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ARTICLE INFO ABSTRACT

Keywords: This paper presents a modelling approach to predict the thermodynamical and thermomechan-
Finite element method ical behaviour of structures with a layer of insulation material under fire, which takes into
Pyrolysis account the pyrolysis of the insulation and its effects on the structure. First, an existing 1D

Thermomechanical simulations

. ; pyrolysis model is implemented and verified by theoretical and validated by experimental
Insulation material

results. Then the model’s 1D setup is integrated into 3D Heat Transfer (HT) analyses of
structures. The obtained thermodynamical results, i.e. temperatures as a function of time
and the pyrolysis process, are transferred to a thermomechanical Structural Response (SR)
analysis. Mechanical results are then obtained via temperature and pyrolysis-dependent material
properties. The resulting HT and SR analyses are demonstrated in fire-structure simulations of
facades made of sandwich panels, including their supporting frames with steel sections, and
bolt and screw connections, modelled by non-linear spring elements. It is shown that in a short
time window of 100 s, pyrolysis is limited to certain zones of the panel and for limited depths.
Nevertheless, due to the endothermic process, it reduces expansion and bending of the panels,
and consequently results in smaller displacements, and delayed failure of the connections.
For longer periods, with connection failures neglected, significant pyrolysis takes place, which
influences the temperature distribution in the complete interior of the sandwich panel. However,
this has only a marginal effect on the structural behaviour. In conclusion, pyrolysis effects are
relevant, can be modelled, and may somewhat reduce fire risks in structures. Future research
can combine pyrolysis with advanced modelling of bolt and screw connections, using a two-
scale method. As such, all relevant details of structures can be modelled and investigated for
different fire scenarios, including fire-structure effects, all still to be validated by experiments.

Fire-structure simulations

1. Introduction

As full-scale fire experiments for real-world structures are disproportionately expensive, and inevitably only cover a single
case, research on the coupling of realistic fire simulations with structural (i.e. thermomechanical) simulations has seen increasing
attention. With these kinds of simulations, different types of structures have been studied, such as building facades, sandwich panels,
tall buildings, and tunnels [1-4]. Most related research applies a Computational Fluid Dynamics-Finite Element Model (CFD-FEM)
one-way coupled method: the fire is modelled by CFD software to obtain the temperature field on the fire-exposed structural
components; the thermomechanical response of the components is subsequently found by a FEM. For example, Luo et al. developed
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simulations for predicting the thermomechanical damage of glass-reinforced polymer composite materials subjected to fire [5].
For every time increment in their simulation, data was transferred between the CFD and FEM domain, which led to an accurate
prediction of the behaviour of the sandwich panel compared to an experiment. Key et al. applied a multi-continuum theory to predict
the progressive failure of composite materials [6]. They used a one-way coupled CFD-FEM method, since the fire behaviour was
described by a one-dimensional heat diffusion equation, and was not affected by structural or material failure. However, it may be
relevant to use a two-way coupled CFD-FEM method: Yan and Gernay [7] investigated the behaviour of steel members subjected to
localised fires. By comparing simulations and experiments, they found that the simulations yielded more conservative predictions
than the experiments if the influence of the structure on the fire was not taken into account.

Frequently used for buildings and structures, a sandwich panel consists of two thin-walled plates, also referred to as faces,
and a core. Traditionally, materials like stone wool, polyurethane (PUR), polyisocyanurate (PIR), expanded polystyrene (EPS), and
extruded polystyrene (XPS) have been used for the core. Their flammability was investigated by e.g. Giunta d’Albani et al. [8].
With new developments in material science, polymer composites are also increasingly applied to the core, e.g. to increase the
core’s shear stiffness [9,10]. Most research to date has focused on the mechanical behaviour of sandwich panels, to improve the
issues associated with traditional core materials, e.g. termite attacks, water disintegration, mould, and poor penetration resistance
against wind-borne debris [11]. Although composite materials may improve some of these properties, both traditional and new
core materials provide risks during a fire. For example, Khan et al. found that typical flame-retardant aluminium composite panels
could be ignited at a lower heat flux compared to traditional panels [12]. As a panel’s core is often not directly exposed to the air,
pyrolysis may take place, the chemical decomposition of material at high temperatures without oxygen. Birman et al. concluded
that it is necessary to account for the process of resin decomposition, a precursor or part of pyrolysis, as this may significantly
affect the strength of the panels [13]. Several approaches have been studied for modelling pyrolysis. Hostikka suggests that the
pyrolysis model should be kept as simple as possible, as a first-order single-step reaction scheme provides reasonable predictions
for the heat release rate [14]. Relevant here, and using a one-dimensional analytical model, Thi et al. developed a user-defined
subroutine UMATHT in finite element programme Abaqus, to predict the temperature distribution of timber exposed to fire [15].
Their thermodynamic and thermomechanical material properties were based on experiments.

Due to pyrolysis, the core material degrades and partly becomes a gaseous product, and so thermal and mechanical material
properties change. As such, pyrolysis needs to be taken into account in a Heat Transfer (HT) analysis, which makes use of
the thermal material properties. Henderson et al. proposed a mathematical model to predict the thermal response of pyrolysis,
and this model was later validated by an experiment [16,17]. Their results show that accurate HT simulations can be carried
out if the material’s kinematic and thermal properties are defined well. Zhang implemented Henderson’s model to simulate the
thermomechanical behaviour of Polymer Matrix Composites (PMC) [18], and similar efforts were carried out by Li et al. [19].
The good agreement obtained shows the capability of the model to predict pyrolysis behaviour for different materials. Whereas
the previous two projects applied commercial finite element programmes, Summers et al. developed a finite element approach
themselves, and verified thermodynamical outcomes with commercial software [20]. Richter and Rein proposed a pyrolysis and
oxidation model for predicting the charring and burning of timber via a multi-scale approach [21]. As mentioned above, accurate
kinetic parameters are critical to predicting a pyrolysis reaction, and Li et al. suggested a way to find the possible range of values
of the so-called pre-exponential factor, explained later in this article, and activation energy by a genetic algorithm [22].

Numerous research projects have been carried out on pyrolysis, but only a few relate to the explicit modelling of the effects of
pyrolysis on the structural, i.e. mechanical behaviour of structures, if at all on the building scale. Some of the most related examples
are research on pyrolysis within compressed wood samples [23], the effect of pyrolysis on microstructures [24], and the degradation
of timber elements [25].

In summary, the failure prediction of a structure under fire requires that three domains are solved simultaneously: (a) fire
dynamics, (b) thermodynamical heat transfer, and (c) thermomechanical structural response. The first domain should provide
realistic fire scenarios using CFD; the second domain is used to obtain the time-dependent temperature variation of all relevant
structural components; and the third domain determines the nonlinear structural response, e.g. concerning deformations and failure.
Innovative building materials and construction techniques introduce more complexities to these domains. The contribution of this
paper is to provide fire-structure simulations, on the scale of building structures, with a computationally efficient and easy-to-
implement, yet reasonably accurate, model for insulation pyrolysis, to study the effects of pyrolysis on the global scale structure.
Specifically, it studies the inclusion of the pyrolysis behaviour of insulation panel core material in coupled fire-structure simulations
of sandwich panels. The pyrolysis model is based on an existing 1D model, which is applied for each column of finite elements over
the thickness, in 3D HT analyses of structures. Since the degradation of material due to pyrolysis is considered, the thermomechanical
Structural Response (SR) analysis is also extended. The resulting HT and SR analyses are demonstrated in both so-called One-Way
Coupled (OWC) and Two-Way Coupled (TWC) fire-structure simulations of facades made of sandwich panels. The importance of
pyrolysis modelling is evaluated by comparing the results.

In the next section, the pyrolysis model will be presented, both with respect to its theory and finite element implementation,
and the principles of coupled fire-structure simulations will be introduced. In Section 3, the pyrolysis model will be verified and
validated, first for the existing approach, then for the modified approach as needed for the subsequent fire-structure simulations. In
Section 4, details will be given on how the pyrolysis model can be used within fire-structure simulations. Hereafter, in Section 5, a
case study will be presented, in which a building facade with several sandwich panels will be studied by OWC and TWC simulations.
After a discussion that relates the importance of pyrolysis to the inclusion of structure-to-fire effects, Section 6 is dedicated to
conclusions and recommendations for future research. Code and scripts to reproduce all the simulations in this paper are available
on GitHub [26].



Q Xu et al. Journal of Building Engineering 98 (2024) 110969

2. Pyrolysis model, finite element implementation, coupled fire-structure simulations

This section presents some fundamentals by describing (a) an existing pyrolysis model in Section 2.1, (b) its finite element
implementation in Section 2.2, and (c) the setup of coupled fire-structure simulations in Section 2.3, which utilises the concept of
the Adiabatic Surface Temperature (AST) as introduced by Wickstrom [27].

2.1. Pyrolysis model

The 1D pyrolysis model as used as a start is based on [16,17]. Assumptions for the model are that (a) there is no thermo-chemical
expansion in the solid, i.e. either char or unpyrolysed material; (b) there is no accumulation of decomposition gases in the solid;
(c) thermal equilibrium, i.e. equal temperatures, exists between these gases and the solid material. Under these assumptions, three
governing equations need to be solved simultaneously.

First, the one-dimensional heat transfer equation considering the pyrolysis behaviour in x-direction is given by:

Lom =L kL)~ 2 iny - 0% W
In Eq. (1), p is the instantaneous density of the solid material, so either charred or unpyrolysed material [kg/m?], ¢ is the time [s],
T is the temperature [K], x is the location [m], k is the thermal conductivity of the solid material in x direction [W/mK], 4 and
h, are enthalpies of the solid material and gas [J/kgl, respectively, 1, is the mass flux of the gas as a product of the pyrolysis
[kg/m? s], and Q is the so-called heat of decomposition [J/kg]. For this equation, it has been assumed that x runs positively from
left to right, and the heat source is to the left of x = 0 [28]. Consequently, charred material starts on the left side of the continuum,
unpyrolysed material is on the right, and in between pyrolysis takes place. On the left of the equation is the rate of change of the
enthalpy, neglecting the pressure part, so only considering the internal energy part, per unit volume. The first term on the right
represents the standard energy contribution thanks to conduction in the solid material, and the second term presents the enthalpy
of the escaping gas, which is no longer available to the material [29]. Note that the positive direction for the gas flow is defined
from left to right, whereas these gases occur in the pyrolysing material and escape via the char on the left [28]. If the consequently
negative valued gas mass flux increases to the left, so the negative values decrease to the left, its derivative to x is positive, and
so this leads to a lower enthalpy of the material. The third term relates to the energy that is needed or produced by the pyrolysis.
Knowing that for pyrolysis the material density will always decrease, if O has a negative value, the material enthalpy will decrease
and so an endothermic reaction takes place. Similarly, a positive value for Q indicates an exothermic reaction.

Secondly, the decomposition of the pyrolysing material is given by the Arrhenius Eq. (2) [30]. For an nth order reaction:
om m-—mg

M _Am, —
ot (my mc)[mv—mc

e @

where m, m,, and m, are the instantaneous mass, the fully unpyrolysed material’s mass, and the fully pyrolysed char’s mass [kgl,
respectively. Symbol A is a so-called “pre-exponential” factor [s~1], symbol n the order of reaction, E is the activation energy
[J/mol], and R is the universal gas constant 8.314 [J/(mol K)].

Thirdly, if the accumulation of gases is ignored, the mass flux of the pyrolysed gas at an arbitrary location x can be expressed
following the conservation of mass as:

X
fiy = — /[ %dx 3)

Note that the related equation (4) in [16] is incorrect. First, in their derivation, correctly a minus sign is introduced from [16]
equation (3) to [16] equation (4), yielding a plus, because the direction of integration changes from moving right to moving left.
But then an additional minus sign should have been introduced, because a value of a function on the left is calculated as a value on
the right plus the integration of the differentials. Expanding the left part of the heat transfer Eq. (1) by the chain rule, and defining
the specific heat of the solid and gas by C, and C, yields:

0 dp oh
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Two-way coupled fire-structure simulations for real-world structures are 3D, given their realistic nature. For concurrent FEM
implementations, it is then convenient, even natural, to define the thermodynamical and thermomechanical equations in 3D too.
Including pyrolysis would require coupled integrations in all three Cartesian directions, defined by user subroutines, which is
complex implementation-wise. However, for sandwich panels, and probably most other applications of insulation layers, these
coupled integrations may not be needed. Namely, the temperature variations over the fire-exposed sandwich panel face are small
and the length scale of its surface is large compared to the panel’s thickness, so temperature over length gradients are very small.
Over the thickness, temperature variations are large, fire-exposed side vs. ambient side, and the length scale is small compared
to the panel’s surface, so temperature over length gradients are very large. This significant difference in size between gradients
over the surface and gradients over the thickness allows for a 1D implementation of pyrolysis, as being driven by these gradients:
decomposition and mass flux will hardly be a function over the surface but significant over the thickness. Note that in this approach
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the temperature distribution is still fully 3D and so is the pyrolysis, for which decomposition and mass flux are solved in the thickness
direction, at high resolution over the surface, namely observing each single column of elements over the thickness. What is left out
by this approach, only, is the lateral coupling of the pyrolysis decomposition and mass flux in the two directions along the surface,
justified by the character of the gradients, whereas the driving conditions themselves, the gradients, are taken into account in 3D. So
explicitly, pyrolysis does not depend on temperature variations in y- and z-directions, however, implicitly it does, as these variations,
both at the location of interest and in surrounding areas, influence the variations in the x-direction. Consequently, results will always
show a 3D distribution of the degree of pyrolysis. Substituting Egs. (3), (4), and (5) in Eq. (1), and expanding the conduction term
into three dimensions, pyrolysis variables remain a function of x only, and a final form of the heat transfer equation is:

aT oT

dp
pC,— V(kla l+k20—J+k3a - /—d + t(Q+h—hg)=0 6)

¥ ot
with i, j, k being unit vectors in the x, y, z-direction respectively.

Beyond the above and simplified approach, note that very advanced developments have taken place that allows for full 3D
modelling of pyrolysis [31,32], which is relevant for true 3D cases (different from insulation layers) e.g large-scale structure loss [33]
and combustible solids [34]. Also, dependent on the type of pyrolysing material, other physical phenomena may need to be modelled.
For instance, for polymer composites it is relevant to observe thermal expansion, internal pressure build-up due to the formation of
gases, formation of gas-filled pores, matrix cracking, and melting and fusion of fibres [35]. Here, to study the effect of pyrolysis on
the temperature distribution on the global scale structure, thermal expansion is believed to be of limited effect as it is zero on average
(see Fig. 6 in [35]) and full-scale experiments showed notable expansion only in certain zones [36]. Internal pressure build-up due to
the formation of gases can partly be studied by removing the gas flow integral term in Eq. (10), which then shows the behaviour of
the simulation is in between models with and without pyrolysis. This is because the pyrolysis still dissipates energy, but the energy
normally removed by the outflowing gas is now available to the system. The formation of gas-filled pores, and their behaviour
under high gas pressures is a very complex subject, still under investigation [35]. However, as will be shown in Section 3.2, the
omission of modelling this aspect does not seem to influence the accurate description of the temperature distribution in time due
to pyrolysis, which is the focus of this paper. Finally, matrix cracking and melting and fusion of fibres are not relevant to the PIR
material studied in this paper.

2.2. Finite element implementation

In a finite element analysis, heat transfer can be defined as [37]:

/pUdV:—/ i~de+/rdV,withx:[xsz @
v ox v
JaT oT oT
f=—-k,—i-k,—j—k k 8
ldxl Zayj 39z ®

where V is the volume of solid material, U is the rate of the internal energy, f is the heat flux vector, and r is the heat supplied
externally into the body per unit of volume.

The following variables must be predicted at the end of a time increment: the internal energy U, also given at the start of
the increment, its derivative with respect to temperature oU /0T and to spatial gradients of temperature oU /d(dT /0x), the heat
flux vector f, and its derivatives with respect to temperature df /0T and spatial gradients of temperature of /9(dT /dx). Including
pyrolysis, the variables to be predicted can be obtained as follows. If the energy balance in Eq. (7) is interpreted for infinitesimal
volume, so integrals vanish, it includes the internal energy, contributions of conduction, and heat supplied externally. If pyrolysis
(Eq. (6)) is included in the finite element analysis (Eq. (7)), the internal energy rate in Eq. (7) should contain:

T . oT [“dp,  dp
Uv=pc,L —c, L [ 2Ly s ZO+n-n 9
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where / is the length of the specimen, which is, based on the assumptions in Section 2.1, numerically equal to the position at the
complete right. Using a finite difference approximation, the incremental form of Eq. (9) can be written as:

AU = pC AT - C, ‘;T/ Apdx + Ap(Q + h — h,) (10)

Using Eq. (10), the internal energy at the end of time increment U(r + 4r) can be predicted by the energy at the beginning of the
time increment U (¢), the latter given by the analysis:

U(t+ At) =U@) + AU an

For the prediction of the derivatives mentioned above, the internal energy is a function of time, temperature, and density, the latter
two themselves functions of position. Therefore, the total derivative of the internal energy with respect to time is [18]:

oT 9
aw _ou ovdr v 45 aude, v 4G 12
dt — ot ' oT dr = 00T/ox) dt dp dit = 0(0p/ox)  dt
Comparing Egs. (12) and (9) yields:
ou
-~ = 1
or =P (13)
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Fig. 1. Implementation of the pyrolysis model via the Abaqus UMATHT and USDFLD user subroutines.
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For the heat flux in Eq. (8), the derivative with respect to the temperature and the temperature gradients can be written as:
dk ok ok
"_f:_ﬂ_'i_ﬂ_zj_ﬂ_ﬁ( (15)
aT ox oT dy aT 0z dT
—ky 0 0
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— < __—lo0 —k, 0 (16)
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Fig. 1 presents a flowchart of this finite element implementation in Abaqus, with so-called subroutines UMATHT and USDFLD. At
the start of the HT analysis, r = 0, the FEM should be given thermal boundary conditions: heat flux, temperatures, radiation, etc.
The Field Variable FV() indicates the level of pyrolysis, is initialised as 1, and indicates fully pyrolysed material when equal to 0.
State variable STATEV() is a variable in Abaqus that indicates the instantaneous density of each integration point, and the initial
value should equal the value of the virgin material density. While not at the end of the simulation, a time increment 4r is taken,
and for each iteration within the increment, the user subroutine UMATHT is predicting the variables as shown in Fig. 1. The kinetic
parameters (reaction order, activation energy, and pre-exponential factor) as used in Eq. (2) are used for the calculation of Ap(i).
Note that the determination of these parameters is subject to research [38], and that the values used in this research are listed during
the presentation of the simulations. Finally, it should be mentioned that some variables at the end of the increment are calculated
for ¢, which is comparable to a modified Newton-Raphson procedure. User subroutine USDFLD is used to keep track of the FV() of
each integration point, over all time increments and iterations.

The second term on the right of Eq. (10) shows the integration of the gas mass in negative x-direction. This integration needs to
take place on the model level, rather than on the element level, which is carried out as shown in Fig. 2. On the left, for a 2D case
using 4-node quadrilateral shell elements, DS4 in Abaqus, for each iteration the pyrolysis increase 4p for each integration point,
indicated by a cross, is obtained by Eq. (2), as explained above. This increase is subsequently multiplied by the point’s representative
length in x-direction, in this case half the element height, and contributions of all relevant integration points, coloured red in the
figure, are summed up for the integral. For a 3D case as shown on the right, using 8-node linear heat transfer brick elements,
DC3D8 in Abaqus, the same procedure is followed: also here the pyrolysis increase is multiplied with the representative length in
x-direction, so not by the area or volume.

2.3. Coupled fire-structure simulations

For a coupled fire-structure simulation, first the fire is simulated in the Computational Fluid Dynamics (CFD) domain. Here,
the Fire Dynamics Simulator (FDS) has been used, which applies large eddy simulations, ignoring the smallest length scales of the
Navier-Stokes equations, verified to be appropriate for smoke and heat phenomena in fires [39,40]. The thermal data of the fire
simulation is used for an HT analysis, which subsequently provides temperatures for an SR analysis, both in the FEM domain, see
Fig. 3. In this figure, couplings (A1) and (A2) have been mentioned earlier, and without (A3), the resulting simulations are defined
as OWC. If additional structural changes, e.g. a panel falling off, are included in the following fire simulations, indicated by (A3), a
TWC simulation is carried out [41,42]. Naturally, the accuracy of such a TWC simulation is dependent on the load step sizes used.
Implementation details are given in Section 4 and in [41,42], whereas here the general concept of the transfer of thermal data from
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Fig. 2. Integration of gas mass on the model level, “ele” is the element height. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 3. Coupled fire-structure simulations: TWC if A3 is present.

the fire simulation to the HT analysis via the AST [27] is explained. During a fire, energy is transferred from the flames to the
surrounding structural surfaces via radiation and convection. The related heat flux ¢, can be expressed as:

Qrotal = Grad + dev (17)

where the convective flux g,, [W/m?] depends on the difference between the gas temperature T, and the structural surface
temperature Ty, , [K], and the convective heat transfer coefficient A, [J/(kg K)]:

dev = hcv(Tg - Tsurf) (18)

The radiant flux g,,, [W/m?] is given by:
raa = €Ty =Tt ) (19)

where ¢ is the emissivity of the surface, ¢ is the Stefan Boltzmann constant 5.6703 x 10-% [W/(m? K*)], and T,,,, and T, s are the
absolute ambient and surface temperature [K], respectively. The AST is defined as the temperature of an imaginary perfect insulator,
exposed to the same fire conditions as the real surface. For such an imaginary insulator, the total flux g,,,, is zero, and the AST can
be calculated by setting g, to zero, and substituting the AST for 7, and T,,,, in Egs. (17) to (19). Then in a FEM, the flux on the
structure can be calculated:

qtaral,fem = EG(AST4 - T;er,fem) + hcv(AST - Tsurf,fem) (20)

where T,/ r.,, is the surface temperature in the model. By using the AST, the dependency of the surface temperature on the heat
flux is eliminated. A similar method is adopted by others, e.g. [43].

3. Verification and validation of the pyrolysis model

Coupled fire-structure simulations have been verified before [41,42]. However, the implementation of the pyrolysis model, as
will be used here within these fire-structure simulations, has not yet been verified. Therefore the pyrolysis model will be verified
by (a) a pyrolysis model by Zhang [18], and (b) validated by an experiment by Henderson [16]. Note that the pyrolysis model by
Zhang follows the equations in Section 2.1, and so is equivalent to the model in this paper. However, Zhang’s implementation in the
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Fig. 4. Test case, geometry and properties.
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Fig. 5. Verification of the pyrolysis model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

finite element method, on the code level, is not available open-source, so is likely to be different. For this paper, code and scripts to
reproduce all the simulations are available on GitHub [26]. The experiment by Henderson has such a set-up that all elements of the
pyrolysis model can be validated. For significantly different materials, e.g. the composites mentioned before [35], further validation
with a broader array of experimental data is recommended.

3.1. Verification by existing model

A 2D test case [18] is shown in Fig. 4. Natural (Neumann) boundary conditions involve the left surface of the sample being
loaded uniformly by a heat flux equal to 25 kW/m?. For the other surfaces no explicit conditions are given, so the flux equals
zero there. Essential (Dirichlet) boundary conditions are not needed as a transient simulation is carried out for a limited period.
Initial temperatures are 27 °C. To avoid any 2D effects, only a slice of a height of 1 mm is modelled, with properties as shown
in the figure on the right. The top, bottom, and left sides are unconstrained, in practice meaning fluxes there must be zero. Two
simulations are carried out by a transient HT analysis, see Sections 2.2 and 2.3, using 2D and 3D elements respectively, the latter to
ensure their proper application later on. For 2D, DS4 elements 1 x 0.625 mm? in size are used, and for 3D, volume elements DC3D8
1 x 1 x 0.625 mm? in size are applied. A fixed time increment of 50 s is used in the analysis. For the 2D case, at time ¢ = 2000
s, Fig. 5 on the left shows temperatures versus time for the existing results from Zhang [18] by green lines, and the implemented
pyrolysis model by the orange markers. The two models predict the same behaviour for all three surfaces, exposed surface, midplane,
and unexposed surface, despite slightly different implementations. Fig. 5 on the right shows, for the same model and time, along
all elements, the temperature vs. the field variable FV, which indicates the pyrolysis level, from 0 to 1, with O for fully pyrolysed.
It can be seen that the implemented model performs as expected, as lower temperatures do not show pyrolysis, and increasingly
higher temperatures do. Additionally, the results show that most loss of mass (90%) occurs in a window between 300 and 420 °C.
For the 3D case, the results are exactly the same, and so are not shown here.

In the pyrolysis model, it is assumed that the generated gas can flow out via the charred material, i.e. accumulation of gases will
not occur. Consequently, the heat energy contained in the gas will not be available to the problem. However, this assumption may
not be valid in practice, for instance, for a sandwich panel where the pyrolysing material is enclosed by airtight plates. To study
the related effects, an additional simulation has been conducted, in which the second term on the right in Eq. (10) is neglected. The
results are shown in Fig. 5 on the left with red square markers, which show a small increase in temperatures, as expected. Note,
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Fig. 6. Verification of the FV transfer between the HT and SR models.

however, that the accumulation of gases and related increasing pressures may affect the pyrolysis process, which is not taken into
account in the equations.

Finally, the case is also used to check the implementation for the calculation of the pyrolysis level in the SR model. Namely, the
Field Variable FV indicating the pyrolysis level cannot be transferred directly from an HT to an SR model. It is, however, needed for
the SR-dependent material properties. As a workaround, the implementation transfers the temperature vs. time data from HT to SR,
and then the pyrolysis level is recalculated in the SR by an Abaqus USDFLD user subroutine, using Eq. (2). The results are shown in
Fig. 6, which shows on the left the Field Variable FV vs. time for several surfaces, for which the SR gives the same values as the HT
model. On the right, the meshes of the HT and SR models are shown schematically. The FV in the SR analysis is calculated by the
UMATHT and USDFLD subroutines, as explained in Section 2.2. The resulting pyrolysis levels influence the temperature distribution
in time. As mentioned, this temperature distribution is given to the SR analysis, which uses a USDFLD subroutine to recover the
corresponding FV. Note that for the specific finite element programme used, structural elements with the same order as the HT
thermal elements DS4 and DC3D8, see e.g. Fig. 2, only provided a constant temperature over the element, although the HT model
provides linearly varying temperatures, and for this situation, the graphs in Fig. 6 are not corresponding. By using higher-order
elements for the SR analysis, i.e. S8R and C3D20R, this problem is solved, and so these elements are also used in the upcoming
simulations.

3.2. Validation by existing experiment

Henderson et al. reported on an experiment with phenolic resin, exposed to a heat flux on one side, to research the pyrolysis of
this material [16]. Similar to the case in the previous section, mechanical behaviour was not studied. The phenolic resin was made
by 39.5% resin and 60.5% filler, machined to a 30 mm long cylinder, with a 10 mm diameter. The bottom end of the vertically
positioned cylinder was exposed to a radiant heat flux of 279.7 kW/m? for 800 s. Temperatures were measured inside the sample,
at depths of y = 1, 20, 25, and 29 mm.

To simulate this experiment, a transient HT analysis is carried out as explained in Sections 2.2 and 2.3, and shown in Fig. 7.
The elements used are “DC3D8”, on average 1 X 1 x 1 mm? in size. The material properties used are shown in Table 1, for which
the parameters related to the pyrolysis (4, n, E) were obtained from thermogravimetric analysis [16]. The specific heat of the virgin
and pyrolysed material are temperature-dependent, and these properties were measured by differential scanning calorimetry [44].
The thermal conductivity of these materials is also temperature-dependent, for which data was obtained by experiments reported
elsewhere [45]. The thermal properties in the table only apply to materials that are either completely virgin or pyrolysed. Linear
interpolation is applied for the thermal conductivity k and specific heat C of partly pyrolysed material:

k= Fk,+ (1 - F)k, 2D

C=FC,+(1-F)C, (22)

where F is defined as the ratio of the current mass of virgin material over the total potential mass lost due to full pyrolysis:

m-—m

F=—°% (23)

m, —m;
Natural (Neumann) boundary conditions involve the right surface of the sample being loaded uniformly by a heat flux equal to
279.7 kW/m?. For the other surfaces no explicit conditions are given, so the flux equals zero there. Essential (Dirichlet) boundary
conditions are not needed as a transient simulation is carried out for a limited period. Fig. 8 shows that the implementation of
the pyrolysis model into the HT model predicts the experimental measurements reasonably well. Some differences exist, though,
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Fig. 7. HT analysis model for experiment Henderson et al. [16].

Table 1

Material properties used for validation.

Property Value

Virgin material density p, [kg/m®] 1810

Pyrolysed material density p, [kg/m3] 1440

Virgin material specific heat C, [J/(kg K)] 1890 + 1.09T
Virgin material thermal conductivity k, [W/(mK)] 0.804 + 2.76 X 107*T
Pyrolysed material specific heat C, [J/(kg K)] 870 + 1.02T
Pyrolysed material thermal conductivity k, [W/(mK)] 0.955 + 8.42x 107*T
Gas specific heat C, [J/(kg K)] 9630

Heat of decomposition Q [J/kg] 2.34%x10°

Activation energy E [J/mol] 2.60x 10°
Pre-exponential factor A [s7!] 8.16x10'8

Order of reaction n 6.3
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Fig. 8. Experiment Henderson et al. (curves) vs. HT model + pyrolysis (markers).

likely because not all physical phenomena are modelled, e.g. the non-steady diffusion of decomposition gases, thermal expansion,
carbon-silica reactions, and the heat transfer between the gas and pyrolysed material.

The simulation is also beneficial for understanding some behaviour of pyrolysis that an experiment cannot easily reveal: Fig. 9
on the left shows the pyrolysis reaction rate vs. time, in the simulation, for different locations in length direction. The contour plots
on the right show the degree of pyrolysis, i.e. the Field Variable FV at several times #: 200, 400, 600, and 800 s, respectively. It
can be seen that the active, coloured, region, where pyrolysis takes place, increases in size over time. This is because each slice
of material needs an equal amount of energy (the integral of the curves on the left) to fully pyrolyse, whereas the flux entering
from the right is dissipated by the pyrolysis reaction and material heat capacity. This leads to increasingly equalised and stretched
temperature profiles when moving further away from the heat source.

4. Fire-structure simulations, software and scripts

In the previous sections, the pyrolysis implementation has been verified and validated, and also the concept of OWC and TWC fire-
structure simulations has been explained. In this section, the setup of the fire-structure simulations is further elaborated, including
an explanation of the software used and programmes and scripts developed. This then enables the presentation of the case study in
Section 5, which applies the fire-structure simulations to study the effects of the inclusion of pyrolysis.
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Fig. 10. Implementation of the pyrolysis model in TWC fire-structure simulations, one cycle equals one load step. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

The implementation of the fire-structure simulations is based on the work of Feenstra et al. [41] and De Boer et al. [42]. Based
on their developments, Fig. 10 presents the software and scripts used in this paper, in the outer ring, where blue boxes refer to
public or commercial software, and orange boxes to in-house developed programmes or scripts. In the middle, “FDS-2-Abaqus” is a
management programme, which e.g. starts and stops the programmes and scripts, and controls overall variables like the load step
size. Each fire-structure simulation starts with a fire simulation by FDS [39], shown at the complete left upper corner in Fig. 10.
Then the HT and SR analyses are carried out, both by finite element programme Abaqus [37]. In between, several C++ programmes
and Python scripts are used, as explained further below. All programmes and scripts, for all simulations in this paper, are published
open-source on GitHub, to enable further developments and full reproducibility of the findings.

4.1. reWriteAST2py

Following [41,42], the fire simulation pauses at the end of each load step, whereafter this C++ programme writes the AST data
into a Python script that can be read by Abaqus, see also Section 2.3.

4.2. upGeomHT

The programme upGeomHT generates, or updates for subsequent load steps, the script that is needed to run the HT analysis,
including the calls to the pyrolysis user subroutines in Abaqus. The generated script contains geometrical information, such as parts
and partitions, material properties, the mesh, assemblies, interactions, etc. During two-way simulations, the script may also contain
(a) failure information of structural elements and (b) the updated time-temperature data as provided by reWriteAST2py. Namely,
for two-way simulations any failed element is deactivated by a proprietary Abaqus ‘“model change interaction”, and such an element
will not be taken into account in subsequent analyses.

10
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4.3. subroutineHT and subroutineSR

These two Fortran user subroutines are used to predict the pyrolysis behaviour of the insulation material, and are incorporated
within the HT and the SR analyses. SubroutineHT predicts the pyrolysis behaviour via the user subroutines UMATHT and USDFLD, as
explained in Fig. 1. In subroutineSR, only the degree of pyrolysis is calculated, by using Eq. (2) within the user subroutine USDFLD.

4.4. upGeomSR

Similar to upGeomHT, the programme upGeomSR generates or updates the input file for the SR analysis. This input file includes
the required calls to the subroutineSR, and the importing of nodal temperatures from the previous HT analysis. Deactivation of
failed elements is analogous to the procedure as explained in Section 4.2.

4.5. PlateFailureCheck

At the end of each load step, the Python script plateFailureCheck checks the failure status of each structural element. The script
extracts information from the SR model, including displacement values of nodes related to panels, bolts, and screws. Based on
various Eurocodes [46-48], this information is used to assess structural failure, and consequently the corresponding element may
be removed from subsequent load steps.

4.6. upGeomFDS

Similar to upGeomHT and upGeomSR, the programme upGeomFDS updates the scripts needed to run FDS. The programme
copies the basic setup, e.g. the fire compartment geometry, and modifies it by removing the failed structural elements. Further
details, including code and scripts of the fire-structure analysis, but without pyrolysis, can be found in Refs. [41,42].

5. Case study

In Section 5, the pyrolysis implementation of Section 2 is used in combination with fire-structure simulations to model a case
study. The case study aims to demonstrate that the effects of pyrolysis on the temperature distribution, and temperature and
pyrolysis-dependent mechanical material properties, can be taken into account in fire-structure simulations on the global scale.
This is with a pyrolysis model that is computationally efficient and easy to implement, yet reasonably accurate, thanks to the large
differences in temperature gradients over the surface versus depth for insulation layers.

The case involves an office room with a sandwich panel facade. The facade consists of three panels, each having two steel faces
and a PIR insulation core, and all fixed to steel columns by connections. The case study is taken from a paper by De Boer et al. [42],
and additionally uses the pyrolysis model for the PIR insulation cores. The modelling of the mechanical response precisely follows
De Boer et al. [42], for verification purposes, and within that framework, the pyrolysis model influences the temperature distribution
and the temperature and pyrolysis-dependent properties, as further described below. Experimental validations of sandwich panels
under fire on the global scale have been carried out [49], but not including pyrolysis effects. For the latter, dedicated experiments
need to be designed in the future.

First, an overview of the model setup is given in Section 5.1, including a description of the fire simulation and the finite element
model. In Section 5.2, the effect of pyrolysis is studied for the case study, in which panels fall off within 100 s due to their screw
connections failing by shear. To study pyrolysis for a longer period, Section 5.3 prolongs the case study to 1800 s, neglecting
connection failures.

5.1. Model setup

The simulations start with a fire simulation by FDS, modelling a compartment, 5.4 x3.6x 2.7 m? in size, see Fig. 11, and using
cubic CFD elements 0.15 x0.15x 0.15 m?® in size. On the sides of the compartment, two additional spaces are modelled, for a corridor
and outside space respectively, to allow for airflow into the compartment. Between the corridor and compartment, a door with a
width of 0.9 m and a height of 2.1 m is modelled for this purpose. A one-hour fire is simulated, with cellulose selected as a fuel,
having a specified Heat Release Rate Per Unit Area (HRRPUA) of 250 kW/m?, as suggested by Eurocode 1993-1-2 [50]. The walls,
floors (except the facade) and ceiling of the office room are assumed to be concrete, in FDS being “obstructions” with a thickness
of 0.3 m, density of 1800 [kg/m?], specific heat of 1.00 [kJ/(kg K)], conductivity of 1.15 [W/(mK)], and emissivity of 0.8. The
facade consists of 3 sandwich panels with adiabatic properties, each having 16 AST data points to record the AST, as explained in
Section 2.3.

The finite element model simulates the facade system, which consists of three 3.6 m x 0.9 m sandwich panels, each having an
outer steel face, thickness of 0.5 mm, an inner steel face, thickness of 0.4 mm, and an 80 mm thick PIR insulation core, see Fig. 12.
Each panel is fixed at its bottom via a tongue-and-groove joint with the panel below, and at its left and right upper corner to a
vertical cold-formed L-section by a screw. The L-sections are connected by bolts to lips welded to two HE200 A columns.

For thermodynamical simulations, an HT model is used as shown in Fig. 12 on the left. Each sandwich panel is divided into
16 partitions, where each partition’s inner face will inherit the AST value of the corresponding AST point in the fire simulation.

11
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Table 2

PIR material properties as used in the simulations.

Property Value

Virgin material density p, [kg/m®] 80, Ref. [52]

Pyrolysed material density p, [kg/m3] 20.4, Ref. [52] Fig. 1

Solid specific heat C; [J/(kg K)] 4.86T - 357, Ref. [53] Table 2
Solid thermal conductivity k, [W/(mK)] 2x1077T? =9 x 10T + 0.0397, (table 3-2 in [54])
Gas specific heat C, [J/(kg K)] 2100, Ref. [53]

Heat of decomposition Q [J/kg] —3.98 x 10°, Ref. [53] Table 1
Pre-exponential factor A [s7!] 2.344x 108, Ref. [52] Table 8
Activation energy E [J/mol] 1.01x10°, Ref. [52] Table 8
Order of reaction n 4, Ref. [52] Table 8

Regarding the mesh, the columns, L-sections, and the faces of the panels are modelled with 50 x 50 mm DS8 eight-node heat
transfer quadrilateral shell elements. The core is developed by DC3CD20 brick elements. For steel, its thermal conductivity and
specific heat are taken from EN 1993-1-2 [51] Section 3, see for further details [42]. For simulations without pyrolysis, the PIR
core is modelled with a conductivity equal to 0.023 [W/(mK)], and a specific heat of 1400 [J/(kg K)1, to enable verification with
previous work [42]. If pyrolysis is modelled, the properties of the PIR core are listed in Table 2, including their source. Concerning
the conductivity between instances, so-called interaction properties are used, indicated by the bold orange lines. The inner and
outer faces of the panels have radiation and convection properties as indicated in the figure. Loading takes place by setting the
temperatures of the inner face to the ASTs found by the fire simulation, and setting the outer face temperatures to 20 degrees. A
transient solver is used, and further details can be found in [42].

After the determination of the temperature distribution over time, an SR analysis model, shown in Fig. 12 on the right, predicts
the structural response. The model follows the setup of the HT model, but for the shell elements mechanical S8R eight-node quadratic
shell elements are used, and for the insulation core mechanical C3D20R elements are applied. For steel, grade S355 is used, which
has an ambient Young’s modulus of 2.1 x 10> N/mm?, a yield strength of 355 N/mm?, and an ultimate strength of 490 N/mm?,
all as recommended in EN 1993-1-1 [55]. The temperature-dependent values for Young’s modulus and strength, including thermal
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properties such as thermal conductivity and specific heat are taken from EN 1993-1-2 [51] Section 3. Regarding the PIR insulation
core, mechanical properties are mostly taken as constant as listed in De Boer’s paper [42], including a Young’s modulus of 20000
N/mm?, a Poisson ratio of 0.2, and a thermal expansion coefficient of 5.0 x 10~>. However, for each integration point, Young’s
modulus is halved when the PIR is fully pyrolysed at that point. The contact between instances is modelled by “hard contact
interaction properties”, which is indicated by the bold green lines.

The tongue-and-groove connections, bolts, and screws are modelled by linear elastic springs, via Abaqus “Connection Sections”
with translational type “Cartesian”. Their stiffness values are determined following the “component method” in Eurocode 1993-1-
8 [48]. Observed failure modes are related to (a) panel failure, implemented via a check on the maximal panel deflection; (b) facade
openings, measured via the difference in nodal displacement above and below the tongue and groove connection; (c) panel-angle
section screw failure, checked by Eurocode 1999-1-4 [46] design rules for (i) the combination of shear and tension in the screw,
(ii) shear failure of the screw, (iii) bearing failure of the thin-walled angle section, (iv) tension failure of the screw, and (v) pull-out
resistance of the screw; and (d) main structure column-angle section bolt failure, predicted by Eurocode EN 1993-1-8 [48] design
rules for (i) combination of shear and tension in the bolt, (ii) shear failure of the bolt, (iii) bearing failure of the angle section, (iv)
tension failure of the bolt, and (v) punching shear resistance of the angle section.

The SR model is used to investigate the action of the temperature loads, and so no further mechanical loads are applied. To
solve the system of equations, a general static solver is used. Further details, especially on the connection stiffness values and
failure criteria, can be found in [42], and fully coded in [26].

5.2. Simulations

Simulations use the software and scripts as explained in Section 4 and the model setup as presented in Section 5.1, illustrated
in Fig. 13 with a typical simulation including pyrolysis.

First, for verification purposes, a standard TWC simulation (TWC and not OWC, as TWC is the more extended and general
approach) of De Boer et al. was run, so without pyrolysis: the “Two-way CFD-FEM coupling” simulation in their (figure 12 [42]).
Original code and scripts were used, and results are shown in Fig. 14. For the rerun, the bottom, middle, and top panels fail at 45,
55, and 70 s respectively, all by their two screws failing by shear following displacement-controlled failure checks [42]. However,
in the original paper, these numbers were 40, 45, and 60 s. The code and scripts were checked and deemed to be correct for the
settings stated in the paper, and so apparently other settings were used to produce (figure 12 in [42]). Code and scripts to reproduce
all the simulations in this paper are available [26], and so the results in Fig. 14 will be used for further studies.

Second, the same simulation was carried out, but with pyrolysis included. At the top left of Fig. 13, the fire simulation is
shown, including the corridor, compartment, outside region, panels, and AST data points clearly visible for Panel 3. In total, a
100-s fire is simulated, by 10 equal load steps of 10 s. After the first load step, the AST data is transferred to the FEM domain for
a first HT analysis, top right. As mentioned earlier, each of the 16 partitions of each panel will be loaded at the inner side by a
temperature equal to the AST value of the related AST point in the fire simulation. The HT analysis predicts, via the UMATHT and
USDFLD subroutines, see Fig. 1, the pyrolysis level at each integration point (middle row, left) in combination with the temperature
distribution. Then, the nodal temperatures vs. time as found in the HT analysis are transferred to the SR analysis (middle row, right)
which subsequently predicts displacements, strains, and stresses over the time of the load step. Note that for practical reasons, the
SR analysis recalculates the pyrolysis levels of each integration point. After the SR analysis, several failure criteria are checked [42],
and a panel is removed if it has failed. Then the fire simulation is restarted, now with the failed panel removed, and this iterative
process is followed until the final time step has been finished.

Fig. 14 shows that the inclusion of pyrolysis delays the failure of the panels, which is still due to their two screws failing by
shear following a displacement-controlled failure check. Simultaneously with the failure of the screws of Panel 3, both bolts at the
top of one of the columns fail by shear and 5 s later both bolts at the bottom of the same columns fail by tension, which in turn
flags the failure of the complete facade.

Note that in the short time window of the simulation of 100 s, pyrolysis is limited to certain zones of the panel and for limited
depths, as shown in Fig. 14 on the complete right. Nevertheless, due to the endothermic process, the pyrolysis reduces temperatures
of the inner faces and so expansion and bending of the panels, and consequently results in smaller displacements of the connections.
The critical displacement, indicated by the line “Failure”, is as such reached later. As this paper focuses on pyrolysis, in the next
section connection and panel failures will be neglected, and pyrolysis within the system will be studied for a prolonged time.

5.3. Prolonged pyrolysis

In this section, the simulation conducted in the previous section is extended to 1800 s, without considering any failures. This
effectively makes it an OWC simulation, however, for conciseness this paper does not study the differences between OWC and TWC
simulations, for they are covered by other works [41,42]. The results are presented in Fig. 15. At the start of the fire simulation,
the compartment contains a normal amount of oxygen, which causes the fire to start aggressively, with the temperature load at
the fire-exposed face rising to more than 600 degrees in less than 20 s. For the next 40 s, the fire becomes ventilation controlled
and temperatures are reduced to 450 degrees. Differently, thanks to its thermal resistance and capacitance, the temperature of the
fire-exposed face in the HT analysis smoothly rises from ambient to 400 degrees in 200 s (curve not shown).

Fig. 15(a) shows the HT analyses, with all contour plots made at 1800 s, at the top surface of Panel 3, in the middle. The two
contour plots at the top show the temperatures for simulations with (left) and without (right) pyrolysis taken into account. For the
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simulation with pyrolysis, the single contour plot below shows the pyrolysis degree, with a low Field Variable FV referring to a high
degree. For indicated nodes in these contour plots, temperatures over time are given in the graphs. It can be seen that the inclusion of
pyrolysis (green lines) delays the heating of the panel compared to the situation without pyrolysis (orange lines). This is more so for
locations near the fire, where the pyrolysis degree is higher, i.e. the Field Variable FV is lower. It is difficult to theoretically predict
the points at which the temperature curves with and without pyrolysis deviate. First, temperatures are a function of the thermal
resistance and capacity in the panel, being themselves functions of the pyrolysis level distribution. For example, the endothermic
effects of pyrolysis at the fire-exposed bottom surface only show up later in the middle layer. Second, for pyrolysis at least seven
distinct reactions take place between 100 and 900 °C [52], and so it cannot be pinpointed in time in a graph. By the end of the
simulation, the pyrolysis level in the first layer of finite elements, measured at 20 mm from the fire, equals about 0.5, and pyrolysis
starts in the third layer, 40 mm from the fire. The effect of pyrolysis is significant if it is realised that e.g. for the middle layer it
delays a first critical temperature of PIR, 200 °C, see [52], by 10 min.

Fig. 15(b) presents the SR analyses. Due to the thermal expansion of the face (i) the panel bends and so shows out-of-plane
displacements, shown in 15(b), following the temperature curve of the fire-exposed face; (ii) the panel screws are loaded in shear
due to in-plane expansion. Around 60 s, the shear forces in the screws are so large that the screws become plastic. This allows shear
deformations in the screws to become significant, shown in the figure by their linear phase with a relatively high gradient, which
also damps out-of-plane deformations due to reverse stress-stiffening. The fire temperature load becomes practically constant after
120 s, which leads to almost constant out-of-plane deformations, and due to thermal relaxation some elastic unloading of the screws.
As Fig. 15 shows, pyrolysis does not have a strong influence on the out-of-plane displacements or the relative screw displacements.
The somewhat smaller screw displacements, if pyrolysis is included, are possibly due to less thermal expansion, as temperatures are
a bit lower, and a reduced stiffness of the partly pyrolysed core. Differences between the two screws are due to the turbulent fire,
which leads to zones on the face surface with slightly different temperatures.

It can be concluded that if the failure of connections or panels is not considered, for prolonged fire, significant pyrolysis takes
place, which influences the temperature distribution in the interior of the sandwich panel. However, here this only has a marginal
effect on the structural behaviour. Note that relatively simple mechanical properties for the PIR core were used in the SR analysis,
neglecting factors such as viscoelasticity and delamination. These aspects are important for the prediction of failure related to the
panel itself, instead of connection failures, and so should be further investigated in the future.

6. Conclusions and future work

An existing model for 1D pyrolysis has been implemented in the FEM, and verified by an existing model and validated by an
existing experiment. The results illustrate how pyrolysis becomes more distributed and less strong over the length in time.

The 1D pyrolysis implementation has been integrated into a 3D FEM, as part of coupled fire-structure simulations. A modification
involves the solution of the material decomposition and the integration of the gas mass flux over only one direction of interest,
whereas all other operations are 3D. For the applications in this paper, this is possible thanks to the significant difference in size
between temperature gradients over the surface and gradients over the thickness of the sandwich panels.

A case study was presented, based on existing literature, making use of fire-structure simulations, and realistic thermal and
pyrolysis-related material properties for the PIR insulation core. It was shown that in a short time window of 100 s, pyrolysis is
limited to certain zones of the panel and for limited depths. Nevertheless, due to the endothermic process, the pyrolysis reduces
temperatures of the inner faces and so expansion and bending of the panels, and consequently results in smaller displacements, and
somewhat later failure of the connections.

As this paper focuses on pyrolysis, in a second case, connection failures were neglected, and pyrolysis within the system was
studied for a prolonged time. Significant pyrolysis took place, which influenced the temperature distribution in the interior of the
sandwich panel. However, there was only a marginal effect on the long-term structural behaviour.
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The mechanical properties of the PIR insulation core were assumed as density-dependent, neglecting thermochemical expansion,
pore formation, viscoelasticity, and delamination behaviour. However, these aspects are important for the prediction of failure
related to the panel itself, instead of connection failures, and so should be further investigated.

Pyrolysis is an important phenomenon to be modelled, also as it may reduce fire risks. Future research can combine pyrolysis
with the detailed modelling of bolt [56] and screw [57] connections, using a two-scale method, so that all relevant details of
structures can be modelled and investigated for different fire scenarios, including structure to fire effects, supported by experimental
validation [49]. These aspects were presented together in a recent PhD thesis by the first author [58]. For future research, it may
help that code and scripts to reproduce all the simulations in this paper are available on GitHub [26]. But again, note that the
presented model for pyrolysis is only applicable for systems where a significant difference exists in size between gradients over the
surface and gradients over the thickness.
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