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Abstract. The paper addresses the problem of numerical modelling of sandwich panels  

exposed to fire temperatures. A complex spatial model is presented that takes into account 

the variation of material parameters with temperature. A cohesive interaction is defined  

between the panel layers, for which damage initiation and propagation criteria are provided. 

Thermal conductivity and radiation are also determined for this interaction and possible  

separation. In addition, support conditions simulating the experimental test conditions were 

defined. A combination of classical contact and point interactions using connectors is used 

for this purpose. The model is used to simulate fire exposure and compared with experimental 

results. The obtained results confirm that the model is suitable for predicting the general trend 

of panel behaviour during fire. 
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1. Introduction 

Sandwich panels are commonly used in construction as walls or roofs [1], but 

similar sandwich structures are also used in advanced industries [2, 3]. The panels 

consist of two thin but rigid facings and a thick but shear-deformable core. One of 

the most interesting, yet challenging, issues related to sandwich panels is their  

behaviour under fire-related temperatures. Under high temperatures, the core layer, 

designed as a thermal barrier, deteriorates significantly, while the face layers are 

subjected to thermal stresses that can lead to delamination or structural failure.  

The coupling of mechanical and thermal fields makes it difficult to accurately predict 

the mechanical behaviour and structural integrity of panels. 
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To address this challenge, numerical modelling approaches that incorporate both 

thermal and mechanical effects have been developed. Coupled thermo-mechanical 

analyses have proven effective in capturing the intricate behavior of materials under 

thermal loading, including simulating the displacement and failure of sandwich  

panels during fire exposure [4]. The problem of the response of a sandwich panel 

exposed to fire or another source of elevated temperature on one of its surfaces was 

addressed in [5], where the first-order shear strain theory was applied. This paper 

takes into account the dependence of the mechanical properties of materials on tem-

perature. The nonlinear behaviour of sandwich panels with compliant cores with 

temperature-dependent mechanical properties was presented in [6], but a more com-

plex approach based on a higher-order sandwich panel was used. A thermomechan-

ical model predicting the temperature distribution, decomposition, softening, and 

failure of sandwich structures in fire was developed in [7]. This model takes into 

account thermochemical decomposition in the facings and the effect of thermal  

resistance on interfacial contacts. A thermomechanical model predicting the temper-

ature increase, softening rate, failure time, and failure mechanism of a sandwich 

composite under combined tensile loading and unilateral fire heating was presented 

in [8]. This is one of the few studies that considered the case of tensile loading.  

A general three-dimensional numerical model based on the finite element method 

suitable for predicting the thermomechanical behaviour of reinforced concrete load-

bearing walls exposed to fire was presented in [9]. The proposed model takes into 

account critical parameters determining the fire resistance of walls, such as the wall 

slenderness ratio, support constraints, and temperature-dependent properties. In [10], 

experimental results and material models were described. A finite element (FE) 

model was developed using commercial advanced software to investigate the fire 

resistance of composite sandwich panels. The developed model was validated with 

available fire test data. A critical review of progress in the structural analysis and 

modelling of composite materials in fire was presented in [11]. The authors indicated 

that further analysis and validation based on experimental data is necessary. In par-

ticular, the effect of fire-induced damage, such as delamination cracks and skin-core 

debonding, on the heat flow process should be considered. 

Despite the above-mentioned findings, advantages, and applications of sandwich 

panel systems, very few studies in the literature address their fire resistance behav-

iour at full scale or under real conditions. On the other hand, predicting thermome-

chanical behaviour is crucial for improving the design and safety of sandwich panel 

systems subjected to fire [12]. Therefore, this paper presents an attempt to apply 

advanced numerical methods to simulate the behaviour of sandwich panels under 

fire temperature exposure. 

2. Problem formulation 

Sandwich panels used in construction are susceptible to structural degradation  

in the event of a fire due to high temperatures, changes in material properties, and, 
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consequently, debonding at the adhesive interface between the steel facings and the 

mineral wool core. However, predicting the behaviour of sandwich panels in a fire 

is very important. From a safety perspective, the key factor is the time during which 

a wall made of panels retains its load-bearing capacity, integrity, and insulation. Due 

to the complex effects of thermal impact described above, standardized fire tests are 

performed to predict panel behaviour. The difficulty lies in the fact that as a result of 

single (and expensive) tests, it is difficult to clearly determine the influence of any 

factor on the final result of the laboratory test. The solution is to develop a numerical 

model that can accurately describe the behaviour of panels exposed to fire tempera-

tures. Such a model must certainly take into account coupled thermal and mechanical 

fields as well as the dependence of material properties on temperature. The develop-

ment of a reliable model will allow for the analysis of the impact of model parameters 

on the behaviour of walls made of panels. 

This study addresses this challenge by developing a finite element model based 

on cohesive interactions, with clearly defined boundary conditions, and validated 

against full-scale fire resistance experiments. The objective is to simulate displace-

ments and delamination phenomena under thermal exposure, with emphasis on  

adhesive layer degradation and joint behaviour under varying thermal loads. 

3. Experimental tests 

Fire tests were performed to validate the numerical model. The tests were con-

ducted at the Fire Research Department of the Building Research Institute in War-

saw. The experimental programme described in this study involved two large-scale 

sandwich panel walls. Mineral wool was used as the core material of the panels.  

The tests were carried out in accordance with the procedures specified in [13-15].  

The walls examined were at least 3.00 m wide and high, constructed of 150 mm 

thick sandwich panels attached to a non-combustible, solid support structure.  

The horizontal panel arrangement, which is common for mineral wool core panels, 

was used for the test. During the test, one wall surface is exposed to a temperature 

that increases with test time according to a standard relationship. On the unexposed 

side of the wall, displacements perpendicular to the wall and temperatures were 

measured at specific points. Locations of temperature (1-17) and displacement (A-J) 

measurement points were presented in Figure 1b. Figure 2a presents the unexposed 

side, before the test, and Figure 2b shows the heated side, after the test. 

The supporting structure was made of 240 mm thick aerated concrete blocks with 

a density of 600 kg/m3, together with a reinforced concrete lintel with a cross-section 

of 240 mm × 240 mm. Hot-rolled L80 × 80 × 8 steel profiles were attached to the  

bottom and side edges of the supporting structure using self-drilling steel anchors. 

The top edge of the panel wall was left free. The gap between the free edge of  

the panel and the supporting structure was filled with 50 mm thick mineral wool. 

The sandwich panels were attached to L-shaped steel profiles using self-drilling 

screws with a diameter of 5.5 mm (see Fig. 1a). Dilatations were made between  



8 El M. Ablaoui, J. Pozorska, Z. Pozorski, P. Roszkowski, M. Malendowski 

the aerated concrete blocks and the panels; 25 mm wide on the sides and 10 mm  

wide on the bottom. The dilatations were filled with mineral wool. In addition, the 

L80 × 80 × 8 steel profiles were protected from temperature exposure using mineral 

wool. The tests were performed as described in Table 1. 

 
a) b) 

   

Fig. 1. Front view of the assembled sandwich panel wall in Test 1: a) components of the 

wall: 1 – reinforced concrete lintel, 2 – sandwich panels with a mineral wool core, 3 – 

free edge filled with insulation material, 4 – aerated concrete blocks, 5 – self-drilling 

screws with a diameter of 5.5 mm and a length of 190 mm, b) locations of temperature 

(1-17) and displacement (A-J) measurement points 

a) b) 

    

Fig. 2. Experimental test: a) initial setup of the tested wall – unheated side of the wall, 

b) heated side at the end of the test 
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Table 1. Description of the experimental large-scale tests 

Experiment Duration Sandwich panel wall Panel composition 
Panel  

arrangement 

Test 1 
3 h 02 min 

= 10,920 s 

Thickness: 150 mm 

width: 3080 mm, 

height: 3080 mm 

(panels 3020 mm, 

bottom insulation 

10 mm and top 

insulation 50 mm) 

Steel facings: 0.50 mm 

(S280 GD + Z115 and 

polyester coating); 

Core: mineral wool, 

150 mm, 100 kg/m3; 

Adhesive: one-component 

0.26 kg/m2 

Horizontal 

arrangement of 

three panels 

(1150 mm + 

1150 mm + 

720 mm) 

Test 2 
3 h 22 min 

= 12,120 s 

Thickness: 150 mm 

width: 3050 mm, 

height: 3010 mm 

(panels 2950 mm, 

bottom insulation 

10 mm and top 

insulation 50 mm) 

Steel facings: 0.50 mm 

(S280 GD + Z115 and 

polyester coating); 

Core: mineral wool, 

150 mm, 100 kg/m3; 

Adhesive: one-component 

0.26 kg/m2 

Horizontal 

arrangement of 

three panels 

(1150 mm + 

1150 mm + 

650 mm) 

4. Numerical model 

This section presents a numerical model prepared using ABAQUS software [16], 

which is based on the finite element method (FEM). The model defined in 3-D space 

was developed in two similar variants corresponding to the multi-scale experimental 

tests described above: Test 1 and Test 2. The core of the sandwich panels was mod-

elled using solid elements, and the steel facings using shell elements. The model, 

which takes into account the coupling of thermal and mechanical fields, allows for 

the analysis of temperature distribution, displacements, deformations, and damage 

mechanisms. The model considers core-facing interactions, interactions between 

panels, and local effects occurring at the connections between panels and the  

supporting structure. The presented approach includes bolted connections, spring  

elements for describing the connections between adjacent panels, interaction-contact 

definitions for bonding, and cohesive contact formulations taking into account  

damage initiation and evolution. Furthermore, thermal conductivity and radiative 

heat transfer are considered, as well as precise geometric definitions. 

In all models, the material properties of steel (S280GD + Z) and mineral wool  

with a density of 100 kg/m3 were defined. The thermal properties of steel were  

obtained from [17], the mechanical properties from [18], and the thermal data of 

mineral wool from [19]. The mechanical properties of mineral wool reflect its low 

stiffness, which is consistent with its function as non-load-bearing insulation [20].  

It exhibits a thermal expansion coefficient of approximately 7 × 10–6 1/°C [21],  

which ensures dimensional stability. The yield stress decreases from approximately 

30 MPa at 21.1 °C [22] to 5 MPa at 500 °C, reaching a value close to zero at 850 °C 

due to fiber softening. 
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4.1. Thermal boundary conditions  

Thermal boundary conditions were applied to simulate heat fluxes arising from 

convection and radiation. Convection was represented by two surface film condi-

tions. For the region at room temperature, a film coefficient of 9 W/m2 K was  

applied, with a constant ambient temperature of 21.1 °C and instantaneous ampli-

tude, as prescribed in [23]. For the fire-exposed surface, a film coefficient of  

25 W/m2 K was used in accordance with the convective heat transfer coefficients 

specified in [23] for fire resistance analysis. Radiative heat transfer was also consid-

ered. For the surface at room temperature, an emissivity of 0.7 was used following 

the guidelines of [23] regarding thermal assessments of construction materials.  

The same emissivity value was assigned to the surface exposed to fire, according to 

[18], which defines the fire resistance test parameters. These boundary conditions 

were essential to accurately replicate the experimental thermal loading conditions 

within the thermal analysis. The thermal loading in the numerical model was estab-

lished by applying the ISO 834 standard fire curve as the reference heating profile, 

which represents the nominal thermal boundary condition. 

4.2. Mechanical boundary conditions 

The sandwich panels are supported by L80 × 80 × 8 steel profiles. For simplicity,  

it was assumed that the steel profile surface in contact with the aerated concrete block 

structure is rigidly connected. A more complex, contact-type connection was defined 

between the L-profiles and the surfaces of adjacent panel facings. A hard contact 

was established in the normal direction, and a friction coefficient of 0.3 was defined 

in the tangential direction. 

The sandwich panels are attached to the structure using mechanical connectors, 

as shown in Figure 1a. To simulate this type of interaction, a bushing connector  

was used in the numerical model. At each location where a real self-drilling screw 

was present, a connection between two points was defined; one point was located on 

the surface of the L80 × 80 × 8 profile, and the other point was located on the outer 

facing of the sandwich panel. Using the coupling function, the displacements of the 

surrounding region were assigned to the point located on the facing, thus avoiding 

highly localized deformations [24]. The bushing connector allows for the determi-

nation of stiffness associated with the relative displacement of the points it connects. 

Since the sandwich panels had a thickness of � = 150 mm and the steel self-drill-

ing screws used had a diameter of 5.5 mm, corresponding to the cross-sectional area 

of the connector � = 23.76 mm2 and the moment of inertia � = 44.92 mm4, for the 

modulus of elasticity � = 210 GPa, the stiffness of the connection in the axial direc-

tion was determined as 

�� = ��� = 33262 N/mm, (1) 
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and in the transverse directions as 

�� = �� = 3���� = 8.385 N/mm. (2) 

It’s worth noting that the library of connectors available in Abaqus is very exten-

sive, allowing the definition of nonlinear constitutive relationships. Furthermore,  

the coupling function used in the model includes the option to account for thermal 

expansion, which proved very helpful in this case. 

The interaction between adjacent panels still needs to be defined. Adjacent panels 

are not mechanically connected, but the panel edges have a special profile that fits 

together using a tongue-and-groove principle. After fitting the adjacent panels and 

applying a seal, the connection creates tight thermal insulation and prevents the  

passage of flame and smoke. Of course, the actual geometry of the panels can be 

represented in a three-dimensional numerical model, but it is quite complex and 

therefore significantly affects the numerical problem (the number of elements, 

nodes, and interactions). To overcome these types of problems, certain simplifica-

tions are often used. In the presented model, as in [4], instead of introducing precise 

geometry of the longitudinal edges of the panels, elastic connections between the 

facings are used, as shown in Figure 3. The connections are applied at a single point, 

in the middle of the panel span. The stiffness of the two springs connecting the  

facings in their plane limits the mutual displacement of the panels in their plane and 

the rotation of the panels relative to each other. Additionally, an elastic connection 

is used to limit the lateral displacement of the panels relative to each other. The stiff-

ness of the elastic connections can be determined experimentally or based on inde-

pendent numerical simulations. In the presented model, the stiffness of the elastic 

connections between the panels is set at 1 kN/mm. 

 

 

Fig. 3. Schematic representation of simplified joint connection  

and interface properties with interaction details 
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4.3. Modelling the interface between the face sheets and the core 

The steel facings of sandwich panels are bonded to the mineral wool core in  

a continuous production process using a polyurethane adhesive. This bonding is  

often modelled as a perfect TIE interaction, where the facing displacements match 

the core displacements. The conducted experimental study showed that this assump-

tion is far from realistic. Therefore, in the presented approach, the adhesive bond 

was modelled using the cohesive interaction (see, Figure 3). This method is based 

on the traction-separation law, and additionally allows for defining damage initiation 

and development. Cohesive interactions were defined to capture the interfacial  

degradation observed during early fire exposure (at approximately 250 °C for 50 sec-

onds), which challenges the assumption of perfect adhesion. A maximum separation 

criterion was used to initiate damage. Damage development after initiation was  

governed by a linear softening law.  

The model of cohesive interaction includes three components: the traction-sepa-

ration law, damage initiation criterion, and the damage evolution law. The traction- 

-separation law describes the elastic behaviour of the interface. It is defined by the 

stiffness matrix � that relates the traction vector � to the separation vector �: 

 � = � �. (3) 

The stiffness matrix, the separation vector, and the traction vector are defined as: 

� =  ���� 0 00 ��� 00 0 ���
� ,   � = ����������

� ,   � = � �� �� ��
� (4) 

where ���, ���, and ��� represent the normal, first tangential, and second tangential 

stiffnesses, respectively; ���, ���, and ��� correspond to the normal, first tangential, 

and second tangential separations; and  ��,  ��, and  �� are traction components  

in the respective directions. 

Damage initiation was assumed to occur once the maximum effective separation �!"" exceeded a critical threshold �#, which was defined as: 

 �!"" = $%&'|���|, |���|, |���|) ≥ �#. (5) 

Once the threshold �# was reached, stiffness degradation was controlled by  

a scalar damage variable +, which varied linearly from 0 to 1 between �# and the 

final separation �": 

+ =  �!"" −  �#�" − �# ,   for  �# ≤ �!"" ≤ �" . (6) 

At degradation described by parameter +, the stiffnesses ���, ���, and ��� are 

reduced by the multiplier '1 − +). Thus, at full degradation (+ = 1), the stiffness  
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is equal to 0. These formulations allowed accurate representation of progressive  

delamination under mixed-mode loading conditions. 

To determine the parameters necessary to model the interface, two steel clamps 

were prepared and connected with a polyurethane adhesive used in the production of 

sandwich panels with a mineral wool core. A two-component adhesive filled with 

calcium carbonate was used. The steel elements were glued together on the produc-

tion line of one of the manufacturers during its normal operation. The adhesive was 

spread using a moving comb that was part of the production line. After the adhesive 

was applied, the samples were transferred to an incubator, where they were cured  

at 60 °C for 20 minutes to simulate the conditions in the production line tunnel.  

After 6 hours of bonding, the prepared steel-adhesive-steel specimens, measuring 

10 cm × 10 cm, were subjected to tensile testing using an Instron ElectroPuls 

E10000 machine at room temperature 21 °C (Fig. 4a).  

The force-displacement curves (Fig. 4b) exhibited an initial disturbance of 0.4 mm, 

corresponding to the removal of the load system clearance, followed by linear elastic 

behaviour up to failure. Some differences in the graphs in the range of 0.5-1.5 mm 

may result from imperfections in the distribution and thickness of the applied adhe-

sive layer. From the linear range of the force-displacement relationship, the average 

stiffness of the adhesive joint was determined to be 0.591 MPa/mm. For the assumed 

linear constitutive relationship, for an average joint load capacity of 7.528 kN, fail-

ure is achieved at a displacement of �# = 1.27 mm. Because full failure occurs quite 

suddenly, final separation was defined as 1.40 mm – 10 % higher than �#. Shear 

properties of the interface were assumed to be equivalent to tensile properties, given 

the comparable strength behaviour of the adhesive. 

Temperature dependence of the interface parameters was incorporated by adjust-

ing stiffness and final separation. Interface stiffness declined from 0.591 MPa/mm 

at 21 °C to zero at 250 °C, based on the previously conducted experimental tests. 

Final separations increased from 1.40 mm (21 °C) to 3.50 mm (250 °C), reflecting 

increased ductility under heat. 

 
a) b) 

  

Fig. 4. Steel plate specimens bonded with polyurethane adhesive and their tensile  

response: a) testing with uniaxial tension machine, b) load-displacement curves 
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5. Modelling of thermal conductance and radiation 

To fully define the interactions at the interface, it is necessary to determine the 

thermal contact conductance and radiative heat transfer. The thermal contact con-

ductance was therefore defined as a function of the interfacial clearance, allowing 

for the reduction in heat transfer efficiency as the gap between the steel sheet and the 

mineral wool core increases to be accounted for. In parallel, radiative heat transfer 

was modelled using surface emissivity values and clearance-dependent view factors. 

The convective heat transfer coefficient at the interface between steel and mineral 

wool was defined as 35 W/m2 K according to [23]. This value reflects the expected 

thermal performance of the interface, considering limited effective contact area  

and the conduction suppression resulting from the fibrous structure of mineral wool. 

To capture the thermal behavior at complete separation, the conductance was defined 

as a function of separation. When the separation exceeded 1.40 mm, the conductance 

is reduced to 0 W/m2 K because physical contact was no longer present.  

In the case of separation, radiative heat transfer becomes the dominant interfacial 

mechanism. The radiative exchange between the steel sheet and the mineral wool 

core is governed by the gap geometry, represented by the radiative view factor.  

The view factor was set to 1 when the gap exceeded 1.40 mm, corresponding to full 

radiative exposure. In the case of full contact, the view factor was set to 0, indicating 

complete suppression of radiative exchange. This methodology enabled a physically 

realistic transition conductivity and radiation. 

6. Results and discussion 

This section presents a comparative evaluation of numerical simulations and  

experimental data from Tests 1 and 2, focusing on displacement responses at selected 

measurement points. The aim is to assess the agreement between the numerical pre-

dictions and the observed experimental results. 

Measurement Points A, D, E, and H were selected based on their strategic loca-

tions within the panel configuration, as depicted in Figure 1b. Points A, D, and E  

are situated at the approximate centres of individual panels, representing the typical 

mid-span response of each panel section. Point H is located at the geometric centre 

of the entire wall assembly and captures the overall structural behaviour. 

At Points A and D (Fig. 5a and 5b), displacement-time curves revealed a charac-

teristic initial elastic response transitioning to time-dependent deformation. FEM 

predictions captured the qualitative behaviour in both tests, confirming the validity 

of the implemented interface parameters under moderate thermal influence. 

At Point E (Fig. 5c), located near the mid-span of the lower panel, more substan-

tial deviations were observed. Particularly in Test 2, the FEM simulation signifi-

cantly underpredicted the final displacement, with discrepancies exceeding 20 mm. 

This divergence is attributed to the elevated thermal gradient and adhesive softening 

effects experienced in this region. The pronounced displacement in the experimental 
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data suggests nonlinear damage accumulation and thermal relaxation effects, which 

cannot be easily simulated using a linear cohesive law. It is worth emphasizing here 

the very large differences in the displacements obtained in Test 1 and Test 2, which 

indicate the high unpredictability of the panels' behaviour under the influence of fire 

temperatures. 

 

(a) (b) 

(c) (d) 

Fig. 5. Comparison of experimental and FEM displacement-time responses at measurement 

points A, D, E, H 

At point H (Fig. 5d), located in the centre of the tested wall, the FEM results differ 

from the experimental results. Although the model reflected the general growth 

trend, it failed to capture the transient relaxation phase observed experimentally in 

the time interval 3000-7000 s. The observed discrepancy may be due to significant 

limitations of the interface model used and the processes occurring inside the sand-

wich panels, which are very difficult to identify and verify. Nevertheless, the overall 

agreement confirms the partial adequacy of the model under mixed thermomechan-

ical loading conditions. 
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7. Conclusions 

This paper presents a complex numerical model for modelling the behaviour of  

a sandwich panel wall exposed to fire temperatures. The model reflects the actual 

panel support conditions, including panel attachment using fasteners. The tempera-

ture dependence of properties was considered when defining the materials compris-

ing the sandwich panels. A key consideration was the assumption of cohesive inter-

action between the facings and the core. This enabled the definition of damage 

initiation and its subsequent propagation criteria. Thermal contact conductance and 

radiative heat transfer were also defined. The presented model offers extensive  

capabilities for simulating phenomena occurring during fire exposure. 

The developed numerical model was used to compare simulation results with 

those from experimental studies. The analysed thermal load was consistent with the 

ISO 834 standard fire curve. The numerical results enabled the observation of  

the variability of the coupled thermal-mechanical fields over time. It turned out that 

the actual behaviour of the panels is highly unpredictable. Local disturbances, insta-

bilities, and temporary changes in displacement direction can be observed, primarily 

attributed to non-uniform thermal gradients, adhesion degradation, and complex  

interactions between the panels and the supporting structure. FEM results showed 

smoother displacement fields. Despite some discrepancies, the developed numerical 

model can be considered effective in determining the general displacement trends of 

sandwich panels exposed to fire temperatures. This allows for the prediction of the 

panels' fire resistance. Future work should focus on experimental studies covering 

the phenomena of conduction and radiation in the early phase of facing-core separa-

tion, as well as the dependence of the interface properties on temperature. 
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