapter 5. Final results has been shown in Figure 7-17. 

 

 

Figure 7-17: Moment-time diagram of beam with slab  

Slab added to the beam section can increase the resisting bending moment of 

beam significantly. The results reveals that the failure will not occurs since the acting 

moment on the beam is around 28 (KN.M) and the bending moment capacity reaches at 

minimum of 65 (KN.M) in almost all the scenarios. It is worth noticing that in this analysis 

only fire exposed to the bottom of the beam and the slab is safe from degradation.  In the 

next analysis the slab is also exposed to fire and the degradation of slab concrete will 

reduce the bearing capacity of the beam.   

Figure 7-19 shows the situation when all the bottom surfaces of beam and slab are 

exposed to fire scenarios with cooling after 60 minutes. The results indicates that there 

is a significant degradation of bending moment capacity and the section will fail after 31 

minutes of fire exposure. Knowing this results, it is suggested to design a barrier at least 

for slab in order to protect it against fire and keep the temperature of slab as low as 

possible.  
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Figure 7-18:Moment-curvature of beam with slab  for cooling started at 60 min (all sides are exposed to fire) 

  

 

 

Figure 7-19: Slab exposed to fire scenario 60 
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7.1.6 3D model Results 

In 3D model of beam with slab, only bottom of the beam exposed to fire iso834 without 

any cooling phases. 

Results reveals that if the bottom of the beam exposed to fire there is no failure or 

collapse and the analysis of FEM will be completed successfully.  

Starting form the result of temperature distribution, it is observed in Figure 7-20, 

nodal temperature increases as time grows. The zones that mostly experienced high 

temperature are the zones exist on bottom side of the beam where the surface exposed 

to fire. There is an initial displacement due to the external loading and then as 

temperature increase the displacement develops as well (Figure 7-22).  The results of 

total strain shows that for a specific point which is located at the bottom of the beam in 

center there is evolution of strain from zero to 0.02 over time (Figure 7-23).  

 

Figure 7-20: Nodal temperature for different steps (only bottom of the beam exposed to fire)  
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Figure 7-21: Temperature evolution over time for a specific point located at center and bottom of the beam 

 

Figure 7-22: Displacement over time for a central point in the middle of the span 

 

Figure 7-23: Strain evolution over time for a point in center and in bottom of the beam 
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Also results of stresses and strains have been shown graphically for 3 different 

steps (beginning, middle and end of the period) in Figure 7-24 and Figure 7-25.   

 

Figure 7-24: Strain evolution over time for beam in 3D view 

 

Figure 7-25: stress evolution over time for 3 steps in 3d view 

The total strain which is elastic strain (plastic strain has not been activated) 

increasing over time from 4.27E-5 to 1.02E-2 for the points at the bottom of the beam in 

the center. Stresses shows that mostly the steel bars are carrying the load and the stresses 

exist in steel bars developed from an average value of 4.94E7 to 6.90E08 (N/mm2).  
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8 Conclusion  

This thesis is studied for analyzing high performance steel fibre-reinforced 

concrete (HPFRC) subjected to bending moment when exposed to high temperature.  The 

thesis is aimed to pave the way for deeper investigations especially to find the bearing 

capacity and time of failure of the HPFRC beam exposed to fire with or without cooling 

phases. For this purpose, from the numerical investigations carried out, some important 

conclusions may be highlighted.  

1- Due to increase of temperature the properties of materials decrease. Therefore 

we have an increase in displacement because stiffness of material reduces. The 

numerical analysis carried out showed in both models (2D and 3D) there is 

failure after a certain time. Displacement as function of time was presented 

and shows that deformability increases over time and there is a time when 

materials are not able anymore to bear the loads. The difference between 

failure time in 2D (cross section) and 3D (whole structural element) shows 

that failure happens sooner in 2D rather than 3D.  

2- In 2D model the failure time is smaller than failure time in 3D model. It 

indicates that designing structural elements such as beams using 2D model 

(plane section approach) leads to be in conservative side and/or not to be 

economical as well. Designing according to 3D FEM approach results to have 

smaller sections, because designer will take into account greater failure time. 

It is suggested that a value in between considered for the design against fire 

purposes.   

3- The constitutive law has a great effect on the mode of failure and it can define 

a brittle or a ductile failure. In this study the constitutive laws were used 

according to FIB model code that leads to have ductile failure.   
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4- Fire exposure sides are very important and has significant effects on the 

results. If the fire exposes to both beam and slab, the results are very different 

compare with the condition when only beam is exposed to fire means that 

there is a fire barrier for the slab. It is recommended to use barrier to keep the 

temperature of the slab as low as possible.  

5- Results of different cooling phases showed that the effect of cooling on 

structures are not always in favorable side. This is due to the penetration of 

temperature into the section and continue increasing of temperature in a 

certain depth over certain time after cooling started.   

6- The height of the specimen plays a very important role on the achievement of 

the required bending moment capacity. The preliminary analytical model 

(beam) showed that if the slab has been considered in the model, the bearing 

capacity will increases significantly. 
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FUTURE PERSPECTIVES: 

The numerical analysis performed in this thesis are referring only to the 

mechanical and thermal behavior of the material, but not measuring or taking into 

account the spalling phenomena as well as creep or shrinkage components of the strain. 

The further analysis could be done experimentally in order to investigate the complete 

response of material behavior.  

Since the finite element analysis are giving reliable results, the comparison 

between the experimental tests, which includes total strain behavior, and the numerical 

tests, which consist of mechanical and thermal strains, would lead to understand the 

spalling phenomena. The proposed experimental models are the same of the numerical 

ones performed in the chapter 6. In this way, a better description of the tensile behavior 

of HPFRC under high temperatures could be developed. 

Using other constitutive law (rigid or hardening behavior for cracks in tension) 

can lead to understand better the application of steel fibrers and comparing the results 

of different constitutive laws for tension. In this study only softening behavior of crack 

opening was assumed, that is not always the case and cannot completely described 

reality.  
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