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Abstract

A very characteristic mode of concrete damage at high temperature, especially for the materials characterized by a low
intrinsic permeability, like for example HPC or UHPC, is so called thermal spalling. In this paper the results of simulations
performed with a mathematical model, which considers concrete as multiphase porous material, are applied to define some
spalling indexes based on various collapse mechanisms. A validation of the quantities proposed, carried out by means of a
comparison with some experimental test results, is presented. Moreover, the results of a simulation dealing with a struc-
tural element exposed to a parametric fire, including a cooling phase, usually not considered in analyses, is described and
discussed.

Streszczenie

Termiczne odpryskiwanie betonu (ang. thermal spalling) jest bardzo charakterystyczna forma zniszczenia tego materialu
pod wplywem wysokiej temperatury. Zagrozone sa zwlaszcza materialy o niskiej przepuszczalnoSci, jak na przykliad betony
wysokiej i bardzo wysokiej wytrzymalos$ci. W niniejszej pracy, bazujac na modelu matematycznym betonu, traktowanego
jako wielofazowy material porowaty, zdefiniowano pewne liczby kryterialne (tzw. indeksy spallingu), ktore charakteryzuja
niebezpieczenstwo wystapienia termicznego odpryskiwania betonu, przy zalozeniu ré6znych mechanizméw zniszczenia mate-
rialu. Przedstawiono takze wyniki eksperymentalnej weryfikacji zaproponowanych kryteriéw zniszczenia betonu w wysokiej
temperaturze. Ponadto opisano i przedyskutowano wyniki symulacji dotyczacych betonowych elementéw konstrukcyjnych,
poddanych dzialaniu parametrycznego pozaru, z uwzglednieniem fazy studzenia konstrukcji.
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1. INTRODUCTION spalling which can sometimes be explosive in nature.
This has been studied, both experimentally and theo-
retically, for many years, but its physical causes are
still not fully understood and their relative significance
is controversial. The reason of such a situation are
inherent technical difficulties associated with testing
of concrete elements at high temperature, especially
when changes of physical properties and several para-
meters are to be measured simultaneously, e.g. the
temperature and pressure fields, the moisture content,
the strength properties, the intrinsic permeability etc.,
during experiments at controlled conditions. Usually,
only fragmentary data are available from such tests

During heating of concrete, one observes several com-
plex, interacting physical and chemical phenomena
resulting in significant changes of the material inner
structure and properties. It is commonly known that
these changes can lead to a decline of load-bearing
capacity or other important service features of con-
crete structures, especially during a rapid or/and pro-
longed, increase of ambient temperature, like for
example during a fire or a nuclear accident. An inter-
esting phenomenon, very specific for concrete and of
a great practical importance is so called thermal
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and it is very difficult to deduce from their results a
full picture of the analysed phenomena. A useful tool
for interpretation and better understanding of many
complex phenomena, and sometimes the only possi-
ble one, can be computer simulations. However, one
should remember that such an interpretation pos-
sesses all limitations and simplifications that are
assumed in the mathematical model the simulation is
based on. Thus, for this purpose one should use mod-
els considering possibly the whole complexity and
mutual interactions of the analysed physical process-
es. Hence, in case of concrete at high temperature, a
proper choice may be a model based on mechanics of
multiphase porous media, taking into account chem-
ical reactions (dehydration), phase changes, cracking
and thermo-chemical material degradation, as well as
their mutual couplings and influence on the hygral,
thermal, chemical and mechanical properties of con-
crete. Such a kind of model was developed by the
Authors in the past years and it is capable to capture
the global realistic behaviour of concrete under the
above described severe conditions. In the next sec-
tions a brief description of this model and its applica-
tion to the definition of a relevant spalling index will
be presented. Furthermore, a numerical simulation
of a structural concrete member exposed to a para-
metric fire including the cooling phase will be
described and discussed. The latter computation aims
at showing the additional damage one can observe
during the stage of fire suppression in which the tem-
perature can diminish very rapidly.

2. MODELLING OF CONCRETE AS
MULTIPHASE POROUS MATERIAL

The equations of the model are written by consider-
ing concrete as a multi-phase porous material, i.e. a
medium whose pores are filled with more than one
fluid. In the present case the solid skeleton voids are
filled partly with liquid water and partly with a gas
phase.

Below the critical temperature of water, T.,, the lig-
uid phase consists of physically bound water and cap-
illary water, which appears when the degree of water
saturation exceeds the upper limit of the hygroscopic
region. Above the temperature 7, the liquid phase
consists of bound water only. In the whole tempera-
ture range the gas phase is a mixture of dry air and
water vapour, which is a condensable gas constituent
for temperatures 7<T.. The constituents are
assumed to be chemically non-reacting except for the
solid phase which is formed by the aggregates and the
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products of cement hydration (C-S-H gel and calcium
hydroxide, mainly); it is hence affected by dehydra-
tion process for temperatures exceeding about 105°C.
The solid phase is assumed to be in contact with all
fluids in the pores.

The global multiphase system is treated in [1-3] with-
in the framework of averaging theories, starting from
microscopic level and applying the mass-, area- and
volume averaging operators to the local form of bal-
ance equations, [1-3]. As underlined in [4], the inter-
faces between the constituents and their thermody-
namic properties are of importance to consider prop-
erly constitutive relationships, thus they were taken
into account in [3, 5] in the definition of the general
form of the model and in the exploitation of the sec-
ond law of the Thermodynamics.

Exploring this law, applied for the multi-phase
porous medium, whose skeleton experiences chemi-
cal reactions (dehydration) and material deteriora-
tion (both thermo-chemical and mechanical damage)
it is possible to define several important quantities
used in our model (e.g. capillary pressure, net effec-
tive stress tensor of the solid phase) and obtain some
thermodynamic restrictions imposed on the evolution
equations for the skeleton dehydration and deterio-
ration processes, [3-5]. The whole procedure is pre-
sented in detail in [1] and in [3-5] for a more expand-
ed functional dependence of the internal free energy.
From this approach one obtains at equilibrium state
the following simplified form of the capillary pressure

pS [4, 5]
1)

in which p8 and p" are the gas and water pressure
respectively. In the hygroscopic region (i.e. for low
moisture contents when water is present only as a
thin film), the thermodynamic solid pressure p® at
equilibrium can be expressed by a simplified formula
neglecting the term related to the thickness of the
meniscus surface (valid when the film thickness is
smaller than the radius of curvature of the solid par-
ticles, [3-5]):

Il.I -Il.lr-ll.l.

)

while in the non-hygroscopic region (i.e. for moder-
ate levels of wetting phase saturation):

L RSl R

T

L S T LR 3)

where y%* are the fractions of skeleton area in con-
tact with water and gas, s® are the surface tensions
between solid skeleton and the fluid phases (water
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and gas) and J3; are the curvature of the meniscus,
(a=w,g). p¥ is the water reservoir pressure and n*
is the disjoining pressure. The capillary pressure like
terms in Egs. (2) and (3), accounting for a jump in
pressure across the curved surface of the solid, i.e.
the last two terms in the RHS of these equations, are
typically not included in the expressions used for the
solid phase pressure in practical applications and are
neglected in our model. Taking this into account,
together with the definitions of capillary pressure at
different water saturation levels, and obvious identity

1. =, =1, allows us to write one common expres-
sion for the solid phase pressure in the following
form:

X+ =1 “4)

Apparently Eq. (4) is similar to the commonly used
expression developed for partially saturated porous
media by Bishop (that is thermodynamically inconsis-
tent), but it has been obtained here in the framework
of Rational Thermodynamics [3-6]. Moreover, it is
also valid for materials with very small pores and well
developed internal pore surface, where water can be
present as thin film, like for example in concrete,
[3, 5]. From the second law of thermodynamics it is
also possible to obtain the well known Fick’s law,
Fourier’s law and Darcys law, which describe the dif-
fusion of miscible components (e.g. water vapour and
dry air) in the gas phase, the heat transfer by conduc-
tion and the mass transport due to gradient of gas
and capillary pressure, [1-3, 7].

For the model closure several thermodynamic rela-
tions, e.g. the Kelvin equation, valid because of the
assumption about the local equilibrium state, perfect
gases law and Dalton’s law for the description of the
state of gaseous phases and for the description of par-
tial pressure, have been used, [1-3, 7]. For a description
of the properties of concrete microstructure at high
temperature, e.g. intrinsic permeability-damage cou-
pling, and for the extension of the model to tempera-
ture ranges above the critical point of water, see [8, 9].

As far as the constitutive relationships describing
concrete strains are concerned, considering both
mechanical and thermo-chemical deterioration
processes, as well as transient thermal creep phe-
nomena, the reader is referred to [3,5]. Following
this model, the total strain of a mechanically loaded
concrete at temperature 7, &g, can be split into the
following components:

& e B8 T o I

we (FIT )% 5,80,T1 (5)
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where &, is the elastic strain due to the “net” effec-
tive stresses, acting on the load bearing part of skele-

ton, i, and which are caused by external load and
pressure of pore fluids (i.e. liquid water and moist
air), & is the thermal strain component, &cepem the
thermo-chemical strain (irreversible component),
and &, the transient thermal strain, called also LITS
[10] or thermal creep. We remind, that the shrinkage
strain is included into the elastic strain component as
a result of action of capillary pressure (considering
disjoining pressure at lower moisture contents) upon
the solid surface fraction being in direct contact with
liquid water, x" (Sy), dependent on the moisture
content, see Eq. (4).

To describe uniquely the state of concrete at high
temperature, we need 4 primary state variables, i.e.
gas pressure, pé, capillary pressure, p¢, temperature,
T, and displacement vector, u, as well as 3 internal
variables describing advancement of the dehydration
and deterioration processes, i.e. degree of dehydra-
tion, [gemyar, chemical damage parameter, V, and
mechanical damage parameter, d. Using the values of
the mentioned damage parameters, the total damage
parameter, D, can be calculated. The model consists
of 7 equations: 2 mass balances (continuity equa-
tions), enthalpy (energy) balance, linear momentum
balance (mechanical equilibrium equation) and 3
evolution equations. The final form of the model
equations, expressed in terms of the primary state
variables are listed below. The full development of
the equations is presented in [1-3, 5, 7-9].

— Mass balance equation of the dry air (involving the
solid skeleton mass balance) takes into account both
diffusive and advective air flow, as well as variations
of porosity caused by dehydration process and defor-
mations of the skeleton. It has got the following form:

i y .
.-llll. o L] III-'. Ao 4 ko i ! s A
ik S b i F | L '
i I=n|& = Lr - (6)
+— a5 g - ' ===
[ F -] el ki | i

— Mass balance equation of the water species (involv-
ing the solid skeleton mass balance) considers diffu-
sive and advective flow of water vapour, mass sources
related to phase changes of vapour (evaporation-con-
densation, physical adsorption — desorption and
dehydration), and variations of porosity caused by
dehydration process and deformations of the skele-
ton, resulting in the following equation:
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with [y, defined by:
(8)

— Enthalpy balance equation of the multi-phase medi-
um, accounting for the conductive and convective
heat flow, and heat effects of phase changes and
dehydration process, can be written as follows:

f=fil-=)5 p™+5 p° |+a 05 p°

[oc.} O

I, I" ||||_| ¥ b LT | ey

vl r gl | =
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where X is effective conductivity from experiments,
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with: |I'I|-. = 'Il.'l [ :I A I ITI ! "'.III'I ]
and the dehydrated water source is proportional to
the dehydration rate:

e =k T an
kp is a material parameter related to the chemically
bound water and dependent on the stoichiometry of
the chemical reactions associated to dehydration

process.

— Linear momentum conservation equation of the
multi-phase medium has the following form:

||'||'|.|-|__ i |] +irfg =10 (12)

where o = 1-K7/Kg is Biot’s coefficient and the
effective stress is given by:

—r -k
II.I'I L I |

o, == 1= FA, (L, =&,

— Dehydration process evolution law, considering
its irreversibility, has the form:

F st (1) = T [T 1))

(13)

(14)

e

where T,u(t) is the highest temperature reached by
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the concrete up to the time instant ¢.

The constitutive relationship Tuenyar(Tmax(t)) can be
obtained from the results of thermo-gravimetric (TG
or DTA) tests, using the definition of the dehydration
degree by means of the mass changes during concrete
heating:

T h—miT] (15)
wml - T}

where m(T) is mass of concrete specimen measured
at temperature 7" during TG tests, 7, and T, are
temperatures when the dehydration process starts
and finishes. We assumed here 7, = 105°C and
T, = 1000°C.

— Thermo-chemical damage evolution equation,
obtained on the basis of the experimental results,
takes into account the irreversible character of the
material structural changes and may be written as,

[5, 7]

r. et I-J.I =

Fir) =¥ [T 1) (16)
— Mechanical damage evolution equation, of the fol-
lowing form:

die) =L (1)) an

is expressed in terms of the equivalent strain, &,
given by equations of the classical non-local, isotrop-
ic damage theory, [11-13]. The parameters of the the-
ory can be determined from the results of the
strength tests (“stress - strain” curves) at various tem-
peratures, [7, 13].

The governing equations of the model are discretised
in space by means of the Finite Element method and
in time domain by applying a Finite Differences
scheme [1, 5, and 7].

The model described above has been successfully
applied to the case of fire in tunnels [14] and to the
assessment of fire damage in concrete structures
exposed to high temperature and to protect-
ing/repairing techniques [15, 16].

3. ASSESSMENT OF THE THERMAL
SPALLING RISK

In this section we recall and briefly discussed some
quantitative criteria which can be useful for assess-
ment of the risk that spalling occurs. Such criteria
have been already proposed in the past by several
researchers [17-23], but most of them were formulat-
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ed on an experimental basis only, often in the form of
diagrams showing “area of the spalling risk”, as a
function of various concrete properties, e.g. perme-
ability, tensile strength, etc., hence their validity was
limited to the materials and element geometries
(shapes and dimensions) used in the tests they were
based on. There were also some attempts to formu-
late some analytical criteria, e.g. using limit state
analysis [19, 21], but they were usually based on sim-
plified models of concrete performance during heat-
ing, by evaluating the thermally induced stresses
and/or vapour pressures. A systematic analysis of the
criteria proposed by several authors in the past is
beyond the scope of this paper. Herein, only a
schematic classification and brief description of these
criteria is presented. They can be subdivided in three
main categories:

1. Criteria based on pore pressure prediction, which
consider the pore pressure as responsible for ther-
mal spalling, [22]. Usually, the models employed
for the description of the hygral state of concrete
are rather simple. For example, mass transport in
concrete pores is considered as a purely diffusive
phenomenon, or pore pressure is directly evaluat-
ed by using an idealized spherical model for the
pores of the material [20]. In some cases so-called
“moisture clog” is indicated as the main cause of
spalling [18].

2. Criteria based on thermal stresses. These are the
simplest ones and are related to the non uniform
thermal strains that can result in stresses equal to
the maximum compressive strength of concrete for
a given temperature, e.g. [17].

3. Criteria based on combined action of thermal
stresses and pore pressure. This class of spalling
criteria encompasses the criteria by Zhukov [19]
and Connelly [21]. The first author has proposed a
method for the evaluation of the strain energy
density in the direction of the heated surface W,,
taking into account the stresses due to external
mechanical load, thermal field and pore pressure
acting on a slab heated on one face. The spalling
occurs when the strain energy density W in
x-direction equals the rupture energy density
defined on the basis of tensile strength of concrete.
Connelly [21] has extended Zhukov’s model con-
sidering pore pressure stresses as acting simulta-
neously in the three directions x,),z. The critical
state for spalling is defined in a way similar to
Zhukov’s approach.

In both the aforementioned methods the mechanical

behaviour of concrete is described in a simplified
manner. In fact, the definition of the criterion is
based on the assumption that the material behaves
elastically, neglecting thermo-chemical degradation
of concrete and non-linear effects, e.g. due to crack-
ing. In the approaches presented above, the criteria
omit the complexity of hygro-thermal and chemo-
physical processes in concrete at high temperature
hence they were not able to give a realistic evaluation
of the thermal spalling risk.

3.1. Hypotheses concerning mechanisms of thermal
spalling

To assess the thermal spalling risk, a detailed knowl-
edge of several local parameters describing hygro-
thermal state of concrete, stresses and strains in every
point of an analysed structure is necessary. However,
thermal spalling is also a “macro” phenomenon,
depending on several geometrical and physical para-
meters of the whole structure, hence an analysis on
this scale seems to be necessary, as well. Thus, it is
necessary to assume some simplifying hypotheses
concerning mechanisms leading to thermal spalling,
based on mechanical models, which allow us to for-
mulate some quantitative criteria useful in assess-
ment of the risk of the phenomenon to occur.

In [16] our analysis of these spalling criteria were
based on the results of computer simulations per-
formed by means of the numerical model presented
in section 2, as well as the results of the experimental
tests [25,26]. In particular three criteria were
defined, assuming different macro-mechanisms lead-
ing to concrete spalling, and one “heuristic” criterion
deduced from the analysis of physical processes dur-
ing heating of concrete (see [16]) and the results of
some experiments at these conditions, [10, 25]. All
these criteria are based on detailed data concerning
the evolution in time of the variables describing
material deterioration, strength properties, gas pres-
sure and hygro-thermal state in every point of the
analysed structure. Some geometrical parameters,
necessary in the “macro-mechanical” analysis were
been deduced from the results of the experiments
performed at NIST [24, 25] which were numerically
modelled.

The mechanisms considered in the definition of the
spalling indexes are:

The “Pressure-induced shear model” in which the
external layer of heated concrete is considered as a
simple supported beam (of length L, and thickness b)
at its ends subjected to a compression deriving from
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the differential thermal dilatation. This criterion pre-
dicts the “plastic” failure of the material constraints
for the external layer.

The “Buckling model considering gas pressure”. In this
case the spalling criterion is based on the hypothesis
of buckling of the compressed external layer of the
structural element, previously mentioned. This layer
is initially delaminated from the rest of the structure,
[16] and behaves as a beam subjected to a compres-
sive load due to thermal stresses and to a lateral pres-
sure exerted by the gas. The collapse occurs when
bending stress gj on the tensile side of the beam is
equal to compressive thermal stress oy. Another fail-
ure mode is a compressive one which occurs if the
sum of the compressive bending stress and thermal
stress is equal to the compressive strength of the
material.

The “Simplified fracture mechanics model”. This
hypothesis of collapse is based on fracture mechanics.
The main mechanism of compressive failure is the
sideways propagation of a band of parallel axial split-
ting cracks. Such a kind of mechanism can lead to a
sudden release of the stored elastic energy and to a
modification of the original stress field, [23]. In this
particular case the compressive stresses derive direct-
ly from thermal fields and the released energy is
related to constrained thermal dilatation. The failure
mechanism is formed by the development of two dif-
ferent systems of cracks: compression splitting cracks
and parallel cracks in the direction of compression
due to the transverse tensile stresses, Fig. 1. The
global behaviour of the concrete element at macro-
scale is similar to an orthotropic material. The zone
affected by the energy released due to the propaga-
tion of axial splitting micro-cracks, and consequently
by a relaxation of stresses, is practically a strip
between parallel tensile cracks, Fig. 1.

L
_——aStress relief zone _=Band of compression splitting cracks
—r 7 - E
ey ¥ =—"":_ = =5 —
D| o, : i G
3 h =
Figure 1.

Possible mechanism of thermal spalling based on the forma-
tion of a band of compression splitting cracks with tensile
transverse stresses
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3.2. Spalling indexes

In the following a spalling index based on heuristic cri-
teria will be introduced. Other forms of spalling index-
es can be found in [16]. They are based on some col-
lapse mechanisms briefly recalled in the previous sec-
tion and that are defined and described in detail in
[16]. These indexes allow for a quantitative assessment
of the spalling risk. Their possible values range from 0
to 1, but presumably they cannot be interpreted as the
thermal spalling probability. Five different spalling
indexes have been defined, assuming different simpli-
fied models of the spalling mechanism (i.e. pressure
induced shear, buckling and fracture mechanics), or
considering the main key factors influencing develop-
ment of the phenomenon. For the sake of complete-
ness these indexes are listed hereafter, but only the last
one will be defined and used in the calculations.

The spalling index I, based on the pressure-induced
shear model, takes into account the following para-
meters: the gas pressure difference between the cur-
rent position and the surrounding air, the averaged
(from the heated surface to a given position) traction
strength, and the mechanical damage parameter. The
internal geometry is described by the L,b ratio,
where L, is the length of compressed zone and b its
thickness. The spalling index Ij,, based on the buck-
ling mode of damage, considers: the local values of
gas pressure and mechanical damage parameter, as
well as averaged values of the Euler’s stress, the com-
pressive stress in the surface layer, and the compres-
sive strength. The internal geometry is defined by the
(L,/b)? ratio. The spalling index I;, based on fracture
mechanics, with internal geometry characterised by
the L,-s/h ratio, takes into account the averaged val-
ues of elastic energy and specific energy of fracture,
and local value of damage parameter. The ratio s/h
characterizes micro-geometry of a fracture, [16].
The spalling indexes I, and Ij; are heuristic and con-
sider the following key factors favouring develop-
ment of the thermal spalling: high local values of the
gas overpressure, pé - pam, and mechanical damage
parameter, d, and high, averaged (from the heated
surface to a given position) values of transversal trac-
tion stresses, G4, and constrained elastic energy, U.
The factors impeding thermal spalling are high, aver-
aged values of traction strength, f; , and specific frac-
ture energy, Gy . The spalling index I, has the same
form as Iy,, defined by:

ITII I:I.-:Jl. III.. = F-IL
R A P

(18)

is £-c
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but it omits effect of the specific fracture energy. The
index I, indicated as Is in the following, is the only one

used in the calculations described in the next sections.

4. RESULTS OF NUMERICAL SIMULA-
TIONS

4.1. Simulation of NIST laboratory test

To analyze the thermal spalling risk, we have per-
formed, with the numerical model presented in sec-
tion 2, computer simulations, based on the NIST labo-
ratory tests [24, 25], for four different types of concrete.
The cylindrical specimens, all of them with diameter of
100 mm and height of 200 mm, were tested using dif-
ferent test methods and target temperatures. Herein,
our attention is focused on the first type of concrete
called MIX1, [24, 25], whose samples were subjected to
unstressed heating tests to the final target temperature
(i.e. samples were first heated and then loaded). The
target temperatures considered here are of 450°C and
300°C. In the first case all the specimens experienced
explosive spalling, while the second temperature was
not dangerous for the tested cylinders. The main mate-
rial properties of the MIX1 at ambient temperature are
listed in Table 1 (for further details, see [5, 16]).

During the test, heating rate was initially equal to
5 K/min and heating was stopped when the tempera-
ture in the centre of the specimen was within 10 K of
the target temperature 7, and the difference between
the surface and centre temperatures of the concrete
specimen was less than 10 K. For further details con-
cerning the mix compositions and tests procedures
(set-up, temperature control, instrumentation of the
specimens), see [24, 25].

The results for the first case (i.e. target temperature
of 450°C) were used to determine the internal geom-
etry parameters in such a way, that the values of all
spalling indexes were equal to one at the time and
position corresponding to their real values during the
tests [24, 25]. Using the results of our simulations, we
determined the evolutions of mechanical damage
parameter, gas pressure and elastic energy of con-
strained strains, which are considered to be the key
factors influencing thermal spalling risk, as well as
the spalling indexes, for the analyzed concrete mix.
Exemplary results, concerning the spalling index I, the
mechanical damage and the gas pressure are presented
in Fig. 2. As can be seen, the obtained values of spalling
index indicate much higher risk of the thermal spalling
occurrence for the case of target temperature equal to
450°C than for the one of 300°C, what is in a good agree-
ment with the experiment. The selected time stations

1/2008

correspond to the one before the peak of the spalling
index, the one at time instant of the peak and the one
after spalling index reached the maximum value.

For all the other spalling indexes the obtained results
were similar, but the most precise indication of the
time and position of the spalling was obtained for the
I;; index, which was not possible considering simply
the mechanical damage evolution, Fig.2B. For a
complete description of the test case the reader is
referred to [16].

RADIUS [cm]
e B0 MUiN, e B0 WA, e 120 WD, e 115 MM, e 180 M. —0— 120 min.
A
0.9
0.8 e S
g =
07 T !
woe \
2
05 [
=
Lo

RADIUS [cm]

= BO Min. B0 MiN. e 120 MiA. e 115 N, o 180 min. —o— 120 min.

B
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9.0E+D5
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= 7.0E+05
w
@ 6.0E+05
W 5.0E+05
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E 4.0E+05
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T e o S P
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1.0E+05
0.0E+00
] 1 2 3 4 5
RADIUS [cm]
—s— B0 min. —+— 80 min. ——120 min. ——115 min. —o— 180 min. —o— 120 min.
C
Figure 2.

Comparison of the evolution of spalling index I5 (a) mechan-
ical damage (b) and gas pressure obtained from the simula-
tion of the NIST tests [24, 25], for the two analyzed cases:
450°C (red lines) and 300°C (blue lines)
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4.2. Fire of high-rise building with fast cooling

The model presented in section 2 has been applied
here to the calculation of some structural elements of
high rise buildings, more precisely a concrete column
exposed to a fire described by a parametric heating
profile.

The latter one can be obtained from the time-tem-
perature parametric curves defined in the Eurocode 1,
Part 1-2 [26], formulated on experimental basis. The
time-temperature parametric curves defined in the
Annex A of the Eurocode 1, Part 1-2 [26] are, on the
contrary to the nominal curves, dependent on certain
physical parameters such as for example:

* The fire load density (the higher fire load density
the longer the fire is),

* The ventilation conditions, depending mainly on
the geometry, size and distribution of the compart-
ment openings (big ventilation openings lead to
fast fires but less severe),

* The properties of the closing walls of the fire com-
partment (walls gain energy and limit the fire tem-
perature).

These curves also differ from the nominal curves in
the sense that after a heating stage they show a cool-
ing one (see below), and they are valid for fire sectors
with a built surface not higher than 500 square
meters, without holes at the roof and with a maxi-
mum height of 4 meters, assuming a complete com-
bustion of the fire load.

They are defined in the heating stage by:

B om 3w 13 =8 e S PATE e )

(19)
where O, [°C] is the air temperature within the fire
sector, while £ is a sort of equivalent time (in hours)
that takes into account not only the time, but also so
called “opening coefficient”. This parameter can be
calculated from the area of total surface of the verti-
cal openings, the total surface closing the fire sector,
the averaged height of the windows at all of the walls
and the characteristics of the material (specific heat,
thermal conductivity and mass density). For further
details about the definition of the possible profiles
from the parametric curves, see [26]. From a general
viewpoint, when the fire is controlled by the ventila-
tion conditions the increase of the opening coeffi-
cient leads to shorter but more severe fires, until fires
are controlled by the thermal load. From this point
the influence of the opening coefficient is especially
observed on the cooling rate of the environment. It is
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recalled that a fire is defined as “ventilation con-
trolled” if the peak of temperature (calculated on the
basis of the fire load density and the opening coeffi-
cient) takes place at times longer than a limit value of
time #, (equal to 15, 20 or 25 minutes for slow, medi-
um speed and fast development, respectively). If
tnax< t;im the fire can be classified as “fire load”.

By starting from the previous considerations, the
heating profile selected for the calculation of the
structural element is the following:

oI -D]3E

that is shown in Fig. 4 (solid blue line noted as “Tep”)
and that corresponds, for the chosen material, to the
minimum value of the opening coefficient allowed in
the European rules (i.e. 0.02 m'?).

The heating stage defined with the profile (20) is fol-
lowed by a cooling phase defined under the same
considerations. It is a fast cooling for which the envi-
ronmental temperature decreases very quickly (with-
in 20 seconds) from the maximum (i.e. about 709.5 K,
reached in 80 minutes) down to the initial value, after
a stationary stage at the maximum for 2 minutes. This
condition corresponds to the case of a rapid inter-
vention of the firemen. Hence, the cooling profile is
mathematically fomulated as follows:

B, = AR T2 - N0L3EE] - 1 - AR (21)
As far as the boundary conditions are concerned, a
mixed convective-radiative condition has been
assumed with a convective exchange coefficient equal
to 20 W/m?K and an emissivity equal to 0.9. The mass
exchange between the surface of the concrete ele-
ment and the environment is characterized by a con-
vective flux. The water vapour pressure is kept con-
stant (equal to 1300 Pa). During heating this corre-
sponds to a rapid decrease of the ambient relative
humidity down to zero. The mass exchange coeffi-

cient is set to 0.025 m/s.

Figure 3 shows the size of the cross section of the
square column under consideration (30x30 cm). The
properties of the material (C60) assumed in the sim-
ulation are listed in Table 1.

Figure 4 shows the temperature histories in six dif-
ferent points located at various depths from the heat-
ed surfaces of the column. The sharp decrease of
environmental temperature, due to the cooling, leads
to a rapid decrease of the temperature in these
points, especially those close to the lateral sides of
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Table 1.
Main properties of the materials at 20°C

Material property MIX1 Co60
Water / binder ratio, w/b [-] 0.22 0.33
MIP porosity, n [%] 7.7 8.25
Water intrinsic permeability, ko [m?] | 2x1019 | 2x10°18
Young modulus, E [GPa] 37.2 344
Compressive strength, f. [MPa] 79.5 60
Thermal conductivity, A [W/m-K] 2.5 1.92
Specific heat, Cp [J/kg-K] 800 855
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Figure 3.

Cross section of the square column: geometry and FE mesh

used in the computations

Figure 5.
Distributions of the temperature [K] at 80 min (A) and at the final time (B)
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Figure 4.

Temperature histories in the environment (solid blue line),
and in points A, B, C, D, E, F at various depths from the heat-
ed sides

the cross section. The inversion of thermal fluxes has
important consequences not only from the thermo-
hygral point of view, but also for the mechanical
behaviour of the material.

In Figure 5A one can observe the distribution of tem-
perature at t = 80 min, corresponding to the time
instant of maximum heating. Fig. 5B represents the
temperature distribution at the end of the computa-
tion (approximately 100 minutes). The decrease of
temperature is of about 200 K.

Figs. 6A and 6B show the distribution of the relative
humidity at the two time stations chosen. Again the
maximum values of RH are attained at the end of the
heating phase in the inner part of the cross section
whereas the outer part is almost completely dried.
After cooling the relative humidity in the core of the
column has values close to the initial ones while the
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REL. HUMIDITY
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0.59621
0.52169

- 0.44T16
0.37264
0.29812
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0.14907
0.074545
2.82838-05 B

Figure 6.
Distributions of the Relative Humidity [-] at 80 min (A) and at the final time (B)

VAP. PRESSURE
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Figure 7.
Distributions of the vapour pressure [Pa] at 80 min (A) and at the final time (B)
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Figure 8.
Distributions of the damage [-] at 80 min (A) and at the final time (B)
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external part is almost fully dried. From these maps
one can figure out that drying is progressing also dur-
ing the cooling phase.

Vapour pressure distribution at 80 min and at the end
of calculation is depicted in Figs. 7A and 7B. In this
case it is worthy to notice the influence of the damage
on the pressure value: the pressure peaks are con-
centrated in the zones characterized by a lower value
of damage parameter, Fig. 7A. The pressure is lower
where the material is deeply damaged (i.e. close to
the corner). At the end of the process the pressure is
almost uniformly distributed throughout the cross
section of the column and its values are no higher
than 1 bar, Fig. 7B.

Finally, in Figs. 8A and 8B one can observe the dis-
tribution of damage parameter. Unlike temperature
and other thermo-hygral quantities, the damage is
continuously increasing because of an additional
damaging of the material even during the cooling
phase. In Fig. 8B it is clearly visible that the zone of
damaged concrete is larger than the one in Fig. 8B,
(i.e. before cooling).

4. CONCLUSIONS

The presented simulations showed that the proposed
spalling indexes can be used for assessment of the
thermal spalling risk. These indexes are based on dif-
ferent assumptions concerning the thermal spalling
mechanisms or key factors affecting the phenome-
non, but their predictions are quantitatively similar as
shown in [16]. The tested spalling indexes are calcu-
lated by using the results of our computer simulations
concerning the evolutions of gas pressure, tempera-
ture, mechanical and thermo-chemical damage para-
meters, stresses, elastic energy of elastic strains, etc.
They allowed to predict the time and position of the
thermal spalling occurrence, being in a good agree-
ment with the NIST experiment. During assessment
of damage caused by a fire one should take into
account not only the heating phase of fire but also the
cooling one because degradation phenomena can
develop further even when the element surface tem-
perature decreases as the numerical simulation
showed.
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