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Abstract. The structural integrity and load-bearing capacity of burning buildings can be signifi-
cantly reduced due to high thermal load. This causes a problem for e. g. rescue workers, as they
have to ensure the rescue of people in a burning building even if there is an increased risk of col-
lapse. Predicting safe routes in and out of a burning building is a difficult task that takes resources
and expertise. Alternatively, escape routes can be identified using simulations, which require a mul-
tidisciplinary and multiscale approach. These simulations may either run in real-time or need to be
coupled with artificial neural networks in order to train them such that these neural networks suggest
safe escape routes in real-time in case of a fire incident. Computational-fluid-dynamic simulations of
the fire provide information about both the temperature and the smoke distribution in the single rooms
of a building. Micro-scale simulations describe local material behaviour such as spalling and cracks.
Structural-scale analysis provides information about the global structural behaviour of the building
including a possible progressive collapse. Nevertheless, a coupling of these multi-physical simula-
tions is needed to identify safe escape routes in a burning building. However, it is not only necessary
to couple across scales but also across software platforms, as there is – to the best knowledge of the
authors – no simulation framework available that can calculate the stated effects on multiple scales
with good accuracy. Consequently, studying these fire-structure interactions necessitates an accurate
computational simulation framework that integrates the effects of different physical phenomena. The
objective of this contribution is to provide a computational framework for fire-structure simulations to
elucidate the interplay between damage of concrete and progressive collapse. In the proposed compu-
tational setup, two software packages are used to simulate material damage and the resulting collapse
of an exemplary structure under fire. A micro-scale model uses a FEniCs-based solver for the con-
crete material and a structural-scale model uses ABAQUS for the (progressive) collapse simulation.
These solvers exchange information on temperature, stress, and changes in geometry across scales
and software through an open-source coupling library, preCICE. The proposed model is illustrated
by a numerical experiment that forecasts the damage leading to progressive collapse.
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1 INTRODUCTION
In Europe, fires in large buildings claim the

lives of almost 5,000 people every year [1].
From 2014 to 2018, the average annual prop-
erty damage in the United States was above
10 billion USD, according to the National Fire
Protection Association (NFPA) [2]. If a high-
storey building structure is on fire, the struc-
tural elements that are (locally) exposed to fire
are subjected to a tremendous amount of heat
load. Dead- and payload and the additional
thermal load may cause the structure to deteri-
orate and eventually cause the building to col-
lapse. Therefore, this brings the necessity to
both (i) understanding the material behaviour
of concrete under fire and to combine this with
(ii) the simulation of progressive collapse of the
building under fire load.

Multi-scale simulations considering differ-
ent physical phenomena such as e. g. fire dy-
namics, concrete behaviour under fire, local
damage, global effects due to damage, redis-
tribution of the loads and displacements, and
structural dynamics are computationally expen-
sive. Also, to create such a computational
framework is challenging and cumbersome.
Fire-structure interaction simulations have been
investigated for quite some years. Coupled sim-
ulations using hybrid methods for fire-structure
interactions are attempted in [3, 4]. Herein, fire
was simulated from the fire dynamic simulator
and the temperature distribution was given as an
input to the structural solver leading to a com-
bined fire-structure simulation. However, these
examples were limited to small-scale problems
limited to the size of e. g. a wall. In [5] a possi-
ble framework for fire-structure simulation us-
ing artificial neural networks including progres-
sive collapse is described. An enhanced fire-
structure simulation on a sub-structural level
combining the ISO-fire curve and a user-defined
material model is shown in [6]. A hybrid
approach using experimental data on the sub-
structural scale to provide information about the
state of structural members at the building scale
is given in [7].

In order to simulate the damage, in recent

times the phase field method has been used.
It models crack initiation, propagation, branch-
ing and merging in an effective manner by em-
ploying the continuum phase field fracture ap-
proach [8]. Phase field method is widely used
to simulate brittle fracture [9], fracture due to
coupled multi-physics processes [10, 11], and
was recently extended to an alternative based
on shape optimization [12]. To simulate dam-
age in concrete the classical phase field method
was extended to incorporate cohesive effects as
a unified phase field approach in [13]. Due to
the effectiveness and ease of implementation,
the phase field method is used in this work to
simulate the local concrete damage under fire.

In this paper, a novel computational frame-
work is proposed, an extension of the authors’
previous works [5,14], where two different sim-
ulation instances (solvers) are used to simulate
the progressive collapse at the structural scale
and fully coupled thermo-mechanical fracture
due to fire at the sub-structural scale. This
strategy allows to solve different physical phe-
nomena in different scales and software pack-
ages and combine the individual advantages of
each solver. Thus saving computational time
and reducing the complexity of incorporating
all mechanisms into the same software. This
allows for reliable forecasts regarding the pro-
gressive damage.

The outline of this contribution is as follows:
section 2 specifies the coupling framework and
the details regarding the implementation and
functions of the coupling. Details about the
simulations at the structural scale and the sub-
structural scale are described briefly in the fol-
lowing sections 3 and 4, respectively. Next,
in section 5 the boundary value problem mim-
icking the simplified fire-structure interaction is
defined and results of the conducted numeri-
cal experiments regarding the progressive col-
lapse of the structure under fire are shown in
section 6. Finally, the findings are summarised
in section 7.
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2 COUPLING FRAMEWORK
In a progressive collapse of buildings under

fire, multi-scale simulations with local temper-
ature effects and global structural effects can
be computationally expensive in any simulation
software. According to the authors’ knowledge,
there exists no open-source or commercial soft-
ware that can simulate reliably such a multi-
scale fire-structure interaction. For such a fire-
structure simulation, the following challenges
need to be taken care of: simulation of differ-
ent partial differential equations (PDEs) on both
scales, different FEM meshes on both scales,
two-way data transfer, time-stepping schemes
given that different PDEs are solved on both
scales, etc. In addition, it will be challenging to
further enhance the simulation framework in or-
der to include additional extensions or advance-
ments in treated mechanisms on both scales.

Therefore, two different simulation in-
stances (solvers) are created which have unique
simulation settings such as specific mesh and
time steps. Both simulation instances (solvers)
are coupled using the external coupling library
preCICE [15]. It connects both solvers, which
each simulate one part of the complete physics
involved in this simulation. It is an open-
source partitioned multi-physics coupling li-
brary that is responsible for time step control,
data transfers, and data interpolation between
both solvers. This coupling methodology using
preCICE makes it simple to develop both sim-
ulation instances separately and assess the com-
bined effects of both solvers while maintaining
the lower computational costs.

In this work, the progressive collapse of a
structure under fire is simulated in two distinct
solvers, which are the structural scale solver us-
ing ABAQUS and the sub-structural scale solver
using FEniCs. The coupling framework is vi-
sualised in figure 1. Each solver simulates a
part of the problem on respective scales and
communicates the data to the other solver at
every predefined coupling time step dtcoupling.
A serial explicit time marching scheme is used
from preCICE to exchange the data between
the solvers. For data interpolation between

different meshes a nearest-neighbour interpola-
tion scheme is used. In this modelling strat-
egy, structural solver time step dtstruct, sub-
structural solver time step dtsub, and coupling
time window dtcoupling are defined. Respective
solver time steps were chosen independently
concerning the mesh complexity and acceptable
evolutions of the displacements and damage.

3 STRUCTURAL SOLVER
The structural solver is using the commer-

cial FEM software ABAQUS to model the struc-
tural scale e. g. building scale and simulating
progressive collapse. Based on the dead load
and payload, which are not considered in the
sub-structural model, the stress and strain dis-
tribution in the building are calculated with an
implicit dynamic approach by solving the equa-
tion of motion.

On the building scale, the model is discre-
tised with 4-node plane strain elements (CPE4),
for the concrete, a linear elastic material model
is used, which is defined in the ABAQUS
subroutine UMAT. The UMAT subroutine not
only initialises the communication – using
preCICE – between the two solvers, but also
makes the stress and strain distribution available
for use in the sub-structural solver. Therefore
the stiffness matrix C is defined inside UMAT
and called at every GAUSS-point and for every
time increment dtstruct to calculate stresses σ
and strain energy density ψmech. The stresses,
strains and corresponding GAUSS-point coordi-
nates are stored and made accessible for com-
munication with preCICE.

The damage caused by the fire combined
with the external loads is calculated in the sub-
structural model and introduced in the struc-
tural model – again using preCICE – through a
damage variable d. This damage variable d acts
as a scaling factor for the stiffness of each ele-
ment and therefore controls the degree of dam-
age. In detail, d = 1 means a fully damaged
element and d = 0 indicates an undamaged ele-
ment. If d = 1 at a given GAUSS-point, the cor-
responding element is deactivated or deleted,
which means that the stress values become zero
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Figure 1: Coupling framework for ABAQUS and FEniCs using preCICE library inspired by [16]

and the failed element can not carry any load
anymore. As soon as a certain amount of ele-
ments failed in a sub-structural member, e. g. a
column, the whole structural member is consid-
ered to have failed.

A fully damaged structural member initiates
a subsequent simulation addressing the progres-
sive collapse.

4 SUB-STRUCTURAL SOLVER

In the sub-structural solver, a fully coupled
thermo-mechanical solver is used to compute
the damage using the phase field method. In this
solver, the following partial differential equa-
tions (PDE) are solved in a staggered manner
in software FEniCs [17]: thermal PDE, me-
chanical PDE, and phase field (fracture) PDE.
It should be noted that – as a first modelling
approach – the sub-structural components are
modelled to be made from unreinforced con-
crete, i. e., reinforcing is not considered at this
scale, yet. Once the reinforcing is modelled,
too, its actual corrosion state [18] needs to be
incorporated in order to be able to deal with dif-
ferent ages of the respective building.

In this sub-structural solver, the model is dis-
cretised using triangular elements with 3 nodes
in a plane strain setting. An implicit time
marching scheme is used for the evolution of
the primary variables. Evolutions of the ther-
mal, mechanical, and damage fields are solved

in a staggered manner until convergence with
a tolerance of ||r|| < tolstag = 1 × 10−3

is reached. Thereafter, obtained phase field
damage values are transferred, to the respec-
tive GAUSS-points in structural - solver - mesh,
using nearest-neighbour interpolation scheme
without any further algebraic changes. This fa-
cilitates the weakening of the respective local
stiffness at the structural scale which leads re-
duction in load-carrying capacity.

5 NUMERICAL EXAMPLE
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Figure 2: Boundary value problem: (left) building
at structural scale; (right) sub-structural column ex-
posed to fire, dimensions in mm

An exemplary two dimensional boundary
value problem, based on the investigation
in [19], is defined to prove the coupling con-
cept. A one-storey concrete building supported
on three columns is considered at the structural
scale, and one of the columns is assumed to
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be exposed to local fire conditions, as shown
in figure 2. The dimensions are in millime-
tres. At the structural scale a linear elastic ma-
terial model – not considering thermo-physical
material properties – is used. Since the fire
is modelled locally, the thermo-mechanical re-
sponse is computed at the sub-structural scale
by using thermo-physical material properties of
concrete taken from [20]. Evolution laws of
the temperature-dependent parameters are taken
from DIN standard-1992 [21]. As a first mod-
elling approach, no reinforcing is taken into ac-
count in both solvers.

For the sub-structural scale, thermo-
mechanical fracture simulation of concrete
columns is performed using the phase field
method. ISO fire curve from [22] is used for
input temperature boundary conditions at the
fire-exposed side of the column. Due to the high
thermal load, the mesh of the concrete column
is refined in the direction of the fire-exposed
surface to avoid convergence problems. On the
structural scale, a dynamic implicit FEM sim-
ulation is used to analyse the stresses in the
structure caused by external mechanical loads.
The structure is loaded linearly in the first 60 s
to 10 kN

m distributed load on the beams. The
sub-structural scale model introduces damage
caused by the fire on the middle column of the
fully loaded structure. After the failure of the
middle column – as an initiation for the pro-
gressive collapse – the stress redistribution on
the structural scale is calculated.

Adaptive time stepping is used for both
solvers and the preCICE coupling. The time
step for structural solver in ABAQUS ranges
from dtstruct = 1 × 10−4 s to 9 s. The sub-
structural solver time step in FEniCs ranges
from dtsub = 1 × 10−4 s to 2 s. Addition-
ally, the time window of the coupled simulation
framework is defined with the first-participant
method [15], where ABAQUS decides the cou-
pling time window as dtcoupling = dtstruct.

6 RESULTS
In this section, the results of the redistribu-

tion of the reaction force and the damage evolu-

tion are discussed.
Figure 3 depicts the normalised reaction

force in y-direction for the total simulation time
of 800 s. The dead load is applied in the first
60 s and remains constant until the end of the
simulation. Analogously, the reaction force in-
creases in the columns.

Due to the effects of the thermo-mechanical
damage to the middle column and the result-
ing reduced ability to carry loads, the reaction
forces in all columns are redistributed. As ex-
pected, more and more loads have to be carried
by the outer columns. After 700 s, the mid-
dle column fails and can no longer support any
load. This is shown in figure 3 by the drop of the
reaction force, of the middle column, to zero.
The load is now completely redistributed to the
two neighbouring columns, which is reflected
in an abrupt increase in reaction force.
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Figure 3: Normalised reaction force over time in y-
direction for bottom columns

The damage evolution of the structure can
be observed in figure 4. Herein, the evolu-
tion of thermo-mechanical damage to the mid-
dle column due to fire exposure can be noted
for 0 s, 150 s, and 700 s respectively. On the
right side of figure 4 the evolution of the phase
field value is shown, which is calculated in
the FENICS solver. With increasing time, the
fire temperature rises and is transferred into the
middle column as an input boundary condition.
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Figure 4: Evolution of the damage over time at (a) 0 s, (b) 150 s and (c) 700 s

On the left side of figure 4 the evolution of
the damage in the ABAQUS model is shown. It
can be seen, that the damage follows the phase
field as a result of the working coupling be-
tween the two solvers. The transferred damage
value successively scales the stiffness of the ele-
ments until d = 1 is reached and the respective

elements are deleted. This can be seen in fig-
ure 4 (b) and (c).

7 CONCLUSIONS

In this contribution, a computational frame-
work for solving multi-scale progressive col-
lapse simulation is suggested. In computational
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modelling, a fully coupled thermo-mechanical
fracture evolution is solved at the sub-structural
scale and coupled with a dynamic progressive
collapse simulation at the structural scale. This
framework lays out the potential for coupling
with additional solvers to include further phys-
ical phenomena. As a numerical experiment,
an exemplary boundary value problem was for-
mulated and investigated to track the global ef-
fects on the concrete structure due to local dam-
age resulting from the fire load. The extension
of the framework to include different compo-
nents, such as 3-dimensional columns and walls
in both solvers, is planned for future work.
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