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Abstract. In this paper results are presented from a by STW funded research project “spalling of concrete
due to fire exposure” between Eindhoven University of Technology and Delft University of Technology and
aimed at developing an integral spalling model. In this paper two coupled Finite Element based models are
presented in which the first model describes the physical behaviour of concrete and is used to determine
the temperature and pore pressure development and the second model describes the fracture mechanics
behaviour of concrete and is used to determine the crack development.

1. INTRODUCTION
During fire exposure of a concrete structure several interacting processes develop which have a chemical,
physical and mechanical bases [1, 2] as depicted in Figure 1. The chemical behaviour develops at
the micro level of the cement paste due to the evaporation of capillary water and the dehydration
processes [3]. The resulting progressive weakening with temperature of the porous microstructure [3]
tends to decrease the strength and stiffness [4] and increases the porosity and the intrinsic permeability
[5, 6]. The influence of the temperature increase on the aggregate particles is characterised by the
thermal stability which mainly dependents on the chemical composition [7]. The low conductivity of
concrete combined with the high temperature exposure results in the development of a temperature
gradient across the cross section [8]. This temperature gradient combined with the evaporation of
liquid water in the confined space of the pores results in the development of pore pressures [9]. The
physical behaviour at the micro/meso level is determined by the pore pressure gradients which induce
the flow of gas and liquid water towards the heated surface and into the cross section [9, 10]. The
development of the temperature and pore pressure [11] in a dehydrating cement paste is combined with
the structural macro behaviour to form the mechanical response of the concrete. The partial restrainment
of the thermal deformations leads to a stress distribution across the concrete cross section [12, 13]
and crack development which could possibly influence the pore pressure build-up. The development of
these interacting processes could lead to a spalling mechanism in which part of the heated surface layer
becomes unstable resulting in fracture and sudden release of stored energy.
2. SPALLING MODEL
The presented spalling model consists of two coupled models which have a physical and fracture
mechanics bases respectively. The first model determines the physical behaviour of concrete resulting in
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Figure 1. Schematic overview of the processes in heated concrete leading to spalling [14, 15].

the temperature and pore pressure distribution across the cross section. The second model determines the
fracture mechanics behaviour of concrete resulting in the overall deformations, stress distribution and
crack development. The coupling between both models consists of the internal loading by temperature
and pore pressure build-up and the local crack development influencing the intrinsic permeability of the
material.
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The physical behaviour is based on a multi phase porous material in which liquid water and a gas
mixture of dry air and water vapour is present [16–18]. Each of these phases is described by a mass
balance equation which are combined with an equation of energy assuming thermodynamic equilibrium
[19–21]. The resulting system of 4 coupled differential equations depicted in equation (1) is solved
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Figure 2. Schematic overview of the spalling model.

numerically by the Finite Element Method (FEM) [22]. The material description across the cross
section consists of aggregate particles, mortar and interface zones. These constituents determine the
temperature dependent material properties of the randomly distributed small 1D elements across the
cross section. The aggregate particles are thereby assumed to by impermeable. The inclusion of local
crack development requires the evaporation of the liquid water to be based on physical considerations
taking the availability and development of energy, liquid water and water vapour into account.
The flow of liquid water and gas is furthermore based on the saturation with liquid water levels. The
boundary conditions implemented at the left and right outer edges reflect the fire exposure and the
ambient conditions respectively [22]. The top and bottom outer edges are connected by periodic
boundary conditions to allow a continuous material description. In Figure 2 an overview of the physical
model is depicted.
The fracture mechanics behaviour is based on explicit crack development of the thermally loaded
material. This discrete fracture mechanics approach [23, 24] is based on the 1D mechanical element
commonly referred to as the Bernoulli Euler beam [25] which allows for normal and shear forces transfer
as well as moments. The model has a linear elastic bases and assumes crack development by brittle
fracture of individual elements [23, 24]. This results in genuine separation of the material by removing
fracture elements. Recalculation during fracture of the material results in redistribution and relaxation
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Figure 3. Pressure development after 240 sec / 4 min, 300 sec / 5 min and 360 sec / 6 min.
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The uncoupled system of 2 differential equations depicted in equation (2) is again solved by the
FEM and randomly implemented across the heterogeneous material description [26]. The thermal
loading is reflected by the strain definition which incorporates an initial extensional strain [27, 28].
Each individual element is thereby loaded in extension to account for the local temperature and pore
pressure development. The pore pressure only acts as internal loading in the mortar and interface zones
surrounding the aggregate particles. The model is implemented for a concrete segment with structural
boundary conditions at the top and bottom outer edges. A rigid body combined with a fixed and spring
support condition [29] is implemented to account for the deformation behaviour of the segment and the
interaction with the surrounding structure. In height direction the segment is divided into three sections
in which the explicit crack development is implemented in the middle section to mitigate edge effects
by the boundary conditions. The top and bottom sections are included to allow for sufficient height
and deformation behaviour of the segment. The mechanical behaviour of these sections is direction
dependent [30] and incorporates implicit crack development. In Figure 2 an overview of the fracture
mechanics model is depicted.
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Figure 4. Normal stress development after 240 sec / 4 min, 300 sec / 5 min, 360 sec / 6 min.

Coupling between the physical and fracture mechanics models
The physical model is implemented for the middle section in which the aggregate structure and explicit
crack development are present. The obtained temperature and pore pressure distribution is implemented
as internal loading in the middle section. The average temperature and pore pressure distribution in the
middle section is determined and prescribed to the outer sections. This results in the overall temperature
and pore pressure distribution across the height of the segment. The explicit crack development in the
middle section is used to determine the crack width and the local intrinsic permeability increase. During
crack development the physical model is also recalculated to account for the possible pore pressure
reduction in the internal loading. In Figure 2 the coupling between both models is indicated.
3. RESULTS
In Figures 3 and 4 the pore pressure and normal stress distribution across the concrete segment after
4, 5 and 6 minutes of fire exposure are depicted respectively. The segment is made of Normal Strength
Concrete with river gravel aggregate particles (mainly quartz). The saturation with water of the porous
microstructure is based on a Relative Humidity of 80%. The fire exposure results in a effective heating
rate of 50 ◦ C/min in the first 10 minutes. Finally the segment is allowed almost unrestrained thermal
deformation by implementing relative small spring stiffness’s at the top and bottom outer edges.
The progressive temperature gradient results in the development of a pore pressure peak which in
time builds up and shifts into the cross section. The average pore pressure after 6 minutes is around
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0.45 MPa with local higher values of around 0.8 MPa. These are due to narrow passages between
aggregate particles partially impeding the flow of the gas mixture. The width of the pore pressure peak
also increases in time dependent on the possibility of the water vapour to escape to the heated surface.
The distribution of the aggregate particles thereby affects the flow of the gas mixture. The crack pattern
leads to a local reduction of the pore pressure build-up in case of sufficiently increased flow capabilities.
The resulting pore pressure peak therefore has a dominate 1D character with local deviations.
The temperature gradient and the pore pressure peak results in the development of a distinctive
crack pattern based on the normal stress distribution across the cross section. The partial restrainment
of the thermal expansion of the heated surface layer results in a maximum compressive stress of around
−26.0 MPa after 6 minutes of fire exposure. The forced deformation of the unheated centre of the
cross section results in a maximum tensile stress of around 5.0 MPa after 6 minutes of fire exposure.
This stress distribution results in a relative large number of vertical compressive cracks in the heated
surface layer. These further weaken the dehydrated concrete and results in local intrinsic permeability
increase. In the centre of the cross section several larger horizontal tensile cracks develop in which the
deformations are localised resulting in relaxation of stresses in the surrounding material. The rapidly
decaying temperature gradient results in a sharp change in the stress state and colliding of the tensile
cracks with the smaller compressive cracks reflected by the diagonal cracks.
The progressive development of the compressive stresses weaken the heated surface layer by
extensive crack formation. The pore pressure build-up acts in this cracked and dehydrated surface layer
and influences the crack development by local increased thermal loading. However in case of sufficient
crack extension and opening the pore pressure build-up also partially mitigates. The thermal instability
of the heated surface layer by fracture and release of the stored energy is therefore closely related to this
dynamic fracture process. Spalling of concrete is thereby the possible consequence of this mechanism.
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