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1. Introduction

Reliable prediction of durability and safety of concrete
structures during a fire is of great practical importance,
especially when designing concrete elements of high rise
buildings or concrete lining of tunnels [1–3]. During heating of
such structures, especially with a high rate, their integrity is

endangered by the so-called thermal spalling. This paper
addresses some issues concerning numerical simulations and
prediction of this phenomenon (i.e. the interpretation and
application of the numerical results), providing some possible
solutions. The phenomenon of spalling is briefly described in
Section 2. To assess the risk of thermal spalling occurrence for
a concrete structure exposed to heating under given condi-
tions, the evolutions of temperature, moisture content, pore
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a b s t r a c t

Thermal spalling is a deterioration phenomenon which is of fundamental importance

during durability analysis of concrete structures exposed to high temperature, e.g. during

a fire. To assess the risk of this damage mechanism for a real concrete structure, numerical

simulations are usually applied since experimental tests are very costly. Some aspects

related to predicting thermal spalling by means of numerical modelling of chemo-hygro-

thermal and damage processes in heated concrete, are presented in this work. First, we

propose a spalling index, validate it with some experimental results and show how it can be

used in the quantitative assessment of spalling risk. Then, the results of numerical simula-

tions of a slab, made of two types of concrete (NSC and HPC), heated with three different

rates, are discussed from the energetic point of view in order to indicate the main physical

causes and predict the nature of thermal spalling: slow, rapid or violent. The presented

results allow to assess the contribution of energy due to constrained thermal strains and

compressed pore gas into the thermal spalling for different types of concrete heated with

different rates.
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pressure in thematerial and the degradation of its mechanical
properties, should be known. To predict themwith a sufficient
accuracy, rather complex mathematical models are required
taking into account the multiphysics nature of the system
under consideration. Several models of such type were
developed in the last twenty years, see e.g. [1,4–14]. One of
the state-of-the-art mathematical models of concrete at high
temperature was developed by Gawin et al. [9,11,12]. It was
widely validated experimentally within some European
Projects, e.g. High Temperature Concrete – HITECO, Upgrading
Existing Tunnels – UPTUN. The model is based on Multiphase
PorousMediaMechanics (MPMM). It takes into account several
components and phases in the pore network, phase changes,
the interactions between physicochemical processes, the
transition through the critical point of water [8], as well as
themost importantmaterial nonlinearities [9]. In Section 3 the
main assumptions of this mathematical model are briefly
summarized. In Section 4 we describe how the results of
numerical simulations can be interpreted in order to assess
quantitatively the thermal spalling risk. The analysis is based
on the data from real laboratory tests, which are first
numerically simulated and then appropriately elaborated.
The evolutions of temperature, gas pressure, mechanical
damage (concrete cracking) and constrained elastic energy
fields are analyzed, in order to propose and validate a
parameter (called spalling index) for assessment of the
spalling risk occurrence in heated concrete.

Section 5 presents an analysis of the energy accumulated
and then released during heating (with three different rates)
of a slab made of two types of concrete, what allows to
indicate the main physical causes of thermal spalling and to
predict its nature (slow or violent or explosive) in the
considered cases.

In the last section, some concluding remarks concerning
the proposed energetic analysis of the results of numerical
simulation are presented for predicting slow/violent/explosive
nature of thermal spalling in heated concrete structures.

2. Thermal spalling of concrete

Spalling, in its most general form, is defined as the violent or
non-violent breaking off of pieces (or layers) of concrete from
the surface of a structural element when it is exposed to rising
temperatures, e.g. during a fire [15–18]. A common classifica-
tion of spalling phenomena leads to identifying the following
five main types [16]: Violent Spalling, Sloughing Off, Corner
Spalling, Explosive Spalling and Post-Cooling Spalling. Among
them, one of the most dangerous is Explosive Spalling, which
results in serious loss of material. Explosive Spalling is a very
violent form of thermal spalling characterized by the forcible
separation of pieces of concrete (the thickness of spalled-off
concrete layer is usually of 0.5–2.0 cm [2]), accompanied by a
typically loud explosive noise. It normally occurs above the
temperature of 200 8C and is stochastic.

For concrete specimens from the same batch and under
identical conditions, some could spall while others do not, e.g.
[2,11]. Under suitable conditions, in terms of mechanical
(external load stress) and thermal load (heating rate), all
concretes can show the capacity for thermal spalling.

Spalling is due to different concomitant coupled processes:
thermal (heat transfer), chemical (dehydration of cement
products and the resulting water release), hygral (water mass
transfer, in both liquid and vapor form, andpore pressure build
up) and mechanical ones (release of the elastic energy stored
during heating and loading and buckling effects in the external
layer).

Velocity of spalled-off concrete pieces in fire conditions
often exceeds 10 m/s [2], and for explosive spalling even 15 m/
s. Considering the possible thickness of spalled-off concrete
pieces (0.5–2.0 cm), the kinetic energy of 1 m2 spalled concrete
layer may reach 500–2000 J/m2, and for explosive spalling even
exceed 4500 J/m2 [11]. Considering possible dimensions and
mass of spalled-off concrete pieces (even greater than 0.1 kg),
kinetic energy of a single piece may exceed 1 J, what creates
the threat to people.

The extent, severity and nature of spalling occurrence are
extremely varied. Spallingmay be insignificant in amount and
consequence, such as when surface pitting occurs. Alterna-
tively, it can have a serious effect on the fire resistance of a
structural element because of extensive removal of concrete
which exposes the core of the section, and the reinforcing steel
or tendons, to a more rapid rise of temperature, thus reducing
the load-bearing cross-sectional area, like in the case of
explosive spalling. These situations are emphasized and then
much riskier in the case of High Performance and Ultra High
Performance concrete. Their compactness and special compo-
sition result in high values of pore pressure and in a brittle
behaviour of thematrix. To reduce the risk of concrete thermal
spalling, some preventivemeasuresmay be applied [19,20], i.e.
concrete of higher permeability (i.e. with higher w/c, without
micro-silica) and/or addition of polypropylene fibres to
concrete mix (up to 3 kg/m3) in order to reduce pore pressure;
protective layer made of a highly porous material (e.g.
shotcrete or special plates) – to reduce heating rate of structure
surface; aggregates of low thermal expansion – to reduce
concrete cracking during heating. Then special protective steel
nets may be applied on a structure surface to protect against
spalled concrete pieces having high velocity (kinetic energy)
[19].

3. Modelling thermal spalling

The model used in this work was formulated first in the
framework of Hybrid Mixture Theories, and then extended to
the Thermodynamically Constrained Averaging Theory [21],
by considering cementitious materials as multiphase porous
media and by supposing that all the phases and components
are under equilibrium conditions [8,10,11]. The most impor-
tant mutual couplings and material nonlinearities, as well as
different physical behaviour of water above its critical
temperature are taken into account. The model was exten-
sively validated and its constitutive relationships were
experimentally determined, e.g. [9,11,17]. The state of the
material is described by 4 primary physical quantities, which
are also the degrees of freedom in the FE code: gas pressure, pg,
capillary pressure, pc, temperature,T, anddisplacement vector,
u. In addition, there is a set of internal parameters describing
the advancement of the dehydration and deterioration
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processes, i.e. degree of dehydration, Gdehydr, chemical damage
parameter, V, and mechanical damage parameter, d [9,22].

The main steps needed for the development of such
mathematical model are beyond the scope of this work, so
here we limit to presenting the main governing equations.

- Mass balance equation of dry air:
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where n is the porosity, t – time, Sp – saturation, bp – thermal
expansion coefficient, rp – density, _mdehydr – mass source
term related to the dehydration process, Gdehydr – dehydration
process degree, vps – velocity relative to the solid skeleton,
Jgag – diffusive flux of dry air in water vapor. The subscripts/
superscripts (p = s, ga, gw and g) are related to solid, dry air,
water vapor and gas phase, respectively.

- Mass balance equation of water species (water vapour + liquid
water):
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where a is the Biot constant, Jgwg – diffusive flux of water vapor
in dry air.

- Energy balance equation of the multiphase system:
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where (rCp)eff is effective thermal capacity of the multiphase
system, Cp – isobaric specific heat, leff – effective thermal
conductivity, DHvap and DHdehydr – specific enthalpies of the
phase change (evaporation–condensation) and dehydration,
_mvap – the mass source term related to water vaporisation.

- Linear momentum balance equation:

r� ð1�dÞð1�VÞL0 : ðetot�eth�etchem�etrÞ�aps I½ � þ rg ¼ 0 (4)

where r is the porous medium density, ps is a measure of the
so-called solid pressure, i.e. the pressure exerted by the fluid
phases on the solid skeleton, etot is the total strain, eth – thermal
strain, etchem – chemical strain and etr – transient thermal
strain, L0 is the elastic stiffness tensor, d ¼ f ½ss

eðx; tÞ� and
V = f[Tmax(x, t)] are the mechanical and thermo-chemical dam-
age parameters, respectively. ss

e is the effective stress tensor

which is responsible for the deformation of thematerial, is the
maximal temperature reached at a given point x till time
instant t.

The full mathematical model and details of its numerical
solution can be found in previous works [9,11,12,17].

4. Predicting thermal spalling by means of
numerical simulations

In order to evaluate quantitatively the risk of thermal spalling
occurrence in concrete structures, heated at given conditions,
some special indexes have been proposed in [11]. They have
been proven to give a reliable assessment of the risk for the
MIX1 andMIX2 concrete specimens heated up to 450 8C during
the unloaded tests at NIST [11]. The cylindrical specimens
(with diameter of 100 mm and height of 200 mm) were heated
with the rate of 5 K/min to three target temperatures: 300 8C,
450 8C and 600 8C.

For the MIX1 specimen (with w/c = 0.22, compressive
strength fc = 98 MPa and intrinsic permeability
k0 = 2 � 10�19 m2) heated to 300 8C (indicated later on as
MIX1/300 8C) thermal spalling occurred for none of the three
specimens, but during heating to 450 8C it was observed for
each of the three specimens.Whereas every of the three MIX 2
specimens (w/c = 0.33, fc = 88 MPa, k0 = 22 � 10�18 m2) experi-
enced explosive spalling during heating to 600 8C, while during
the 450 8C tests it occurred only for one of the four specimens.
Main material properties of the MIX1 and MIX 2, the FE mesh,
as well as initial and boundary conditions used in our
simulations are given in detail in [11].

Here two of the previously proposed indexes [11], account-
ing for commonly accepted factors promoting concrete
spalling, i.e. high gas pressure, material cracking (mechanical
damage) and high constrained elastic energy, are jointly used
for defining a unique spalling index. It seems to give an
assessment of spalling risk in heated concrete better than the
previous ones [11], as will be shown below.

The first spalling index, Is1, is based on the pressure-
induced shear mechanism:

Is1 ¼ Ag1
ðpg�patmÞd

f t
; (5)

where f t is the averaged traction strength, patm the atmospher-
ic pressure, pg and d, are the local values of gas pressure and
mechanical damage parameter. The over-barmeans the value
averaged along the distance between the current position and
the heated surface and the term Ag1 is a geometry dependent
coefficient [11]. The index Is1 assumes high gas pressure ac-
companied by concrete cracking and degradation of its trac-
tion strength as main causes of thermal spalling.

The second spalling indexes, Is2, is based on fracture
mechanics:

Is2 ¼ Ag2
Eeld

Gf
; (6)
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where the constrained elastic energy Eel and the fracture
energy Gf , are averaged over the distance from the heated
surface to a given position (i.e. a possible thickness of spalled
concrete layer), while the term Ag2 is a geometry dependent
coefficient [11]. This spalling index considers the constrained
elastic energy of the material layer close to heated surface,
accompanied by cracking of the layer and decrease of its
fracture energy, as prevailing causes of the phenomenon.

Since it is usually impossible to predict in advance which
physical phenomenon will be dominant in development of
thermal spalling at given conditions, it seems reasonable to
assume that the higher value of the two spalling indexes at a
given position and time instant, should be taken to assess risk
of the phenomenon occurrence,

Isupðx; tÞ ¼ sup Is1ðx; tÞ; Is2ðx; tÞð Þ; (7)

where Isup will be called the supremum spalling index, tmeans
the time instant and x the position vector.

To validate this concept, again the results of numerical
simulations of the NIST laboratory tests [23] for the all four

aforementioned cases (i.e. MIX1/300 8C, MIX1/450 8C, MIX2/
450 8C andMIX2/600 8C), will be used. The results for theMIX1/
450 8C case, were used in [11] to determine the geometry
parameters in Eqs. (1) and (2) in such a way that the maximal
values of the spalling indexes Is1 and Is2 for the whole
simulated test were equal to one. It is worth to mention that
these indexes reached theirmaximal values in the time period
when thermal spalling really occurred during the NIST tests
[23]. Here, using the results of simulations performed, the
indexes, Is1, Is2 and Isup, for the all analyzed concrete mixtures
and temperatures, are calculated. For brevity, only the results
concerning the evolutions of spalling index Isupduring the tests
performed for theMIX-1, Fig. 1(a and b), andMIX-2, Fig. 1(c and
d), heated up to the analyzed target temperatures, are
presented. Additionally, the results concerning evolution of
mechanical damage in 4 points of the specimen made of the
MIX-1 are shown in Fig. 2(a and b) and of the MIX-2 in Fig. 2(c
and d), since they are useful for proper assessment of thermal
spalling risk.

For the MIX-1/300 8C case, after about 120 min of heating
the highest level of spalling index Isup � 0.63was reached in the
central part of specimen, while in its surface layer the index

[(Fig._1)TD$FIG]

Fig. 1 – The evolutions of spalling index Isup during the NIST unloaded heating tests [23]: (a) MIX-1/300 8C; (b) MIX-1/450 8C; (c)
MIX-2/450 8C; (d) MIX-2/600 8C.
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remained at low level, Fig. 1a. In the same time period the
mechanical damage parameter was not increasing, Fig. 2a.
During the laboratory tests, thermal spallingwas registered for
none of the three MIX-1 specimens.

For the MIX-1/450 8C case, after 110–115 min of heating the
spalling index Isup reached values close to 1.0 in the central part
of specimen and in its 2-cm surface layer, Fig. 1b. In this time
period themechanical damage was increasing with the rate of
about 30% per minute, starting from the inner part of
specimen, see Fig. 2b. During the laboratory tests for all of
the three specimens explosive spalling occurred.

For the MIX-2/450 8C case, after about 115 min of heating
the spalling index reached its highest level Isup � 0.75 in the
specimen central part, while near the surface its level was
relatively low, Fig. 1c. In the same time period the mechanical
damage remained at a low and constant level, Fig. 2c, but from
120 min it started increasing gradually (with the rate of about
1% per minute), together in the whole surface zone of the
specimen. This was accompanied by a gradual increase of the

spalling index value to about 0.7 in the whole specimen.
During the laboratory tests, explosive spalling was observed
for one of the four MIX-2 specimens.

For the MIX-2/600 8C case, after 110–115 min of heating the
spalling index Isup in the specimen central part reached value
of about 0.9 and during next 10 min its value in the surface
layer increased to about 0.55, Fig. 1d. In the same time period
the damage parameter was increasing with the rate of about
2% per minute, together in the whole surface layer, Fig. 2d.
During the laboratory tests, explosive spalling was observed
for all of the three MIX-2 specimens.

One can notice a good agreement of the spalling risk
assessment based on the index Isup and evolution of
mechanical damage obtained from the numerical simulation,
with the real NIST experimental observations [23]. Thermal
spalling occurred in the tested concrete specimens, when the
index Isup reached the level of 0.9–1.0 and at the same time
mechanical damage parameter, being initially at relatively low
level (d � 25%) in the surface layer, was increasing with a high

[(Fig._2)TD$FIG]

Fig. 2 – The time evolutions of mechanical damage in 4 points of the cylindrical concrete specimens during the NIST tests [23]:
(a) MIX-1/300 8C; (b) MIX-1/450 8C; (c) MIX-2/450 8C; (d) MIX-2/600 8C.
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rate, together in the whole layer. The Isup index exceeding
0.75, accompanied by a relatively low (d � 15–25%), slowly
increasing mechanical damage level in the surface layer,
corresponded to relatively low risk of thermal spalling (it
occurred for one of the four specimens). The spalling events
were observed in the temperature range between �200 8C
and �250 8C. For the lower values of index Isup and not
increasing mechanical damage parameter, both in the inner
and surface layers of the specimens, thermal spalling was
not observed.

The above observations indicate that the simulation results
performed by means of the numerical model of heated
concrete [9] and the spalling analysis based on the evolutions
of the Isup index and mechanical damage parameter, may be
useful when evaluating thermal spalling risk. To assess, if
thermal spalling will be of explosive or progressing nature, an
energetic analysis should be performed, similarly to what is
presented in Section 5.

5. Energetic analysis of thermal spalling in
concrete heated with different rates

In this section, we numerically analyze the energetic viability
of concrete spalling and its expected nature (either violent/
explosive or slow). The scope is also to discern what is the
energy contribution of compressed gas (caused by rapid
evaporation of moisture) and what is that corresponding to
the release of stored constrained elastic energy (due to the
thermal stresses resulting from high restrained strains caused
by temperature gradients). The study is performed for a slab,
made of two different types of concrete and exposed to three
different parametric heating profiles (with distinctly different
heating rates, variable in time).

Once the time and the position of the potential main
fracture are determined by analysis of the simulations results,
it is possible to determine if concrete spalling is energetically
possible through the comparison between fracture energy and
the stored elastic energy, similarly as in [11]. At this stage, it is
also possible to assess the contribution to spalling occurrence

of both the work of initially compressed gas during its rapid
expansion and of the constrained elastic energy, as well as to
evaluate the expected nature of spalling (either violent/
explosive or slow). The latter can be achieved through the
calculation of the velocity of the spalled concrete pieces,
following the procedure proposed in [11].

The analysis of spalling occurrence is performed for a
concrete wall, which is assumed to work in plain strain
conditions with 1-D flow of both heat and mass.

The boundary conditions used in numerical simulation are
summarized in Table 1 (the structural element is exposed to
fire at one face only). For the heat exchange on the side A of the
slab (exposed to fire), both convective and radiative conditions
are considered, while on the opposite side B purely convective
exchange is assumed. The heat exchange coefficients are
derived from [11].

The heating profiles considered for the side A of the slab are
derived directly from the Annex A of the Eurocode 1 [24], in
which some parametric curves are defined on experimental
basis, considering: the fire load density, the ventilation
conditions (i.e. geometry, size and distribution of the com-
partment openings), the properties of the closing walls of the
fire compartment (walls thermal capacity and limit of the fire
temperature).

The heating profiles Tg(t), defining the air temperature Tg [K]
within the fire sector, are given by the following equation [24]:

TgðtÞ ¼ 293:15

þ 1325�ð1�0:324�e�0:2�G �t�0:204�e�1:7�G �t�0:472�e�19�G �tÞ;
(8)

where t [h] – time, G = (O/b)2/(0.04/1160)2 [J/(m2s1/2K)], b ¼ ffiffiffiffiffiffiffiffiffiffi
r�c�lp

is the parameter dependent on the density – r, the specific
heat – c, and the thermal conductivity – l of the element closing
the fire sector, which is assumed here as b = 2016 J/(m2s1/2K),
O ¼ Av�

ffiffiffiffiffiffiffi
heq

p
=At [m

1/2] is the opening coefficient, dependent on
the total surface and the average height of the vertical openings
at all of the walls, Av [m2] and heq [m], and the total surface
closing the fire sector, including openings, At [m

2].

Table 1 – Boundary conditions used in the numerical simulation.

[TD$INLINE]

Side Variables Coefficients

A pg pg = 101,325 Pa
pc pgw = 1300 Pa, convective mass exchange coefficient bc = 0.02 m/s
T T = T(t) – according to three different heating profiles

Convective heat exchange coefficient: ac = 20 W/m2 K;
Radiative heat exchange coefficient: es0 = 5.1 � 10�8 Wm�2 K�1

B ux ux = 0
pg pg = 101,325 Pa
pc Environmental relative humidity = 50%, bc = 0.005 m/s
T Convective BC: ambient temperature T = 298.15 K, ac = 5W/m2 K

C, D uy uy = 0, qy
T = 0, qy

g = 0, qy
w = 0,
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The considered heating profiles have been obtained by
varying the opening coefficient, O, as follows:

(a) Slow Parametric Fire, Eq. (8) with O = 0.02 m1/2 (geometry,
size and distribution of the assumed compartment open-
ings are given in [25]), represents a slow development fire
that reaches its maximum temperature after about 3 h;

(b) ISO-Fire 834, Eq. (8) with O = 0.07 m1/2, is the normalized
ISO 834 time–temperature curve defined in the regulation
project prEN 13501-2 to represent a fire model completely
developed in a fire sector;

(c) Hydrocarbon Fire, is the normalized time-temperature
curve defined in [24], which represents the fire conditions
where hydrocarbon products are present; it is given by the
following equation:

TgðtÞ ¼ 293:15

þ 1080�ð1�0:325�e�0:167�t�60�0:675�e�2:5�t�60Þ: (9)

A comparison between the three considered heating
profiles is shown in Fig. 3 and the main physical properties
(at ambient temperature of 20 8C) of the two concretes, NSC
and HPC, considered in the analysis, are listed in Table 2.

The simulation results, concerning main physical quanti-
ties at the time instant and position of predicted spalling
occurrence are presented in Table 3 and the results of
energetic analysis performed following procedure [11] are

compared in Table 4. For brevity, the detailed results of time
evolutions and space distributions of the physical quantities
and spalling indexes, used in the analyses, are not presented
here and can be found in [25]. The spalling occurrence (i.e. its
position and time) was assumed to take place following the
procedure described in Section 4, i.e. based on the value of
index Isup and the rate of mechanical damage increase,
obtained from the numerical simulation [25].

As can be observed in Tables 3 and 4, the characteristics of
thermal spalling are strongly dependent both on the concrete
properties and the heating rate. Nevertheless, some general
trends, being in a good agreement with the published data on
laboratory tests and field observations [2,23,26] (including the
measured values of velocity of spalled pieces of heated
concrete slab [26]), can be deduced from these results.

In concretes characterized by a higher value of permeability
(porosity), e.g. NSC concrete, the constrained elastic energy
due to temperature gradient in a layer close to heated surface
plays a dominant role in the development of thermal spalling
(the value of spalling index Is2 is crucial). Gas pressure, even at
high heating rates, is less important. On the contrary, in a
tighter concrete, e.g. HPC concrete, a high gas pressure due to
rapid moisture evaporation during heating (i.e. spalling index
Is1) is a dominant factor causing concrete spalling. The higher
heating rate is, the more important for the phenomenon
occurrence is high gas pressure. Only during slow heating of
these concretes, the roles played by high pressure and
constrained elastic energy are comparable. For both types of
concrete, the higher heating rate is applied, the higher velocity
(i.e. more violent process) and smaller thickness of spalled
pieces of concrete can be expected. In the case of very high
heating rates (e.g. during hydrocarbon fire) in very tight
concrete (e.g. HPC or UHPC) one can expect explosive spalling
occurrence. The higher heating rate is, the higher is tempera-
ture of the spalled concrete layer.

The proposed here method of thermal spalling analysis
allows for better understanding of the phenomenon develop-
ment in different heating conditions and predicting its some
most practically important characteristics, like time and
temperature range of possible occurrence, kinetic energy of
concrete pieces, thickness of spalled concrete layer. The
results of such analysis can be useful during assessment of a
concrete structure durability for different scenarios of fire or
accident situation.

6. Conclusions

Some issues related to application of numerical models, and
the interpretation of their results, for assessment of thermal
spalling risk in heated concrete structures have been dis-
cussed. The analyses presented previously [9,11,12] and in this
work have shown that numerical simulations can be a useful
tool for assessment of thermal spalling risk, under condition
that they are performed with an experimentally validated
computer code, based on a sufficiently accurate mathematical
model of hygro-thermal, thermo-chemical, stress–strain and
degradation processes in heated concrete.

The evolutions of temperature, gas pressure, mechanical
damage (concrete cracking) and constrained elastic energy

[(Fig._3)TD$FIG]

Fig. 3 – Graphical comparison of the considered heating
profiles according to [24]: ISO-834 Fire (Eq. (8) with the
parameters in point b), Slow Parametric Fire (Eq. (8) with
the parameters in point a) and Hydrocarbon Fire (Eq. (9)).

Table 2 – Main properties of the considered concretes at
ambient temperature.

Material property NSC HPC

MIP porosity, n [%] 9.0 6.0
Water intrinsic permeability, ko [m

2] 1 � 10�17 1 � 10�19

Young modulus, E [GPa] 34.5 36.7
Poisson's ratio, n [–] 0.18 0.18
Thermal conductivity, l [W/m K] 1.95 2.1
Specific heat, Cp [J/kg K] 851 851
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fields provide sufficient information for a quantitative spalling
risk assessment, for example by means of the approach and
spalling index proposed here.

The simulations confirmed some general trends concern-
ing causes of thermal spalling and its slow or violent nature,
being in a good agreement with some known laboratory tests
and field observations. In concrete characterized by a higher
value of permeability, e.g. NSC concrete, the constrained
elastic energy due to temperature gradient in a layer close to
heated surface plays a dominant role in the development of
thermal spalling, while gas pressure, even at high heating
rates, is less important. On the contrary, in a tighter concrete,
e.g. HPC concrete, a high gas pressure due to rapid moisture
evaporation during heating is a dominant cause of concrete
spalling. The higher heating rate is, themore important for the
phenomenon occurrence is high gas pressure. Only during
slow heating of relatively tight concretes, the roles played by
high pore pressure and constrained elastic energy are
comparable. For the both types of concrete, the higher heating
rate is applied, themore violent character of the phenomenon.

The performed study, based on the data of the real
laboratory tests as well as on the proposed here spalling
index and analysis of the energy released during thermal
spalling [1], confirmed that the results of numerical simula-
tions of heated concrete structures can be appropriately
interpreted to evaluate thermal spalling risk, and predict
nature (slow, violent or explosive) of the phenomenon.
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