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ABSTRACT 

A nonlinear finite element three-dimensional model is presented and validated in this 

work against standard fire tests. The aim is to develop a numerical tool in order to study the 

behavior of prestressed Hollow Core (HC) slabs in the event of fire. A sequentially coupled 

approach is considered in order to perform the thermo-mechanical analysis at an affordable 

computational cost. The model includes the effect of prestress and a realistic constitutive 

inelastic behavior of concrete, for both tension and compression. It takes into account the 

temperature dependency of the material properties, and thus the crack patterns due to bending, 

shear, thermal cracking and longitudinal cracking are reproduced. The model is validated by 

comparing the simulation results with 11 real fire resistance tests on single elements, obtaining 

satisfactory results in terms of both failure mechanism and failure time. Finally, the suitability 

of using the simple calculation models existing in the European codes (Eurocode 2, EN 1168) 

for the verification of the HC resistance in fire situation is discussed. In particular, the numerical 

results are compared to the simple calculation model given in the EN 1168.  
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NOTATION 

Ac  Cross-sectional area of concrete 

Ap  Area of prestressing tendon or tendons 

bw  Web width 

d  Effective depth of a cross-section 

EC2  Eurocode 2 Part 1-2 (EN 1992-1-2) 

ƒc  Compressive strength of concrete 

ƒyk  Characteristic yield strength of reinforcement 

HC  Hollow core 

η  Load ratio 

μ  Friction coefficient 

ξVu  Error ratio in terms of ultimate load 

ξt  Error ratio in terms of failure time 

 

1 INTRODUCTION 

In the last decades, precast prestressed hollow core (HC) slabs have gradually increased their 

market presence in many countries due to their excellent structural performance at room 

temperature, advanced manufacturing methods, and low-cost installation. Nowadays, HC slabs 

have consolidated their position, providing an attractive choice for engineers when concrete or 

composite floor structures in buildings must be designed. There are many reasons for this 

success, but from an engineering point of view it is clear that prestressed reinforcement is one 

of the key aspects. Prestressing improves the serviceability performance of HC slabs compared 

to reinforced concrete slabs, increasing the cracking moment, although similar performance 

could also be attained using postensionning. 

Simultaneously with the introduction of HC slabs, researchers have dedicated many efforts 

aiming to understand their structural behavior [1]. These efforts, including several experimental 

programs [2], [3], [4], which have led the scientific community to be able to develop calculation 

methods, constructional guides and design standards. Additionally, its behavior in floor systems 
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has been analyzed [5], [6], [7]. As a consequence, today it is generally accepted that an accurate 

knowledge has been achieved relative to HC slabs behavior at room temperature. 

On the contrary, experience has proved that there exists a lack of understanding concerning 

the fire behavior of HC slabs, specifically related to their numerical modelling. Van Overbeek 

et al. [8] analyzed some tests (32) that have been carried out in last years, and concluded that a 

disturbing quantity of 45% of them did not fulfill the expectations of the Dutch NEN6071 

standard in terms of failure time under fire conditions. 

Jansze, et al. [9] collected a database with 162 fire test results of HC slabs from 1966 until 

2010, through “Holcofire” research project. This research work concludes that all 162 tests can 

be explained with the calculation rules from the standards, showing that do not give enough 

information about the effect of restrained and support conditions on the fire behavior of HC 

slabs, which need additional research. This research report analyzed aspects like flexible 

supports or horizontal web cracking, providing some recommendations in order to deal with 

these issues.  

As a consequence, a certain lack of confidence in HC slabs has spread among engineers and 

designers related to their fire resistance. Therefore, it seems to be clear that some of the 

simplified verification procedures given by design standards such as Eurocode 2 Part 1-2 [10] 

neglect some variables that have an important influence on the final behavior of HC slabs.  

In addition, experience shows that HC slabs exhibit a quite complex thermo-mechanical 

behavior. Four different types of failure have been identified: bending, shear tension, shear 

flexure and anchorage failure. But besides these principal mechanisms, other secondary 

phenomena have also been identified such as thermal or longitudinal cracking [11]. These 

phenomena are called secondary because they are not the principal cause of failure but they 

interact with the main failure mechanisms with a remarkable influence in the final behavior. 
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Close to the previous variety of structural phenomena, degradation of material properties 

due to the temperature raise has to be considered. In addition, radiation occurs inside the cores 

(i.e. hollow cores), which significantly influences the temperature field, as well as the moisture 

content of concrete. Considering all together these phenomena leads to a complex, transient and 

strongly non-linear problem. In consequence, it may be concluded that numerical methods 

rather than analytical approaches are suitable for developing models for predicting the fire 

behavior of HC slabs. Moreover, the numerical model, once it has been validated, enables the 

execution of numerical tests instead of the expensive experimental programs. 

Rather than investigating specific phenomena through particular models, this papers presents 

a comprehensive, general purpose numerical model which is able to reproduce the primary 

failure modes (bending and shear) as well as the secondary mechanisms (thermal and 

longitudinal cracking), that occur simultaneously and interact each other. The importance of 

taking into account the secondary mechanisms has been clearly pointed out in [9]. Although 

many important variables such as the influence of the axial restrain, the flexibility of the 

supports or the structural topping are not investigated in this paper for the sake of concretion, 

the numerical model would allow it. The main limitation of the numerical model capabilities is 

the anchorage failure, which cannot be currently predicted as it constitutes an ongoing work. 

Results of the numerical model are validated against tests from authors as well as some other 

tests available in the literature. Besides a few design variables are analyzed through the 

numerical model and the simplified methods from the standards are discussed. 

2 NUMERICAL MODEL 

2.1 Previous models review 

As a first step, some numerical models proposed by other authors to assess the HC slab 

behavior under fire conditions should be analyzed.  
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Dotreppe and Franssen [12] investigated thermal cracking and the degree of restrain 

influence in the fire behavior of HC slabs. For this purpose, they developed a finite element 

heat transfer model. Radiation inside the void was taken into account, proving its significant 

influence. Thermal results were subsequently transferred to the mechanical model. From the 

results obtained through this model it was concluded that restraint has a favorable effect both 

in shear capacity, because thermal cracking is reduced, but also in bending capacity, because 

restraining induces a reversed moment that counteracts deflection. 

Other finite element heat transfer model for HC slabs was developed by Venanzi, et al. [13] 

taking into account convection and radiation inside the holes. That model was satisfactorily 

validated with their own experimental results. Through these tests a premature collapse cause 

by spalling could be observed and a considerable reduction (around 50 %) of residual strength 

of HC after fire was evaluated. However these experiments were made using HC slabs produced 

with High Performance Lightweight Concrete (HPLWC) which is very unusual in the HC 

industry. 

The main objective of Fellinger et al. [14] was to assess shear and anchorage behavior of 

HC slabs. Thermomechanical behaviour was studied in a separate way by means of a heat 

transfer model and a mechanical model, both using the finite element method. Thanks to an 

accurate modeling of tensile concrete behavior at high temperatures, model from Fellinger 

introduced two important novelties: 

- Modeling of anchorage and shear tension was achieved obtaining a reasonable 

agreement between numerical results and test data. 

- Both splitting and longitudinal cracking were successfully reproduced. 

A thermo-mechanical model using the finite element method also was proposed by Shakya 

and Kodur [15] in order to study the effect of critical parameters such as fire scenario, load 

level, restrain conditions and aggregate type on the behavior of HC slabs under fire conditions. 
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Like Dotreppe and Fransen [12] this model also concluded that axial restraint provides a 

significant benefit on the fire response of HC slabs. A higher fire resistance was observed when 

using carbonate aggregate as compared to siliceous aggregate.  

In contrast to the previous authors, Chang et al. [16] decided to confront a more ambitious 

problem. They tried to reproduce the global behavior of a whole floor system composed of HC 

slabs. As an explicit modeling would have been numerically expensive, they built a simplified 

one based on a grid of beam elements. Concrete topping was also included by means of two 

dimensional shell elements. The model was able to capture the global behavior of the floor 

system as long as the shear influences were negligible. 

From the analysis of the previous modeling attempts, it can be noticed that all of them share 

an important characteristic: thermal calculations are considered to be independent of the 

mechanical behavior. This is a sequentially coupled analysis, i.e. both heat transfer and 

mechanical analysis can be performed independently. In addition, some previous models are 

able to reproduce the HC slab behavior as shear and flexural failure, thermal craking, etc. but 

in an unrelated way. In contrast, the aim of this research is the development of a unique 

numerical model to reproduce all these features.  

2.2 Geometry and finite element mesh 

In contrast with some works of other authors, who built an equivalent 2D model of the HC 

slab [13], this work aims to be more realistic and therefore a 3D finite element model was 

created, using the general purpose nonlinear finite element analysis package ABAQUS.  Only 

half of the slab was modelled because of the symmetry. With this purpose, 8-node linear 

hexahedra elements were used for meshing HC slabs. The prestressing strands were modeled 

as 2-node linear truss elements, 1D finite element, because of its small cross-section compared 

to the whole HC slab.  
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First order (linear interpolation) elements were used for both thermal and mechanical 

problems. In order to avoid incompatible strains leading to spurious stresses [17], [18], thermal 

strains are approximated one order lower than temperature [19]. A mesh of 2 cm was prescribed 

as in previous works from the authors [20]. This mesh can be seen in Figure 1. The mesh quality 

factor for hexahedra elements were an angle on quad faces range from 25 to 160 (average 

minimum angle: 73.41; average maximum angle: 106.36) and 1.86 of average aspect ratio 

(worst aspect ratio: 5.08). Strand was meshed with 1 cm element size. It should be noticed that 

the computational cost due to reinforcement is totally negligible compared to that required for 

analyzing the rest of the slab, and therefore its mesh was a little bit finer in order to ensure the 

quality of results. Truss elements are constrained to follow the response of the surrounding solid 

elements by defining an “Embedded element constraint”. 

Besides, as can be seen in Figure 1, when loading and support conditions were symmetric 

relative to longitudinal or transverse axes, only a half or a quarter of the HC slab needed to be 

modeled. 

 

2.3 Material properties 

Following the recommendations in Eurocode 2 (EC2) [10], which suggests that the influence 

of reinforcement on the temperature field can be neglected, only the thermal behavior of 

concrete was taken into account.  

From a previous experimental program performed by the same authors [11], concrete 

compressive and tensile strength, steel tensile strength, steel elastic modulus, concrete moisture 

content and aggregate type were obtained. Knowing these set of properties, a complete 

constitutive model for the materials is built in the following sections. 
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2.3.1 Thermal behavior of concrete 

Density, conductivity and specific heat are the three material properties that influence the 

heat transfer problem. All of them were considered to be dependent on the temperature, and 

EC2 values were applied [10]. In addition, EC2 accepts to take into account the energy 

consumption for vaporizing the moisture content of concrete as a peak in the specific heat 

between 100º and 200°C. This is neither the only alternative nor the most accurate one, as 

enthalpy might be used instead of specific heat in the heat equation, or even a full hygrothermal 

model might be solved. The magnitude of this specific heat peak defined by EC2 depends on 

the weight percentage of humidity. It is well-known that moisture vaporization leads 

temperature to be stabilized around 100°C while water content is consumed, which is 

commonly known as the temperature plateau. However, it was found that using a peak such as 

the one proposed by the EC2 gave systematically place to a rather unrealistic plateau, meaning 

that this plateau was not straight but significantly sloped instead (Figure 2b). For this reason, it 

was decided to modify the specific heat peak in order to improve results (Figure 2a). 

Considering that the area under the specific heat versus temperature curve represents energy, it 

was proposed to build a new peak containing the same area than the original one (i.e. the same 

dissipated energy) but reducing its temperature range of definition. Therefore, as the basis of 

the peak was reduced and the area did not change, the peak value increased. While the peak 

originally proposed by EC2 ranged from 100 to 200°C, the new one ranged from 100 to 120°C. 

In doing so, the new peak value could be calculated. Proceeding this way, a more realistic 

plateau was achieved (Figure 2b,c), or equivalently, moisture influence was simulated more 

accurately. 

However, it must be pointed out that creating this peak in the specific heat leads to some 

convergence difficulties. This is not a surprise, because the sharper the peak, smaller the time 

increments have to be in order to follow accurately the peak avoiding divergence.  
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2.3.2 Multi-axial mechanical behavior of concrete 

Because a three-dimensional finite element analysis of HC slabs is carried out, multi-axial 

behavior of concrete must be defined. ABAQUS includes several material models, among 

which Concrete Damaged Plasticity (CDP) allows capturing both fundamental types of failure 

of concrete: crushing and cracking. Details can be found in the following reference [19]. The 

tridimensional behavior is built from the uniaxial behavior of concrete (see Section 2.3.3) and 

some other parameters that are obtained from other previous works of the authors [21]. The 

parameters used for this model are the following: dilation angle of 15º, eccentricity of 0.1, initial 

equibiaxial to initial uniaxial compressive yield stress ratio of 1.16 and the parameter related to 

the shape of the yield surface in the deviatoric plane equal to 2/3. No variation of these 

parameters in terms of temperature was considered. Finally, damage parameters governing 

changes in the constitutive behavior due to a cyclic loading were included because even if the 

load is monotonic, some regions change from tension to compression (or vice versa) due to 

thermal effects. The damage variables, one for tension and other for compression, can take 

values from zero, representing the undamaged material, to one, which represents total loss of 

strength.  Values for these damage parameters for both tension and compression are taken from 

Cicekli et al. [22]. 

2.3.3 Uniaxial mechanical behavior of concrete at high temperatures 

Concrete exhibits strongly different behavior depending on whether compressive or tensile 

stresses apply. When HC slabs are subjected to bending, tensile stresses become more relevant 

than compressive ones and the stresses are transferred from cracked concrete to reinforcing 

steel. Tensile stresses also control the failure mechanism in case of shear loading, and they are 

responsible of thermal cracking and many other degradation processes of concrete. All these 

phenomena occur despite the initial compressive state conferred to the HC slab by prestressing. 
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For this reason, this work pays more attention to concrete modeling under tensile loading rather 

than under compression. Strain of concrete at high temperatures can be thought as the sum of 

four components, each of them representing different physical phenomenon [23]: 

trcrmth         (1) 

where th , m , cr  and tr  are thermal, mechanical, creep and transient creep strains, 

respectively. Creep strains, however, can be neglected due to the fact that time associated to 

fire testing is about minutes or hours while creep strains become significant for longer periods 

of time.  

Thermal strains are assumed to be isotropic and dependent on the type of aggregate (silicious 

or calcareous), the relation proposed by EC2 is selected. When concrete is composed of a 

mixture of aggregates, a linear interpolation is made depending on the percentage of each 

aggregate type. 

Compressive behavior 

EC2 suggests a uniaxial stress-strain relation for concrete under compressive loading at high 

temperatures which includes implicitly both mechanical and transient creep strains. This model 

has been chosen due to its simplicity provided that the influence of compressive behavior in the 

final response of HC slabs under flexural loading is not as decisive as it is for concrete filled 

tubular columns [20]. Beyond the maximum stress, a linear descending branch is assumed for 

compressive EC2 stress-strain relation. 

Tensile behavior 

Related with tension behavior of concrete, it is a quite classical assumption to consider 

concrete to behave as linear elastic up to its cracking stress. Beyond this point, concrete exhibits 

a brittle behavior and cracking takes place. Due to numerical convenience, cracking was better 
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described in terms of stress versus crack opening relations. Fracture energy is closely linked to 

these relations as it represents the area under the stress-crack opening curve. Different models 

were tested (bi-linear from Model Code [24], Fellinger [25]), but the one found to give the best 

results in terms of modeling consistency and numerical convergence was that originally 

suggested by Gopalaratnam and Shah [26], and used by other authors as Nielsen and Bicanic 

[27], Hegger et al. [28] (Figure 3): 
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ctt

G
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where: 

 

t  is the tensile stress retained at a given crack opening, w. 

ctf  is the tensile cracking strength. 

FG  is the tensile fracture energy. 

Notice that if temperature dependence of both cracking stress and fracture energy are known, 

the model is completely defined. Many authors have investigated how cracking strength evolves 

with temperature. For instance, Fellinger [25] provides a comparison of different works from 

which it can be concluded that results are strongly scattered. When comparing the evolution 

given by EC2 with the previous ones, it can be observed that EC2 proposal seems to be a sort 

of averaging. Given the uncertainty on this matter and the lack of evidences in favor of any 

model, the authors chose the EC2 proposal. 

Regarding fracture energy, it can be calculated at room temperature following Model Code 

[24]: 

18.073 cF fG        (3) 

Model Code [24] gives the temperature effect for increments up to 80°C, which is clearly 

insufficient for the purposes of this work. Other works on this matter have been studied by 
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Bazant-Zdenek [29] and Nielsen-Bicanic [27], finding a low increment on fracture energy up 

to 400º C and a final reduction beyond this temperature, however most of these observations 

are qualitative rather than quantitative. As a choice must be done, following these investigations 

and on the safe side, the authors propose using the Model Code [24] value up to 400 ºC and a 

subsequent decrease following the evolution of cracking stress provided by EC2 (kc,t from 

section 3.2.2.2 of EC2 Part 1-2) . 

,

,

           400º

( )· 400º

F

F
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G
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     (4) 

2.3.4 Uniaxial behavior of steel at high temperatures 

Steel behavior is assumed to be mainly explained in terms of only two kinds of strains: 

thermal and mechanical strain. Relaxation of steel starting from manufacturing until HC slab 

testing is taken into account as a part of the total loss of stress (see section 2.4). Therefore, 

stress-strain curves are taken from EC2, as well as thermal expansion of steel. It is worth 

reminding that as steel reinforcement is modeled by means of 1D truss elements (which can 

only carry uniaxial stresses) there is no need of defining a multi-axial behavior. 

2.4 Numerical modelling of prestress 

Reinforcement was considered to be perfectly bonded to concrete, which is a generally 

accepted simplification because modeling a realistic contact between steel and concrete 

increases dramatically the computational cost of the model. When assuming perfect bond, it is 

evident that the transmission length cannot be simulated in a natural way, and consequently an 

alternative technique was needed. Hegger et al. [28] proposed a quite simple procedure which 

has been followed in this work. This procedure consists in: 

- Firstly calculating the transfer length following EC2.  
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- Secondly estimating the final prestressing stress by taking into account the different 

stress loses (shrinkage, creep, relaxation, etc.) 

- And thirdly assuming a shape function (typically, linear or parabolic) for the 

evolution of the stress from the free end to the end of the transmission length (Figure 

4). 

The stress is equal to zero at the free end of the HC slab, reaching the final stress value at a 

length equal to the transmission length. In this research, losses of stress were estimated, because 

the complete history of each HC slab was not available. A prudent value of 30% was assumed 

in this work. In addition, it was also assumed that stress varies linearly from the free end up to 

the transmission length. 

2.5 Analysis procedure 

As the thermo-mechanical behavior is of interest, the analysis may be performed in two 

different manners: fully coupled and sequentially coupled approaches. The first approach is to 

consider a fully coupled thermo-mechanical problem, which implies to solve simultaneously 

both thermal and mechanical unknowns of the FE model. This is a general but computationally 

expensive procedure. The alternative consists in solving the heat transfer problem 

independently and afterwards imposing the temperature field into the mechanical model, as in 

previous works from the authors of this paper [20]. 

This last option, a sequentially coupled approach, was chosen due to its computational 

competitiveness. In addition, it is worth remarking that most of authors have also chosen this 

analysis procedure, [14], [15]. 

In summary, Figure 5 shows the general scheme of the followed analysis procedure. As can 

be seen, the model is composed of two sub-models, the thermal and the mechanical one. Indeed 
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the mechanical model needs the prestressing sub-model, which was explained before, and 

whose mission is to introduce the initial stress state into the reinforcing wires or strands. 

Taking into account all previously described models and sub-models, and following Figure 

5, the mechanical model runs as follows.  

- In first place, the initial stress state is imported from the prestressing sub-model. As 

the reinforcement is perfectly bonded to the concrete, the prestressing force is 

transmitted to the HC slab and as a result concrete acquires a precompression. This 

procedure can be seen as a condensation of the HC slab industrial manufacturing 

process, provided that until this point the only task that has been done is to set the 

HC slab model into similar conditions with respect to the real HC slab. However, it 

is well-known that some time-dependent phenomena take place, like for instance 

relaxation of steel. This means that the initial stress state due to prestressing depends 

on the HC slab age, among other parameters, which in general are difficult to control. 

Therefore the loss of prestress had to be estimated, as explained in the precedent 

section. In doing so, it is considered that at the end of the prestressing stage, the HC 

slab model is representative of the real stress state of the HC slab. 

- The second step consists in applying the same load, a percentage of the maximum 

load capacity at room temperature, which was applied in the tests, in order to be able 

to validate numerical results. In general, this load is maintained during the test. 

- Thirdly, the temperature field is imported from the thermal model. This is a time-

dependent field which induces thermal strains and degradation of material properties 

among other phenomena. The calculation is stopped when the HC is so damaged that 

convergence cannot be achieved. 
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2.6 Thermal analysis 

A three-dimensional model was developed in order to simulate the heat transfer problem. 

On the contrary to previous works that preferred two-dimensional models, the model proposed 

in this paper is able not only to reproduce the general thermal behavior but also to capture the 

border effects and their influence in the mechanical behavior. In addition, if the same mesh 

topology is used for both thermal and mechanical problems, the temperature field can be easily 

transferred from the thermal to the mechanical problem so that interpolation errors due to 

mapping between dissimilar meshes are avoided. 

Testing facilities allowed achieving a uniform fire exposure, that is to say the gas 

temperature did not vary significantly over the exposed surface. The standard fire curve ISO834 

was almost perfectly followed in all validation cases. 

As HC slabs were heated from below and their lateral sides were insulated, the only exposed 

surface was considered to be the HC slab bottom surface. Other four types of boundaries can 

be identified (Figure 6): 

- Insulated surfaces. Those covered with insulation panels in such a way that no 

appreciable gain or loss of heat was produced through themselves. 

- Symmetry surfaces. This type of boundary allows reducing the model size without 

losing accuracy. As in the previous case, a zero flux boundary condition is 

prescribed (adiabatic). 

- Unexposed surfaces. Those exposed to room conditions, and in consequence, 

subjected to convective and radiative heat exchanges. 

- Hollow core surfaces. Due to the presence of voids, it seems to be clear that radiation 

flux is established between the lower (hotter) area and the upper (colder) area of the 

void. Radiation is modelled through the average-temperature radiation capability of 

ABAQUS [19]. It constitutes and approximation of the radiative problem inside the 
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hollow core, as heat flux is established between the hollow core surfaces and an 

average temperature of the hollow core. Therefore, the view factors computation is 

avoided. However, air inside voids was not allowed to be renewed and therefore its 

temperature is expected to rise up as the test develops. This assumption implies that 

a convective heat exchange will also occur inside the void. However, it must be 

noticed that the evolution of air temperature inside the voids is completely unknown. 

Some authors have suggested to consider that the air temperature is uniform inside 

the void, i.e. there is no stratification, and that it follows the average temperature of 

the void surfaces. Equation (5) reflects this assumption. This estimation is based on 

the fact that the specific heat of air is much lower than that of concrete. 

𝑇𝑎 =
1

𝑆
∮𝑇𝑑𝑆      (5) 

Coefficient of heat transfer by convection (film coefficient) as well as concrete emissivity 

are taken from Eurocode 1 Part 1.2 [30]. In particular, the film coefficient is taken equal to 25 

W/m2/K on the exposed surface. On the unexposed surfaces a film coefficient of 4 W/m2/K has 

been considered. Regarding the hollow core surfaces, there is a lack of knowledge on the proper 

value of the film coefficient. A value of 25 W/m2/K was found to give the best results. On the 

other hand, a concrete emissivity of 0.8 was considered whereas shape factors are automatically 

computed by ABAQUS for the different faces that constitute the hollow core. 

As it was said before, the problem to be solved is transient and non-linear, meaning that a 

linearization procedure is mandatory where a Newton-Raphson linearization was used. A time-

integration scheme is required as well and the backward difference algorithm was applied, 

leading to an implicit system which is, from a theoretical point of view, unconditionally stable. 
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2.7 Mechanical analysis 

2.7.1 Support conditions and loading 

Support and loading conditions are created aiming to reflect real conditions during tests. 

Usually single HC slabs bears on a metallic frame and therefore slabs could slip over it and 

rotate. A contact interaction needs to be defined in order to allow such a behavior. This contact 

interaction is defined by the normal and tangent behavior. Normal behavior is defined in such 

a way that support penetration into the HC slab is not allowed. Enforcing this requirement 

strictly implies using Lagrange multipliers, which was found to induce some convergence 

difficulties and increased numerical cost. For this reason, a penalty method was applied instead. 

This method avoids Lagrange multipliers by using contact stiffness, so that numerical 

difficulties were relaxed. When the HC slab tries to become separated from the support, there 

is no force counter-acting this movement. This means that pressure from the HC slab to the 

support can only be transferred if clearance between both of them is zero.  

Regarding the tangential contact behavior, it is defined using a Coulomb friction model. This 

kind of model defines a critical shear stress as a fraction of the contact pressure between the 

surfaces. This fraction is the friction coefficient, µ, which is chosen equal to 0.3 after a 

sensibility analysis carried out. When shear stress exceeds the critical value at a given node, 

this node starts slipping and therefore a series of iterations are needed to reach convergence. 

In the numerical model developed, the load was applied through a rigid plate. It was chosen 

to be rigid because the loading device stiffness in the tests was much greater compared to that 

of the HC slab. In addition, the plate was allowed to move only in vertical direction. However, 

the HC slab should be allowed to slip and to become separated from the plate as well. For this 

reason, a contact interaction between the loading plate and the HC slab was defined in the same 

terms as stated before regarding the support condition. 
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In some cases, when loading and support conditions were symmetric relative to longitudinal 

or transverse axes, only a half or a quarter of the HC slab needed to be modeled. In consequence, 

a half or a quarter of the test load was applied. 

2.7.2 Resolution process 

The multiple sources of non-linearity that take place within the mechanical model require 

defining how they are treated in order to achieve a solution. Non-linearity comes from material 

behavior (inelasticity), geometric non-linearity (great displacements) and contact interactions.  

A quasi-static analysis was performed, meaning that inertia effects are neglected. Loading 

was kept constant during the analysis, and therefore the thermal loading is the only action which 

varies during the time. However, it must be clarified that time was not a true variable since 

inertia forces were neglected and constitutive equations are not time-dependent. In 

consequence, there is no need of a time integration scheme. On the contrary linearization is 

compulsory, and the Newton-Raphson algorithm was applied. 

3 VALIDATION OF THE NUMERICAL MODEL 

Throughout this section, both thermal and mechanical models are validated using a previous 

experimental program from the same authors [11] and test results from literature. It is important 

to remark the difficulty of using test results from other authors because of the heterogeneity of 

test configurations. 

3.1 Mechanical response at room temperature 

The first step was the validation of the numerical model described previously through 

experimental tests at room temperature from bibliography. Specifically tests from Fellinger and 

Hegger were used [25], [5]. The geometric characteristics of these specimens are shown in 

Table 1. 
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All of these tests were carried out with the load placed eccentrically respect to the mid-span, 

similar to the standard shear test loading scheme. Deeper details about test conditions and 

results are presented in references [25] and [5]. Cross-section shape of these specimens are 

displayed in Figure 7. 

Two different failure mechanisms can be distinguished. Most specimens showed shear 

tension failure mechanism although two of these tests collapsed through flexural failure.  This 

fact is useful to check the goodness of the FE model in different failure scenarios.  

The main result observed is the maximum load capacity. FE model presents an accurate 

prediction, under shear and flexural failure mechanisms, in all specimens with an average error 

of 1.00 and standard deviation of 0.05, see Table 2 and Figure 8. 

3.2 Thermal response 

After the validation of the numerical model at room temperature, the next step, in a 

sequential process, was the thermal sub-model validation. The cross section shape of the 

specimens used for both thermal and mechanical validation at high temperature are displayed 

in Figure 9, also Table 3a and 3b show their geometry. 

Specifically, the validation of thermal sub-model was carried out through test from Aguado 

et al. [11] and Fellinger [25]. Temperature profiles along cross-section were registered for three 

different slabs from Fellinger (A200, HV260, K400) and one from Aguado (HC25-A2). Figure 

10 compares test and FE results at different fire exposure times (30, 60, 90), it should be noted 

that not all specimens were validated at same fire exposure time because of their different 

failure times. In test from Fellinger, despite measured temperatures were only available up to 

0.20 m away from the exposed surface (where thermocouples were experimentally placed), 

numerical prediction was depicted along the entire cross section. 
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In all cases shown in Figure 10, a good correlation was achieved between test and numerical 

results, therefore the thermal model can be considered successfully validated. 

3.3 Mechanical response at high temperature 

The last step in this validation process and the main target of this work is the validation of 

the mechanical model at high temperature. Some of the specimens shown in Figure 9 and 

detailed in Table 3a and 3b were used to achieve this aim, specifically slabs HC25-A1, HC25-

A2, HC25-A3 and HC25-A4 from Aguado et al. [11] test; slab SP22 from tests from Andersen 

and Lauridsen [31] and finally specimens X200, VX265 and XB200 from test from Fellinger 

[25]. 

Using this slab collection, the numerical model was validated under three different test 

scenarios. The first one corresponds to test from Aguado et al. [11], which enables the numerical 

model to be checked under flexural behavior and moderate load ratios. The second scenario 

was conceived by Andersen [31] tests, which used a four-point test setup (flexure test) but with 

high load ratios, leading to shear failure near the supports. These scenarios fit with flexural tests 

configuration shown in Figure 11a. Finally, the third scenario was taken from Fellinger [25] as 

a shear test (Figure 11b), discarding those slabs which exhibited anchorage failure because the 

numerical model is unable to reproduce this type of failure. This last scenario allows validating 

the numerical model against shear loading (i.e. load applied at 2.5 times the height of the slab 

from the support).  

Therefore, the numerical model was able to predict flexural failure when a four-point test 

setup was used (first scenario), but also predicted shear failure in the same test conditions 

(second scenario). Furthermore, when a shear test configuration was considered, the model was 

still able to predict shear failure (third scenario, VX265 slab) and flexural failure as well (third 

scenario, X200 and XB200 slabs). This means that regardless of the test configuration, the slab 
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geometry or the load level, the numerical model was able to predict the failure mechanism 

giving good predictions.  

Figure 12 and Table 4 show quantitative results of this validation, analyzing all scenarios 

together. An accurate prediction in terms of failure time can be observed, with 1.10 average 

error, which lies on the safe side, and 0.08 standard deviation. 

However, the numerical moldel’s prediction for specimen HC25-A3 is not satisfactory, since 

a 22% error (19 minutes) was observed. Although further research is needed, a possible 

explanation is given here. As discussed in [11], strands tend to produce splitting (radial cracking 

around the reinforcement), while wires do not. It was observed that moisture migrated from 

concrete to the channels created by splitting around the strand. It condensed and flowed through 

these channels, creating a thermal gap between concrete and steel. This conjecture, if 

demonstrated, would compromise the widely accepted hypothesis which states the concrete-

steel thermal compatibility. 

Observe that specimen HC25-A3 is the only one with strands placed in the second row, see 

Table 3b. In that position, the concrete cover is minimum which favors the splitting cracking, 

which occurred in fact. An hygrothermal modelling, which is outside of the scope of this work, 

would be needed to reproduce the described phenomenon. 

In the next sections, the results achieved in each test scenario will be developed and 

explained. 

3.3.1 First scenario: four point setup and moderate load ratio 

Details of these tests can be found in [11], which a moderate load ratio (36%) is used. Figure 

13 compares mid-span deflection measured for HC25-A2 slab and the calculated one, showing 

a good fitting. The numerical model is able to capture the flexural failure mechanism. Thermal 

stresses lead to web cracking during the first 20-30 minutes of fire exposure. After that, 
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deflection rate is stabilized until reinforcement yields leading to final failure. The numerical 

results do not fit the experimental measures during the final stage due to convergence 

difficulties found.  The reasons for this inability must be further investigated. However, the 

influence of this issue is limited because the final stage develops quite rapidly, and therefore 

the model is still able to produce reasonably good predictions in terms of failure time, as 

explained in section 3.3. 

In the tests from Aguado et al. [11], the different crack patterns observed were described. In 

particular, flexural cracking, thermal cracking, longitudinal cracking and splitting were 

reported. Figure 14 shows that the numerical model is capable to reproduce all types of cracking 

except splitting, since perfect bond between concrete and steel was considered. In order to show 

crack patterns in the numerical model, the variable PEEQT (Equivalent plastic strain in uniaxial 

tension) is plotted. Specifically, Figure 14a depicts longitudinal cracking which splits the HC 

slab into individual ribs, occurring through the thinnest cross-section, which is located at both 

the bottom and top part of the core. Figure 14b shows how the flexural cracks grow up from the 

bottom to the top. In addition, these cracks merge with thermal cracks which grow up through 

the webs during the first stage of fire exposure. It can be also seen that these cracks are perfectly 

vertical in the central zone. Finally, Figure 14c shows the HC slab from its bottom surface, 

where the flexural cracks can be observed in the central zone, distributed in a uniform pattern 

since the moment applied is constant through the central zone.  

Figure 15 shows another prove of the numerical model capability to reproduce thermal 

cracks. Longitudinal stresses along web height are shown from their initial state until certain 

fire exposure times. The initial linear stress field due to prestress and load can be observed as 

well as its transformation during fire to tension in the central zone and compression on top and 

bottom flanges. This tension in the central zone is the cause of the thermal vertical cracks.  
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Another additional view of flexural failure under fire through the numerical model is shown 

in Figure 16, where stress and temperature in different tendons are plotted. Through this figure 

an explanation of their behavior can be achieved. As tendons reach the thermal plateau, they 

start to relieve stresses. Besides, it can be observed that as those tendons which are more 

exposed to fire relieve their stresses, the more protected ones increase their stress level in order 

to supply enough strength to the section to counter-act the load. However, this mechanism 

works only up to the point where the next tendon also reaches its temperature plateau and starts 

to relieve its stress. 

3.3.2 Second scenario: four point setup and high load ratio 

In order to check the validity of the numerical model in different load conditions, SP-22 slab 

test from Andersen [31] was considered. A load ratio of 100% was reported by Andersen [31]. 

Loading was arranged in order to reach both bending and shear ratios simultaneously, although 

this load represents a 90% of the shear capacity according to EN1168 Annex G. Even though a 

four point flexural test arrangement was used, this slab failed due to shear. This occurred 

because of the infrequent high load ratio applied. The numerical model is capable to reproduce 

this situation, achieving a good correspondence between both calculated and measured mid-

span deflections (Figure 17). 

3.3.3 Third scenario: shear test 

In this third scenario, the loading conditions are varied by moving from a four point test 

arrangement to a shear test conditions, where the load is placed eccentrically at 2.5 times the 

slab height from the support axis (Figure 11b). The test results were taken from Fellinger [25], 

in this case double rib specimens were used (cut from the entire HC slab) thus the numerical 

model comprised such geometry. 
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On the one hand X200 and XB200 specimens showed a flexural failure, see Table 4. These 

experiments were carried out in a different way from a standard experimental test process. Both 

specimens reached 120 minutes fire endurance without collapse, so at that moment the load was 

increased gradually up to failure. In these cases, comparison should not be made between test 

and numerical model in terms of failure time because it was fixed, however a good fitting in 

ultimate load value can be observed. 

On the other hand, specimen VX265 showed a shear failure (Figure 18). This experiment 

was performed in the standard way and a suitable value of failure time was achieved. 

3.4 Qualitative validation of crack patterns 

The numerical model presented in this paper enables to get insight in the understanding of 

the thermo-mechanical behavior of HC slabs at high temperatures. In particular, a correlation 

is established between the cracking patterns and the failure mechanism under both flexural and 

shear loading.  

3.4.1 Flexural failure 

In test from Aguado et al. [11], three different stages were identified by means of the 

deflection rate recorded during the tests (Figure 13). The first stage comprised around 20 

minutes from the beginning of the fire testing. During this period, a remarkably high deflection 

rate was observed. The numerical model enables drawing an explanation based on the thermal 

cracking developed through the webs, confirming the assumption done in [11]. 

Once the web is fully cracked, the loss of stiffness is moderated and the second stage begins. 

Both moisture vaporization and progressive softening of the standard fire curve ISO834 

contributed to delaying the rise in temperature, and thus deflection mainly took place because 

of the progressive degradation of material properties.  
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The second stage concluded when most of the steel reinforcement lost its strength (Figure 

16) and the deflection rate increased quickly. Afterwards, during the third stage, the HC slab 

fully lost its load-bearing capacity and a high deflection rate was observed up until the test was 

finished. 

3.4.2 Shear failure 

Shear failure is essentially a brittle failure, even at high temperatures. The numerical model 

enables drawing an explanation which agrees with work of Borgogno and Fontana [32] as 

thermal cracking developed through the web (Figure 15) interacts with shear stresses and is 

favorable to failure. This type of crack pattern can be observed in Figure 18. 

4 INFLUENCE OF DESIGN VARIABLES 

Once demonstrated the validity of the numerical model and its accurate behavior, a 

numerical analysis was carried out in order to know the influence of some key parameters in 

the mechanical response. Specifically, the type of aggregate and concrete strength were 

evaluated. 

4.1  Aggregate type 

The aggregate type has influence in the thermal expansion of concrete, in its strength 

evolution at high temperature and in the temperature development of the cross-section, through 

its conductivity. This influence comes from concrete material model suggested by EC2. 

Siliceous and calcareous aggregates can be distinguished but also a mixture can be used. 

Three HC slab numerical models were developed with the aggregate type being the only 

difference between them. The mechanical response of the different models is shown in Figure 

19. 
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These results show the high influence of the aggregate type in the mechanical response of 

HC slabs at high temperatures. A mixture containing only siliceous aggregates exhibits a greater 

loss of stiffness and a higher deflection because of its higher thermal expansion and lower 

strength at high temperatures, which results in a faster thermal cracking. On the contrary a 

mixture containing only calcareous aggregates shows a smaller loss of stiffness and lower 

deflection. These conclusions agree with results from Shakya and Kodur [15].  

Moreover, a mixture containing 50% calcareous and 50% siliceous shows an intermediate 

behavior. Therefore, a gradual response can be assumed between 100 % calcareous and 100 % 

siliceous depending on the percentage of each aggregate type in the mixture. 

4.2 Concrete strength 

Other evaluation of a design variable was carried out with concrete strength. Like in the 

previous assessment, the rest of variables were fixed, being the concrete strength the only 

difference between them.  

Three numerical models were developed with a concrete cylinder strength of 57.2 – 50 – 40 

MPa using a 100 % calcareous aggregate mixture in all of them. The mechanical response (mid-

span deflection) of these models is shown in Figure 20. 

It can be observed that the mechanical response with these three values of concrete strength 

is very similar. It is important to point out that these numerical simulations were conducted up 

to flexural failure considering a four point test setup. Therefore, the similar behavior in all 

specimens despite their different concrete strength can be explained because of the tensile 

capacity of the tendons is the main mechanism against flexural failure. Thus, the only difference 

in their behavior is the compression area which is located in the unexposed side and not affected 

by thermal degradation. 
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5 COMPARISON WITH SIMPLIFIED DESIGN METHODS 

In this section, the numerical model is used to study and discuss the provisions in EC2 [10] 

and EN1168 [33] simple calculation method. Specifically, EC2 annex B.1 gives the 500ºC 

isotherm simplified method to calculate the ultimate bending moment for a specific time of fire 

exposure. This method reduces the HC slab cross-section by excluding any concrete at a 

temperature over 500 ºC, preserving concrete mechanical properties at room temperature while 

it is below 500 ºC. In this method, the mechanical properties of steel reinforcement are 

decreased according to the individual temperature of each wire or strand using EC2 section 

4.2.4.3 reduction factors. 

Therefore, 500 ºC isotherm simplified method requires a previous analysis of the cross-

sectional temperature field of the slab, exposed from its bottom surface to a standard fire, in 

order to establish each tendon temperature and the concrete cross-section portion which lies 

below 500 ºC. EN 1168 annex G.1.2 provides specific hypothesis to establish this temperature 

field as a uniaxial profile in HC slabs. In this standard, the a50% level is defined, where the total 

web width is equal to the total core width. Below this level, the temperature profile can be 

assumed as that in concrete slabs provided by EC2 figure A.2. Otherwise, over a50% level, a 

linear profile can be assumed with top surface 160 ºC hypothesis. 

In this research, a finite element model was developed and calibrated, which can reproduce 

both bending and shear failure under fire exposure. Thus, this numerical model can be also used 

to assess EN 1168 Annex G.1.3 design method to calculate shear fire resistance of HC slabs, 

which provides the next formula: 

 , , .1 .2· · ·Rd c fi k wV C C b d        (6) 

where: 

.1C  is the coefficient accounting for concrete stress under fire conditions:   
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The variables needed to evaluate the last formula ( , , ,R a fi pF , , ,R a fiF , , ,c fi mf , etc.) can be 

obtained from EN 1168 [33]. 

The comparison between numerical and simplified method results are shown in Table 4 and 

Figure 21. The same specimens used before to validate numerical model at high temperatures 

were analyzed. Through the previously explained simplified methods to assess the failure time 

under bending and shear failure, the expected failure mode can be predicted. When the 500ºC 

isotherm method provides a lower failure time than EN 1168 shear model at high temperatures, 

flexural failure can be expected. On the contrary, when EN 1168 shear model at high 

temperature provides a lower failure time than the 500ºC isotherm method, a shear failure can 

be expected. 

In the tests from Aguado et al. [11] and Andersen and Lauridsen [31], the simplified methods 

predict correctly a flexural failure mode that occurs in both numerical model and experimental 

test, however the failure time is not always predicted on the safe side with an average error of 

0.93 and standard deviation of 0.30, see Table 4. In turn, regarding to tests from Fellinger [25], 

which were carried out under shear loading conditions, the simplified method prediction of 

failure mode is correct in VX265 slab which shows a shear failure mode around 30 minutes 

with EN 1168 shear model. Also it is interesting to observe that the simplified methods do not 

predict shear failure in XB200 specimen before 120 minutes. This prediction matches with 
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experimental and numerical observation for this specimen, where failure did not occur before 

120 minutes of fire exposure and the slab was further loaded up to failure. However, specimen 

X200 showed the same experimental and numerical behavior than XB200 but the simplified 

method predicted a premature shear failure at 75 minutes that did not occur. 

In all, although the limited number of tests available for comparison do not make it possible 

to establish solid conclusions, it can be observed that the simplified method predictions leads 

to scattered results. A deeper analysis should be carried out in order to generalize these findings. 

6  CONCLUSIONS 

In this work, an advanced numerical model for predicting the thermo-mechanical behavior 

of HC slabs was presented and deeply described. This numerical model considered the full 3D 

slab geometry and included realistic material behavior (inelastic behavior both in tension and 

compression). The numerical model was successfully validated under different failure scenarios 

and, as a consequence, it was able to predict the failure mode (bending or shear) as well as 

thermal, flexural and longitudinal cracking. The internal behavior of thermal cracking was fully 

understood through the model developed and, the influence of some design variables was 

studied, observing a better fire behavior of calcareous aggregate concrete. Besides, no 

significant differences were observed when using different concrete strengths. Finally, after an 

evaluation of the current code provisions, it was found that the simplified method predictions 

leads to scattered results, therefore a deeper analysis should be carried out. 
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Figure 1. a) Cross-sectional mesh. b) General view of the mesh 
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a) 

 
b) 

 
c) 

 
 

Figure 2. Specific heat of concrete. a) Comparison between EC2 and proposed model. b) Improvement of the 

numerical response (125mm from the bottom surface). c) Improvement of the numerical response (39.5 mm 

from the bottom surface) 
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Figure 3. Tensile stress versus crack opening relation, [27], [28]. 
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Figure 4. Transmission length and shape function 
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Figure 5. General scheme of the numerical model 
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Figure 6. Boundary surfaces of the thermal model 
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Figure 7. Cross-section and reinforcement arrangement of the HC slabs used for validation at room 

temperature [5], [25] 
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Figure 8. Comparison of numerical and test results at room temperature 
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Figure 9. Cross-section and reinforcement arrangement of the HC slabs used for validation at high 

temperature [11], [25], [31] 
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Figure 10. Comparison of temperatures from numerical model (FE) and experimental test  
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Figure 11. Test scenarios   
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Figure 12. Comparison of numerical and test results at high temperature 
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a) 

 
b) 

 
Figure 13. HC25-A2. a) Mid-span deflection. d) Deformed shape 
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Figure 14. Cracking patterns HC25-A2. a) Longitudinal cracking near the support. b) Thermal and flexural 

cracking near the central area. c) Bottom view of flexural cracking 
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Figure 15.HC25-A2 Stress evolution from numerical model along web height 
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Figure 16. HC25-A2 Stress and temperature evolution in tendons from numerical model 
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Figure 17. SP-22 mid-span deflection 
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Figure 18. VX265 Shear failure from numerical model 
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Figure 19. Mechanical response with different aggregate type mixture 
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Figure 20. Mechanical response with different concrete strength 
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Figure 21. Comparison between numerical and simplified method results at high temperatures 

 

 

 

  

0

20

40

60

80

100

120

0 20 40 60 80 100 120

F
a

il
u

r
e
 t

im
e
 -

N
U

M
 (

m
in

)

Failure time - Simplified Method (min)

SAFE

UNSAFE

HC25-A1 

HC25-A2 
HC25-A3 

HC25-A4 

SP22 



Aguado JV, Albero V, Espinos A, Hospitaler A, Romero ML. A 3D finite element model for predicting the fire behavior of hollow-

core slabs. Eng. Struct. 2016; 108C:12-27. doi: 10.1016/j.engstruct.2015.11.008 

55 

 

Table 1. Geometry of the specimens used in the numerical simulations at room temperature 

Geometric parameters 

Source Id. H B Nw/Ww Nh/Wh Hh TFt BFt 

Fellinger 

[25] 

X200 / XB200 200 1200 8/42 7/115 130 38 32 

VX265 265 1200 6/38 5/185 185 40 40 

K400 400 1200 5/70 4/212 320 40 40 

Hegger 

[5] 

MV5/265 265 1200 6/55 5/167 200 35 30 

VMM VSD25 250 1200 12/40 11/60 180 35 35 

Reinforcement parameters 

Source Id. 

Axis distance (mm) / Reinforcement 

Ap 

Row 1 Row 2 Row 3 

Fellinger 

[25] 

X200 30/8φ9.3 165/4φ5 - 494.5 mm2 

XB200 45/8φ9.3 165/4φ5 - 494.5 mm2 

VX265 40/6φ13 - - 600 mm2 

K400 40/8φ13 88/8φ9.3 360/2φ6.9 1365.6 mm2 

Hegger 

[5] 

MV5/265 41/12φ13 230/2φ9.3 - 1304 mm2 

VMM VSD25 42/12φ13 222.5/2φ5 - 1239.3 mm2 

 

H: Slab height 

  

Wh: Hole width 

B: Slab width  Hh: Hole height 
Nw: Number of webs  TFt: Top flange thickness 

Ww:  Web width  BFt: Bottom flange thickness 

Nh: Number of holes  Ap: Prestress area 
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Table 2. Comparison of numerical and test results at room temperature 

Source Id. 

Failure Mode 

Vu,Test (kN) Vu,NUM (kN) 
ξVu 

(Test/NUM) Test Num 

Fellinger 

[25] 

X200  Flex 66.63 66.63 64.36 1.04 

XB 200 Flex. 59.50 59.50 60.86 0.98 

VX265 Shear 92.03 92.03 86.40 1.07 

K400 Shear 214.37 214.37 233.86 0.92 

Hegger 

[5] 

MV5/265 Shear 286.80 286.80 289.45 0.99 

VMM VSD25 Shear 319.20 319.20 309.18 1.03 

    Average ξVu 1.00 

    Standard deviation 0.05 
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Table 3a. Geometry of the specimens used in the numerical simulations at high temperature 

Geometric parameters 

Source Id. H B Nw/Ww Nh/Wh Hh TFt BFt 

Aguado et al. 

[11] 

HC25 

[A1-A4] 
250 1200 10/42 9/79 194 28 28 

Andersen and 

Lauridsen 

[31] 

SP22 220 1200 8/36 7/114 149 35.5 35.5 

Fellinger*1 

[25] 

A200 200 314 2/40 1/117 130 38 32 

X200/XB200 200 314 2/42 1/115 130 38 32 

VX265 265 446 2/38 1/185 185 40 40 

HVP260 260 450 2/65 1/160 180 40 40 

K400 400 564 2/70 1/212 320 40 40 

(*1): Double ribs were tested 
H: Slab height 

  
Wh: Hole width 

B: Slab width  Hh: Hole height 

Nw: Number of webs  TFt: Top flange thickness 
Ww:  Web width  BFt: Bottom flange thickness 

Nh: Number of holes   
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Table 3b. Reinforcement parameters of the specimens used in the numerical simulations at high temperature 

Reinforcement parameters 

Source Id. 

Axis distance (mm) / Reinforcement 

Ap
*1 

Row 1 Row 2 Row 3 Row 4 Row 5 

Aguado et al. 

[11] 

HC25-A1 22.5/12φ5 39.5/4φ5 56.5/2φ5 210.5/4φ5 - 432.0 mm2 

HC25-A2 22.5/4φ9.3 39.5/4φ5 56.5/2φ5 73.5/2φ5 210.5/4φ5 443.6 mm2 

HC25-A3 22.5/4φ5 39.5/4φ9.3 56.5/2φ5 73.5/2φ5 210.5/4φ5 443.6 mm2 

HC25-A4 39.5/4φ9.3 56.5/8φ5 210.5/4φ5 - - 443.6 mm2 

Andersen and 

Lauridsen 

[31] 

SP22 29.7/8φ9.3 - - - - 416.0 mm2 

Fellinger 

[25] 

A200 30/8φ9.3 165/4φ5 - - - 494.5 mm2 

X200 30/8φ9.3 165/4φ5 - - - 494.5 mm2 

XB200 45/8φ9.3 165/4φ5 - - - 494.5 mm2 

VX265 40/6φ13 - - - - 600 mm2 

HVP260 40/6φ13 179/2φ9.3 - - - 704 mm2 

K400 
40/8φ13 88/8φ9.3 

360/2φ6.9 - - 
1365.6 

mm2 

(*1): Total strand area for equivalent 1200 mm HC slab. 
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Table 4. Comparison of numerical, test and simplified methods results at high temperature 

 

Source Id. Test type η 

Test results Numerical Simulations Simplified Methods 

Failure 

time (min) 

Failure 

Mode 

Failure 

time (min) 

Failure 

Mode 

ξt 

(Test/NUM) 

ξVu 

(Test/NUM) 

Failure 

time 500IM 

(min) 

Failure time 

V-EN1168 

(min) 

Failure 

Mode 

ξt 

(NUM/Simp)
 

Aguado et al. 

[11] 

HC25-A1 Four point 0.36 84 Flex. 77 Flex. 1.09 - 64.0 130.4 Flex. 1.20 

HC25-A2 Four point 0.35 96 Flex. 88 Flex. 1.09 - 71.8 146.6 Flex. 1.23 

HC25-A3 Four point 0.36 105 Flex. 86 Flex. 1.22 - 91.9 150.2 Flex. 0.94 

HC25-A4 Four point 0.37 92 Flex. 81 Flex. 1.14 - 107.0 151.3 Flex. 0.76 

Andersen and 

Lauridsen 

[31] 

SP22 Four point 1.00 26 Shear 24 Shear 1.08 - 47.3 51.0 Flex. 0.51 

Fellinger 

[25] 

X200 Shear test 0.16 120 Flex. 120 Flex. - 1.14 114.9 75.4 Shear - 

VX265 Shear test 0.23 35 Shear 36 Shear 0.97 - 137.9 < 30 Shear - 

XB200 Shear test 0.18 120 Flex. 120 Flex. - 0.99 154.1 122.1 Shear - 

     Average ξt 1.10   Average ξt 0.93 

     Standard deviation 0.08   Standard deviation 0.30 


