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A B S T R A C T  

A constitutive model for the analysis of deformations of 
concrete subject to transient temperature and pressures is 
proposed. In these severe conditions concrete structures 
experience spalling phenomenon, which is the violent or 
non-violent breaking off of layers or pieces of concrete 
from the surface of a structural element when it is exposed 
to high and rapidly rising temperatures. This process can 
lead to a loss of load-bearing capacity, trough a loss of 
section and a loss of protection to steel reinforcement. 
Many different form of spalling exist, but probably the 
most dangerous is explosive spalling, because it is sudden 
and capable to result in a general collapse of the structure. 

The constitutive model includes thermo-chemical and 
mechanical damage for taking into account the deterioration 
of the material due to mechanical loads, high temperatures 
and chemical changes and it is introduced into a general 
coupled mathematical model of hygro-thermo-chemo- 
mechanical behaviour of concrete structures. 

In this constitutive model the so called free thermal 
strains, which are the concrete strains during first heating, 
are decomposed in three main contributions: thermal 
dilatation strains (treated in a manner usual in thermo- 
mechanics), shrinkage strains (modelled by means of the 
effective stress principle) and thermo-chemical strains 
(which take into account for the thermo-chemical 
decomposition of the concrete and which are related to 
thermo-chemical damage). Thermo-mechanical strains 
occurring during first heating of concrete under load, 
known as LITS (Load Induced Thermal Strains), are also 
included in the framework of thermodynamics of porous 
media. The proposed model is applied to an illustrative 
example that demonstrates its capabilities. 

RF~SUMF~ 

Nous proposons un mod61e pour l'6tude des d6formations 
du b4ton sous variations de temp6rature et pression. Dans ces 
conditions extremes, le b6ton subit l'6caillage qui est une 
rupture violente ou non de couches ou pisces de b6ton sur la 
surface d'616ments structurels soumis ~t haute temp6rature ou 
temp6rature augmentant rapidement. Ce fair peut produire une 
diminution de la capacit6 portante h travers une diminution de 
la section ou la perte de protection du maillage. I1 y a 
diff6rentes formes d'6caillage mais le plus dangereux est 
probablement l'6caillage explosif car il est sans pr6avis et 
entra~me l'6croulement de la structure. 

Le mod61e constitutif inclut l'endommagement 
thermochimique et m6canique pour prendre en compte la 
d6t6rioration du mat6riau due aux charges m6caniques, aux 
hautes temp6ratures et aux chargements chimiques. 

Tout ceci est introduit dans un mod61e math6matique 
coupl6 pour la description du comportement hygro- 
thermochimique et m6canique des structures en b6ton. Dans 
ce mod+le constitutif, les d4formations thermiques libres, 
c'est h dire les d6formations dans le b6ton pendant le 
premier 6chauffement sont d4compos6s en trois parties: 
d&ormations dues ~t la dilatation thermique (trait6es selon 
la mani6re habituelle de la thermom6canique), d6formations 
dues au s6chage (mod61es ~ l'aide des contraintes 
effectives) et d6formations thermochimiques (qui prennent 
en cornpte la d6composition thermochimique du b&on et 
qui sont li6es h l'endommagement thermochimique). Les 
d4formations thermom6caniques qui ont lieu pendant le 
premier 6chauffement du b6ton sous charge, g6n6ralement 
connues sous le nom de LITS (Load Induced Thermal 
Strain) sont aussi inclues dans le cadre de la 
thermodynamique des milieux poreux. Le mod61e propos6 
est appliqu4 ~t un exemple pour d6montrer ses capacit6s. 

m 

1. I N T R O D U C T I O N  

With increasing use of high-strength concrete (HSC) for 
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building and other structural applications (e.g. high-rise 
buildings, bridges and tunnels), behaviour of the material at 
high temperature became an important subject of many 
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researches during the last decade, e.g. [1-17]. HSC provides 
better structural performance, especially in terms of strength 
and durability, compared to traditional, normal-strength 
concrete (NSC). However, many studies, e.g. [4-6], showed 
that the fire performance of HSC differs from that of NSC 
which exhibits rather good behaviour in these conditions. 
The major problem with HSC structures exposed to high 
temperature is thermal spalling, which results in rapid loss of 
the surface layers of the concrete at temperature exceeding 
about 200-300~ As a result, the core concrete is exposed to 
these temperatures, thereby increasing the rate of heat 
transmission to the core part of the element and in particular 
to the reinforcement, what may pose a risk for the integrity of 
concrete structure. 

It is commonly believed that the main reasons of the 
thermal spalling are: build-up of high pore pressure close to the 
heated concrete surface as a result of rapid evaporation of 
moisture, and the release of the stored energy due to the 
thermal stresses resulting from high values of restrained strains 
caused by temperature gradients [4-9]. Nevertheless, relative 
importance of the two factors is not established yet and still 
needs further studies, both experimental and theoretical. The 
results of the research performed up to now show that the fire 
performance of HSC structures is influenced by several factors 
[1-17], like initial moisture content of the concrete, the rate of 
temperature increase (fire intensity), porosity (density) and 
permeability of the concrete, its compressive strength, type of 
aggregate, dimensions and shape of a structure, its lateral 
reinforcement and loading conditions. Recently, a statistical 
significance of the aforementioned factors and their mutual 
interactions were analysed by means of the ANOVA method 
(analysis of variance) applied to the results of some specially 
planned, systematic experimental studies, [13, 16]. 

Deformations of concrete subjected to high temperature and 
mechanical load, and in particular the phenomenon of so- 
called thermal transient creep resulting in load induced thermal 
strains (LITS), are of great importance for proper evaluation of 
the performance of concrete structures in those conditions. In 
this paper we analyse some results of thermo-physical, 
chemical and mechanical tests of HSC performed within the 
"HITECO" project [6], and formulate from them a model and 
some constitutive relations for concrete deformations at high 
temperature, including LITS. A strong coupling between 
processes of concrete deformation and its thermo-chemical 
deterioration, evident ~om these results, is taken into account 
in the proposed constitutive model for the description of the 
material deformations. This is introduced then in our 
mathematical model of hygro-thermo-chemo-mechanical 
behaviour of concrete at high temperature [9, 14, 15, 17], and 
applied for solution of some numerical examples. 

2. M O D E L L I N G  L F T S  O F  U N L O A D E D  
C O N C R E T E  A T  H I G H  T E M P E R A T U R E  

An unloaded sample of plain concrete or cement stone, 
exposed for the first time to heating, exhibits considerable 
changes of its chemical composition, inner structure of 
porosity and changes of sample dimensions (irreversible in 
part). The latter ones are a result of several complicated 
physicochemical phenomena, often acting in opposite 
directions, like thermal expansion, material cracking, 
cement and aggregate dehydration and skeleton shrinkage. 

A part of these strains is irreversible in nature and remains 
as residual strains even after cooling of the sample to the 
ambient temperature. The concrete strains during first 
heating, called load-free thermal strains (LFTS) are usually 
treated as superposition of thermal and shrinkage 
components, and are often considered as almost 
inseparable. A proposal of isolation of the shrinkage 
component from the experimentally determined LFTS is 
presented in [18], but its physical basis is not convincing, 
and furthermore it cannot be used directly in numerical 
modelling. For this purpose a clear definition of physical 
mechanisms and corresponding components of concrete 
strains with appropriate mathematical description are 
needed. A proposal of such a model, slightly different from 
that described in [3], is presented further in this section. 

Our considerations will be illustrated by the analysis of 
results of the thermal dilatation tests of two types of high 
strength concrete, C-60 and C-90 (Fig. 1), the composition, 
inner structure and physical properties of which were 
described in [6], and are briefly summarised in Table 1. 

2.1 T h e r m a l  d i la ta t ion  s tra ins  

The analysed types of HSC, exposed to increasing 
temperature, expand as can be seen in Fig. 1. A reversible part 
of their deformation, corresponding to the decreasing- 
temperattire-branch of the experimental curve ("exp. cooling"), 
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Fig. 1 - Proposed decomposition of the total thermal strain for 2 
types of concrete: A) C-60, B) C-90. 
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Table 1 - Main properties of the C-60, C-90 and C-30 concretes at 20~ 
Material property C-60 C-90 C-30 
Water / binder ratio, w/b [-] 0.36 0.29 ~0.5 

OPC: 510.5 + 
Binder content, [kg/m 3] OPC: 450 micro-silica: 50.5 

calcareous, gabbro, 
Aggregate type and size max. size of 20~ max. size of 16 mm 

9.0% 6.0% 13.7% MIP porosity, n [%] 
Water intrinsic permeability, ko [m 2] 2.43.10 18 6.64.10 18 3.2.10 -17 
Young modulus, E [GPa] 34.5 36.7 30.0 
Poisson's ratio, v [-] 0.18 0.18 0.20 

1.95 2.1 2.0 Thermal conductivity, Z [W/m-K] 
Specific heat, Co [J/kg.K] 851 932 851 

is described in our model as the thermal dilatation strain, e, th, 
given by the following incremental relation: 

deth = fls ( V ) d T  (1) 

with temperature dependent thermal dilatation coefficient 

fls (T). 
Regression analysis performed for the experimental data 

presented in Fig. 1 shows that a linear dependence of  
coefficient fls on the temperature assures sufficient 
accuracy, with correlation coefficient R 2 > 0.99, in the 
whole analysed temperature range. As a result, a thermal 
dilatation strains can be approximated with a parabolic 
function of temperature. 

2.2 S h r i n k a g e  s trains  

The initial moisture contents of both concretes (Fig. 1) 
corresponded to thermodynamic equilibrium with the 
ambient air having temperature of about 20~ and relative 
humidity of about 40%RH. Hence during heating and the 
resulting drying process one can expect considerable 
shrinkage strains. The latter ones were not measured in [6], 
but the experimental results for similar HSC, reported in 
[19], and our numerical simulations, based on the model 
presented further in this paper, allow us to estimate them at 
the room temperature as equal to about 400-500 gm. 

Shrinkage strains are modelled here by means of the 
effective stress principle in the form derived in [21], which 
for materials with very small pores and well developed 
internal pore surface, where water is also present as a thin 
film (like for example in concrete), has the form: 

r = ~ + a p q ,  (2) 

where 

pS = p g  _ xWSpC, (3) 

is the solid phase pressure exerted by the pore fluids (liquid 
water and moist air),~" is the effective Bishop stress 
responsible for all skeleton deformations, 

ct = 1 - KT  (4) 
G 

is the Biot coefficient accounting for different values of 
bulk moduli for solid phase and the whole medium, Ks and 

Kv. x~ s (Sw) means 

the solid surface 
fraction in contact 
with the wetting film, 
depending on 
saturation degree, S~v, 
of the pores. We 
would like to 
underline that for 
porous materials with 
considerable internal 
surface of porosity, 
containing very fine 
pores, as for example 
concrete, x y  is 

different from the saturation degree, which is usually 
applied in the effective stress relation, [20]. 

Capillary pressure takes into account water-gas interface 
curvature and water film effects: 

pr  = p g  _ pW (5) 

and for low moisture contents, when no capillary water is 
present in the pores, it has to be interpreted as the adsorbed 
water potential multiplied by the water density, [15]. 
Thermodynamic definition of  the capillary pressure is given 
in Appendix. 

The water film pressure, pW, differs from the reservoir 
water pressure, poW, by an amount equal to the disjoining 
pressure, H w, [21 ]: 

p W = p ~  _ H w (6) 

In Equation (3) curvature effects of water-solid and 
solid-gas interfaces, taken into account in [21], are omitted 
as being of  minor importance for concrete. 

Hence, an increment of the shrinkage strains, dSsh, can be 
calculated from the following expression: 

d~.sh = a__a__( dxW~pC + xW~dpC ) I .  
Xr 

(7) 

During heating of a load-free sample, at temperatures 
exceeding about 120~ gradual degradation of concrete 
strength properties due to complicated thermo-chemo- 
mechanical processes is observed, see e.g. [4-6]. They cause a 
considerable decrease of the material bulk modulus, Kv, what 
can be described by means of the thermo-chemical damage 
parameter, V, introduced in [17]. It is defined in terms of the 
experimentally determined evolution of Young's modulus of 
mechanically undamaged material (i.e. heated to a given 
temperature, without any additional mechanical load), Eo, 
expressed as a function of temperature, 

Eo(T) (8) 
V(r) : 1 G ( r a )  

where Ta = 20~ is room temperature. The parameter takes 
into account both effects of  concrete dehydration (chemical 
component) and material cracking (mechanical component) 
on material degradation and the Young's modulus decrease 
with increasing temperature. Application of the parameter V 
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Fig. 2 - Comparison of the strain - stress curves at elevated 
temperatures for the C-60 HSC. Points represent the experimental 
data and thin lines correspond to theoretical relation. 

in the framework of the isotropic damage theory [22-24] 
allows for a realistic description of strain-stress curves of 
concrete at high temperature [17]. The curves obtained by 
means of  the damage theory for the C-60 HPC are 
presented in Fig. 2, showing a good agreement with 
experimental data. The damage theory will be briefly 
discussed in the next section. 

Thus, the bulk modulus of load-free concrete at 
temperature T is given by 

K T ( T  ) : [ 1 - V ( T ) ] K T ( T  a)  , (9) 

what at high temperature causes an additional increase of  
shrinkage strains as a result of  material thermo-chemical 
deterioration, as was underlined in [3], see "shrinkage" line 
in Fig. 1. The solid phase bulk modulus Ks is also 
decreasing at high temperature due to dehydration and 
because of lack of sufficient experimental data we shall 
assume that Biot's coefficient a remains constant in these 
conditions. This means physically that Ks is affected by 
high temperature in a similar way like the modulus of the 
whole medium, Equation (9). 

An important question arising from the proposed 
description of shrinkage phenomenon is its applicability in 
the high temperature range, especially above the critical 
point of water, where no capillary water is present in pores 
of the material. However, one should remember that 
physically adsorbed water in form of thin films still exists 
in these conditions, what is taken into account in Equations 
(2)-(6), thus the proposed formulation is also valid at high 
temperature. The latter conclusion is confirmed by the 
analysis of results of  very accurate thermal dilation tests of 
cement pastes (to minimize effect of  cracking), e.g. 
presented in [6]. They do not exhibit any visible changes of  
material behaviour (for the thermal strains and their rates) 
in the temperature range close to the critical point of  water, 
where considerable chemical shrinkage strains occur too, 
and in particular no rapid nor gradual diminishing of 
shrinkage strains can be observed. 

One should underline that shrinkage strains do not 
appear explicitly in the equation of mechanical equilibrium 
(27) in our model of concrete at high temperature, but 
shrinkage deformation is taken into account by means of 
the Bishop effective stresses given by (2). Equation (7) is 

used only to determine the thermo-chemical strains 
described in the next subsection. 

2.3 Thermo-chemical strains 

In heated concrete, above the temperature of about 105~ 
starts the thermal decomposition of the cement matrix, and at 
higher temperatures also of aggregate (depending on its type 
and composition). This is a consequence of several 
complicated, endothermic chemical reactions, e.g. [3], called 
concrete dehydration. As their result a considerable shrinkage 
of cement matrix (called chemical shrinkage) and usually 
expansion of aggregate are observed. Due to these 
contradictory behaviour of the material components, cracks of 
various dimensions are developing when temperature 
increases, see e.g. [6], causing an additional change of concrete 
strains (usually expansion). 

It is practically impossible to separate effects of 
dehydration and cracking processes during experimental 
investigations of thermal dilatation of concrete or cement 
paste at high temperature. Further, due to the very 
complicated physicochemical nature of  the considered 
phenomena, which are strongly non-linear and dependent 
on several factors, there is lack of a sufficiently accurate 
theoretical model to describe them. The only reasonable 
solution seems to be a direct application of experimental 
results, after an appropriate elaboration and interpretation. 

In our model we define an increment of  the thermo- 
chemical strain, detchem, as follows: 

d~.tche m = d~.to t - de.sh - d~.th (10) 

where detot(O,T) is an increment of the total, experimentally 
measured strain of  load-free material (zero means value of 
the mechanical stress), while desh(T) and deth(T) are 
determined from (1) and (7). 

The physical nature of the strain (10) suggests that it 
should be related to the thermo-chemical damage 
parameter. Indeed, our extensive investigations of  
experimental results for several types of concrete show that 
there is a direct and theoretically sound dependence of  the 
thermo-chemical strain •tchem(T) upon the thermo-chemical 
damage parameter V(T). Then, for the analysed concretes, 
the latter one was also correlated with the dehydration 
degree (Fig. 4) describing advancement of chemical 
decomposition and defined as: 

m ( T o ) - m ( T )  
Fdehydr(T)  : m ( T o )  - m ( T ~ ) '  (11) 

where m(T) is mass of concrete sample measured at 
temperature T during thermo-gravimetric tests, To and T~ 
are temperatures when the dehydration process starts and 
finishes. We assumed here To = 105~ and T~ = 1000~ 

As an illustration of the aforementioned relations, we 
present in Figs. 3-5 some experimental data for C-60 
concrete. Fig. 3a shows the results of  thermo-gravimetric 
(TG) tests and their interpretation in terms of the 
dehydration degree, F, and Fig. 3b contains similar data but 
for the Young modulus and the thermo-chemical damage 
parameter, V. A correlation between the experimental 
values and the approximated relations for both the 
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Fig. 3 - Experimental data for the C-60 HSC and their 
approximations used in our model: A) TG test results expressed 
as dehydration degree; B) Young's modulus measurements in 
terms ofthermo-chemical damage. 
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Fig. 4 - Correlation between results of the TG tests and strength 
measurements for the C-60 HSC expressed in terms of 
dehydration degree and thermo-chemical damage parameter. 

dehydration degree and the thermo-chemical damage 
parameter is visible in Fig. 4. The black triangles indicate 
points for temperatures, where data both for F and V were 
determined; squares: points where only values of  F were 
measured and for the other parameter the approximated 
formula was used; and for diamonds: vice-versa, only 
values of  V were measured. Up to temperature of about 
500+550~ (F = 0.1+0.12) thermo-chemical damage 
increases more rapidly with the advancement of  
dehydration process (concerning mainly the cement 
matrix), what corresponds to the temperature range where 
thermal decomposition of  CSH (105+600~ and 
portlandite (400+450~ phases of cement paste takes 
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Fig. 5 - Relation between the thermo-chemical strains measured for 
the C-60 concrete at various temperatures and the corresponding 
values of thermo-chemical damage parameter. Thin lines indicate 
three ranges of different (approximately linear) thermo-chemical 
strain-damage behaviour. 

place, [6]. Above this temperature starts decomposition of  
the calcareous aggregate and the rate of thermo-chemical 
deterioration is visibly smaller. This phenomenon is more 
evident in Fig. 5, showing evolution of  thermo-chemical 
strain, defined by (10), for increasing value of the thermo- 
chemical damage parameter. After this parameter has 
reached the value of about 0.55, corresponding to the 
beginning of  the aggregate thermo-chemical 
decomposition, a much more rapid increase of  thermo- 
chemical strains is observed. 

This clearly shows that the adopted model of  concrete 
dehydration, degradation of its strength properties and 
resulting deformations at high temperature takes into 
account the mutual couplings between these thermo- 
chemical and mechanical processes. For these reasons we 
define a constitutive relationship for the thermo-chemical 
strain increment in the form: 

d~.tche m = t~tchem ( V ) d V  , (12) 

where fltchem ( V ) - Oetchem(V) is obtained from experimen- 
OV 

tal tests, see e.g. Fig. 5. 
The components of LFTS, resulting from our model, and 

their sum are compared in Fig. 1 with the measured values 
of  the total thermal strains for two types of concrete, [6]. A 
much higher values of  shrinkage (obtained from numerical 
simulation) for the C-90 HSC are caused by much faster 
evolution of the thermo-chemical damage of this material at 
high temperature (V=0.9 at T=700~ as compared to the 
C-60 concrete (V~0.7 at T=700~ Fig. 3b. 

3. M O D E L L I N G  L I T S  O F  M E C H A N I C A L L Y  

L O A D E D  C O N C R E T E  A T  H I G H  

T E M P E R A T U R E  

During first heating, mechanically loaded concrete exhibits 
greater strains as compared to the load-free material at the 
same temperature. These additional deformations are referred 
to as load induced thermal strains (LITS) [18]. A part of them 
originates just from the elastic deformation due to mechanical 
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l o a d ,  I ~ e / ( t ~ , T ) ,  and it increases during heating because of  
thermo-chemical and mechanical degradation of the material 
strength properties. The time dependent part of the strains 
during transient thermal processes due to temperature changes, 
a~(~,T), is generally called thermal creep. Its physical nature is 
rather complicated and up today not fully understood, thus 
modelling is usually based on the results of special 
experimental tests. Typically, they are performed at constant 
heating rate equal to 2 K/min, for various (but constant during 
a particular test) levels of material stresses, cy=const, ranging 
from 0% (load-free measurements) to 60% of the compressive 
strength of material at room temperature, f~(T~). The results of 
such transient thermal strain tests performed for the C-60 
concrete are presented in Fig. 6, where experimental data [6] 
are shown as diamond points. 

LITS can be calculated from these results as the difference of 
total strains for loaded and unloaded samples of concrete at a 
given temperature, ~to~a,T) and eto,(O,T), and transient thermal 
strains, e~(cy, T), by additional subtracting from LITS the elastic 
part of mechanical deformations 8~o,T) (usually at room 
temperature, T=Ta). The obtained values, after division by the 
load factor (ratio of the actual material stress ~ to the ultimate 
stress value at room temperamre, f~(T~)) are typically presented 
in the form of the normalised transient strain curves, Fig. 7. 
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Fig. 6 - Comparison of the results of thermal transient strains 
measurements for the C-60 HSC [6] and values obtained from 
our model (thin lines). 
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Fig. 7 - Comparison of the measured normalized thermal 
transient strains for the C-60 HSC [6] and their 
approximation used in our model. 

At this point we will briefly discuss elastic mechanical 
deformations of  concrete and its stress-strain behaviour at 
high temperature, which are presented in more detail in 
[17]. These elements are necessary for a proper analysis 
and decomposition of  LITS. 

Concrete is a brittle material with different mechanical 
characteristics in compression and tension, and moreover, it 
exhibits strain softening after exceeding stress level 
corresponding to its strength. For realistic description of its 
mechanical performance a non-linear theory is necessary. As 
already mentioned in previous section, we describe mechanical 
behaviour of concrete, taking into account thermo-chemical and 
mechanical degradation, following the scalar isotropic damage 
model by Mazars [22-24]. In this model, the damaged material 
at given temperature, T, is supposed to behave elastically and to 
remain isotropic. Its Young's modulus at this temperature, 
E(T), can be obtained from the value of  mechanically 
undamaged material at the same temperature, Eo(T), [22-24], 
and mechanical damage parameter, d, defined as 

d =1 E(T) (13) 
Eo(T )" 

This parameter can be treated as a measure of cracks' 
volume density in the material. 

A total effect of  the mechanical and thermo-chemical 
damages, to which the material is exposed at the same time, 
is multiplicative, Le. the total damage parameter, D, is 
defined by the following formula, 

E(T) E(T) Eo(T ) 
D - - 1  - -  - 1  

Eo(Ta) Eo(T) Eo(Ta) (14) 

=l-(1-a) . (1-v)  

and not just by the sum of the two components of  damage. 
Therefore, the classical effective stress concept, [25], is 

modified to take into account both the mechanical and 
thermo-chemical damage, so a further reduction of  resistant 
section area due to thermo-chemical degradation is added to 
that caused by the mechanical damage, i.e. the section 
reduction by cracking: 

= ~ " s  = 
(y" 

(15) 
s (1-d)(1-V)'  

where S and S mean total and resistant area of  the 
damaged material, o ~ is the Bishop effective stress tensor 
and 6 the tensor of the "net" effective stress (in the sense 
of  Mazars [22-23]). 

The stress-strain curves of concrete at high temperature, 
resulting from the described theory are shown in Fig. 2. 
During heating of a concrete sample loaded at constant 
stress level, as is usually done during transient thermal 
creep tests, mechanical strains of  the material are gradually 
increasing following the "growing" branches of  the "cy-d' 
curves, where the mechanical damage parameter d is equal 
to zero. Only at higher temperatures, when stress level is 
closer to the compressive strength and the curves exhibit 
some non-linearity, the mechanical damage parameter 
reaches some small value. But soon after that, at 
temperatures when the stress level equals the compressive 
strength, the sample is destroyed and the test finishes. Thus, 
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except for a small "final" part of the temperature-LITS 
curve, see e.g. Fig. 6, one can assume that the mechanical 
damage parameter equals zero, d=0. 

Hence only thermo-chemical damage is considered 
during calculation of the elastic mechanical strains at given 
temperature, which are needed to evaluate the transient 
thermal strains. To find them, we follow a commonly used 
approach, but taking additionally a change of  the concrete 
bulk modulus due to thermo-chemical degradation into 
account. In this way we avoid considering the same 
temperature-related strains twice, w h a t  happens when 
elastic mechanical strains are assumed constant and equal 
to their value at initial temperature. 

The total strain of a mechanically loaded concrete at 
temperature T, where the "net" effective stress due to 
external load and pressure of pore fluids (i.e. liquid water 
and moist air) equals to (~, consists of  the following 
components: 

gtot (6 ,  T)  = rt~ (6 ,  T)  + gel (r T)  
(16) 

+F.tchem(V(r))+~th(T ) " 

One must remember that the shrinkage swain 8sh is 

included into the elastic strain component 8el as a result of 

action of capillary pressure or disjoining pressure upon the 
solid surface fraction x w~ (Sw),  dependent on the moisture 

content. 
Thus, for 1D case the normalized thermal transient strain 

~rr(T),  at temperature T, can be found from the formula: 

-~ ,r (T): -~tr (V(T)) :  
8el(a, Ta ) fc(Ta). (17) [ etot(a,T)-etot(O,T) 

The results obtained following the presented approach 
for the C-60 concrete, indicate that the transient thermal 
strains are, in general, proportional to the material effective 
stress levels, see Fig. 7. To define a constitutive 
relationship for transient thermal strains we use the curves 
obtained by means of  the least square method from the 
experimental data for the all considered load levels, Fig. 7. 
One must remember that the curves were obtained for the 
heating rate of  2 K/min, but we assume that they are valid 
for any heating rate, because LITS depends mainly on the 
temperature increment (and the corresponding thermo- 
chemical damage increment) and not the temperature rate. 

Analysis of the results presented in Fig. 7 shows that the 
transient strain behaviour changes significantly in the 
temperature range of 450-500~ (corresponding to thermo- 
chemical damage V=0.55, Fig. 8). An interesting point is 
that in the same temperature range also behaviour of the 
unloaded material changes (see the thermo-chemical strain 
in Fig. 5 and the thermo-chemical damage in Fig. 4). This is 
a result of  very advanced thermo-cbemical decomposition 
of cement matrix (CSH and portlandite) and beginning of 
decomposition of the calcareous aggregate, connected with 
micro-cracks and cracks development. It shows again the 
importance of some mutual couplings between thermo- 
chemical and thermo-mechanical phenomena at high 
temperature, what should be properly taken into account in 
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Fig. 8 - Correlation between of the measured normalized thermal 
transient strains and thermo-chemical damage values for the C-60 
HCS (data from [6]). 

the choice of the state variables and formulation of  
constitutive relationships. It also suggests that all the 
aforementioned thermo-physicochemical phenomena have, 
at least in part, common physical origins (i.e. dehydration 
and material cracking) and are correlated with the evolution 
of  thermo-chemical damage parameter, V, as shown in 
Fig. 8 (correlation coefficients R 2 for polynomial and 
bilinear approximations are given on the graph). Moreover, 
the latter parameter is irreversible, as the transient thermal 
strains are [34]. This suggests that the strains should be 
expressed in terms of thermo-chemical damage - V, rather 
than temperature - T, what was previously used in some 
models, e.g. [11, 34-36]. This allow us to avoid additional 
checking, whether the thermo-chemical damage is 
increasing, what was necessary for example in the model 
proposed in [36]. 

In our model the transient thermal strain increments are 
obtained from the derivative of 8rr(V) with respect to 

thermo-chemical damage, V, using the following formula: 

d~,~ a~,r(V) ~ = ( ~ T  fe(Ta~----) d V :  ~tr(V)fc---~a) d V  (18) 

Thanks to the shape of the Err(V) curve, Fig. 8, a 

simplified, bilinear relation for ~r (V)  may be used (slopes of 

the dotted lines in Fig. 8) or its polynomial approximation 
(derivatives of the curve in Fig. 8). The bilinear relation clearly 
shows a qualitative change of the material behaviour above the 
temperature 7> 470~ and after integration it gives a good 
approximation of the LITS, Fig. 6. 

Equation (18) has been generalised to a multi-axial stress 
state similarly as in [11, 35, 36], resulting in the following 
formula: 

 r(v) ,.. 
dg,~ - ~ ~ : ~ d V .  (19) 

where Q is a fourth order tensor defined as follows: 

~ijkl=--~U~kl "F~(l'F~[)(~ik~jl"F~il~jk), ( 2 0 )  

with ~, being a material parameter determined from the 
transient creep test. 
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Application of the proposed model of the transient 
thermal strains, applied for the C-60 concrete, for four 
different levels of compressive loads, gives satisfactory 
predictions of LITS as may be seen in Fig. 6. LFTS have 
been evaluated using the model presented in the previous 
section. Some visible discrepancies between theoretical and 
experimental results are due to some non-linear effects, 
probably related to stress level, and possible inaccuracy of 
strains measurements, as well as difficulties in maintaining 
really constant heating rate and stress level during the tests. 

4. MODEL OF HYGRO-THERMO- 
CHEMO-MECHANICAL PERFORMANCE 
OF CONCRETE AT HIGH TEMPERATURE 

The model of deformations of concrete at high 
temperature, described in previous sections, has been 
introduced into the mathematical model of hygro-thermal 
behaviour and chemo-mechanical degradation of concrete at 
high temperature which was originally proposed in [9, 14, 
15, 17]. 

For convenience we briefly summarize now the main 
assumptions and equations of the whole model, taking into 
account the modifications introduced in this paper. 

The equations of the model are written by considering 
concrete as a multi-phase material, with the solid skeleton 
voids filled partly by liquid water and partly by a gas phase. 

Below the critical temperature of water, Tc~, the liquid 
phase consists of bound water and capillary water, which 
appears when the degree of water saturation exceeds the 
upper limit of the hygroscopic region, S**p. Above the 
temperature T~r the liquid phase consists of bound water 
only. In the whole temperature range the gas phase is a 
mixture of dry air and water vapour, which is a condensable 
gas constituent for temperatures T<T~. 

The model equations are obtained by means of the 
Hybrid Mixture Theory (HMT), [26-30], and their full 
development, starting from the local, microscopic balance 
equations with successive volume averaging, as well as 
their weak (integral) formulation are presented in [31, 32]. 
Thermal, chemical (dehydration) and mechanical 
degradation of concrete at high temperature are described 
by means of the non-local, isotropic scalar damage theory, 
[22-24], appropriately modified in [ 17]. 

To describe uniquely the state of concrete at high 
temperature, we need 4 primary state variables, i.e. gas 
pressure, pg, capillary pressure, pC, temperature, T, and 
displacement vector, u, as well as 3 internal variables 
describing advancement of the dehydration and deterioration 
processes, i.e. degree of dehydration, Fdehyar, chemical 
damage parameter, V, and mechanical damage parameter, d. 

The model consists of 7 equations: 2 mass balances 
(continuity equations), 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, 
after introducing the constitutive relationships are listed 
below (the symbols used are explained in the 
Nomenclature). The full development of the equations is 
presented in [17]. 

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 deformations of the 
skeleton. It has the following form: 

-nPga ( OSw 0--]- + OSw apC c -  --at 

aT 
- f l~Pga(1-n) (1-Sw)  at 

+(1-Sw)pgadiv~t  +(1-Sw ) 

l a p g a a T a p g a a p c a p g a a p g )  
n aT &-~ ~ - -  apc at apg at 

kkrg E-grad pg + ,ogg ~ } +div { ,o ga ] -lg 

_ peap~ ( 1 - Sw ) rhdehydr + ( 1 -- n ) OFdehydr at 

(21) 

Mass balance equation of the water species (involving the 
solid skeleton mass balance) considers diffusive and advective 
flow of water vapour, mass sources related to phase changes of 
vapour (evaporation-condensation, physical adsorption 
desorption and dehydration), and variations of porosity caused 
by dehydration process and deformations of the skeleton, 
resulting in the following equation: 

n( pW - pgW )( OSw at ~ aSw apr l a p  c at 

+[ pWSw + pgw (1-  Sw ) ;div~t 

)n( �9 ap aT Op apc 
+ ( l -  Sw -gf at + ap c at J 

[-grad pg + pgg  ~ - fls~,g 

+div ,OWTE-grad  pg + grad pC +,oWg ~ = 

pWSw + ) 

/9 ~ 

[ ( l _ n ) aPs aF dehydr " 1 
OF dehydr at + md~hyd~ -- rhd~hY&' 

with flswg defined by: 

(22) 
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flswg : fls ( 1 -  n )( SgP g~ + SwpW ) + n flwSwp w 

(23) 

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

a r  
( P G  )eff W + w w 

{ +gradpC + p W g ] }  g r a d T  -~-7w E-grad  pg 

+pgcg{--~g [-gradpg+pgg]}'gradT 
-d iv (  Zeffgrad T ) 

= --lfViva p l~-Iva p -- rndehydr l~Idehydr 
(24) 

where the water vapour source term is given by: 

w 8u 8T 
�9 = + flswP 8t mva p - p  S wdiv--~ * w 

-pWn( 8Sw 0-7 + --OSw OP~ r 8t 

-diVIL pwkkrW(-gradPg/aw " + gradpC + pWg)J  + 

--(  rh dehydr + ( 1 -- n ) ~ps OF dehydr pWSw . 
OF dehydr Ot pS + mdehy dr 

% 

(25) 
with = + np ], 

and the dehydrated water source is proportional to the 
dehydration rate: 

l'hdehydr = kb P dehydr, (26) 

kb is a material parameter related to the chemically bound 
water and dependent on the stoichometry of  the chemical 
reactions associated to dehydration process. 

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

div (g" -o tp  s I ) + p g  = 0, (27) 

where the effective stresses a "  is given by: 

" = (1 - d)(1 - V ) A  0 : ( e t o  t - -  F.th - -  F. tche m - -  e t r  ), 
(28) 

where thermal strain gth is obtained from (1), thermo- 

chemical strain F.tche m from (10), and transient thermal strain 

~:tr from (18). 

Dehydration process evolution law, considering its 
irreversibility, obtained from experiments, e.g. TG or DTA 
tests, has the form: 

Vaehyar( t ) = rdehyar( Tm ( t ) ), 

thus 

(29) 

�9 OFdehy& ( t )  for T(t) > Tma~ ( t ) ,  (30) F dehydr -- 8t 

F a e h y d r  = 0 for T(t) < Tma x ( t ), 

where Tm~(t) is the highest temperature reached by the 
concrete up to the time instant t. 

Thermo-chemical damage evolution equation, obtained 
from the experimental results by means of  equation (8), 
which takes into account the irreversible character of the 
material structural changes may be written as: 

V ( t ) = V ( T m ~ ( t ) ) ,  (31) 

Mechanical damage evolut ion equation, 
d ( t ) = d ( ~ ( t ) ), expressed in terms of  the equivalent 
strain, ~ ,  is given by equations of  the classical non-local, 
isotropic damage theory, [22-24]. 

For the model closure we used several thermodynamic 
relations (e.g. the Kelvin equation, valid because of  the 
assumption about the local equilibrium state), constitutive 
relationships between intensive and extensive 
thermodynamic quantities (e.g. Darcy's law, Fick's law or 
Fourier's law, defining generalized thermodynamic fluxes 
of  extensive variables) and state equations (e.g. 
Clapeyron's law of ideal gas, Dalton's law or the Hyland- 
Wexler equation for the saturated vapour pressure) - 
expressing known laws of  Physics, and finally, material 
functions defining some physical properties, usually being 
coefficients of  the constitutive relations�9 More details about 
the specific form of the material function can be found in 
[9, 14, 15, 17]; here we mention only, that usually they 
depend on several state variables, e.g. k= flpg, T,D), jug= 
f(pC,pg, T), Sw= J(pC, T), ~eff = J~ Sw, g), D~ w = J( Sw, T). 

To solve any initial-boundary value problem, 
corresponding to a practical situation under consideration, 
we must define initial and boundary conditions. The initial 
conditions specify the full fields of  primary state variables 
at time instant t=0, in the whole analysed domain s and on 
its boundary F, ( F  = Fx ~AF q , ~ =g ,  c, t, u): 

pg =pgo,p C =p~,T=To,  u=Uo, on ( ~ w F ) ,  

(32) 

The boundary conditions (BCs) can be of  Dirichlet's 
type on F .  : 

pg( t )  = pg ( t )  o n r g ,  

p C ( t ) = p c ( t )  o n F c ,  (33) 

T ( t ) =  T ( t )  o n F t ,  

u ( t ) = f i ( t )  onru, 

or of Cauchy's type (the mixed BCs) on Y'q : 
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En(1-Sw)pg~v g~ + J g ~ ] . n = q  g", o n r q  

[nSwpWv w~ +n(1-Sw)pg~v g~ +J~W].n  = 

+qW +13 (pg _py), onFq 
(34) 

n . . . .  AH T ) - n  = ~wP v wp-X~ffgrad 

T 4 =qr +O c(r_T )+eOo(r4_ onrq 

g" .n  =t- ,  O n r u  q 

where n is the unit normal vector, pointing toward the 
surrounding gas. The boundary conditions, with only 
imposed fluxes given, are the usual Neumann's BCs. 
The governing equations of  the model are discretised in 
space by means of the finite element method, [33]. The 
unknown variables are expressed in terms of  their nodal 
values as, 

p g ( t ) ~ N p p g ( t ) ,  

T ( t ) ~ N t T ( t ) ,  

p C ( t ) ~ N p ~ ( t ) ,  

u ( t )  ~ N ~ B ( t ) .  
(35) 

The variational or weak form of the model equations, 
applying also the other ones required to complete the 
model, was obtained in [31, 32] by means of  Galerkin's 
method (weighted residuals), and can be written in the 
following concise discretised matrix form, 

OX+Ko.(x)x=fi(x), C0 (x)-b- / - (36) 

wi th  

K U = 

C U = 

-Kgg 

Kcg 

Ktg  

_ K~g 

I Cgg 

Kgc Kgt 0 

Kcc Kct 0 

Ktc Ktt 0 

Kuc Kut Kuu 

C g~ C gt C g~ 

C~ Cct Ccu 

Ct~ Cu Ctu 

0 0 0 

L 

(37) 

where x r = { fig, f c ,  ~ ,  ~ } and the non-linear matrix 

coefficients C0(x), K0(x ) and f,(x) are defined in detail in [17]. 
The time discretization is accomplished through a fully 

implicit finite difference scheme (backward difference), 

~Ji (Xn+l)=Co. (Xn+l)  x n + l - x n  
At (38) 

+Ko ( Xn+l l Xn+l - fi ( Xn+l ) = O, 

where superscript i (i= g,c,t,u) denotes the state variable, n 
is the time step number and At the time step length. 

The equation set (38) is solved by means of  a monolithic 
Newton-Raphson type iterative procedure [9, 14, 15, 17]: 

0~ / i  Xn+l 
q~i (  k k X.+l)- ax.+,, 

k 

xk+l  k k 
n+l = Xn+l + AXn+l ,  

(39) 

where k is the iteration index and is Jacobian matrix. 
0x 

To solve the linear momentum balance equation 
numerically, it is necessary to consider the total strain 
tensor, the transient creep tensor and the internal variables 
(i.e. damage parameters and the degree of dehydration) at 
time step n (previous time step of  the calculation), and the 
increment of  strain tensor at the current step (and current 
iteration, k): 

( ffn,F.tot,n,F.th,n,gtchem,n,F.tr,n,Vn,dn,AF.tot,n+l ) (40) 

At time step n+l, using backward Euler, we have the 
following set of local discrete equations: 

~tot,n = ~tot,n+l + mF'tot,n+l 
t? ?f 

g n  = ~n+ l  + Affn+l  

(41) 

and taking into account the latter equations together with 
(2) and (15), one obtains: 

r _ ~ _ A 0  . Agtr,n+l 
~ ' + ' -  ( l - D , + , )  

(42) 

where (~n+l is the "net" stress tensor, 

~trial = A0 "( ~tot,n+l - F'th,n+l -- gtchem,n+l -- gtr,n ) n+l 

(43) 

is the "trial" net stress tensor, and A~tr,n+l is defined by 

(see (19) and (20)): 

-~tr (Vn+l ) 
Astr,n+l - fc(Ta) AVn+IQ : ~n+l- (44) 

Considering (44), equation (42) can be written as: 

6n+l = H n l l  . ~ (45) 

where: 

-~tr(Vn+l) 
H,,+l = I -~ AVn+lA 0 : Q (46) fc(ra) 

A two-stage solution strategy has been applied at every 
time step to take into account damage of concrete. First an 
intermediate problem, keeping the mechanical damage 
value constant and equal to that obtained at the previous 
time step, is solved. Then, the "final" solution is obtained, 
for all state variables and total damage parameter, by means 
of  the modified Newton-Raphson method, using the 
tangential or Jacobian matrix from the last iteration of  the 
first stage. This allowed us to avoid differentiation with 
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respect to the damage and to obtain a 
converging solution, [9, 14, 15, 17]. 

Because of  different physical 
meaning of the capillary pressure pC 
and different nature of the physical 
phenomena above the temperature Tcr, 
[15, 17], we have introduced a special 
'switching' procedure [15]. When in 
an element part of its nodes have 
temperature above Tcr, the capillary pressure is blocked at 
the previous value, until the temperature in all the nodes 
passes the critical point of  water. Then equations valid for 
temperature range T> Tcr are applied in all nodes of  this 
element. 

5. N U M E R I C A L  E X A M P L E  

This example deals with a comparison between numerical 
results, obtained using the model described in the previous 
sections, and experimental results, obtained from 
compressive tests carried out in United States in the 
laboratories of NIST (i.e. National Institute of  Standard and 
Technology) [4, 5, 12, 16]. The main goal of this comparison 
is to show the capability of the code to assess spalling 
phenomena, in particular occurrence of  explosive spalling in 
concrete structures subjected to elevated temperatures. 

Nowadays, two different approaches are used for 
explaining such a kind of phenomena: pore pressure based 
approach and purely thermo-mechanical approach. 

In the first approach pore pressure is the main 
responsible for the explosive spalling and in particular the 
so-called "moisture clog" phenomenon, also known as 
"saturation plug", [2-17]. In a concrete element exposed to 
fire conditions a moving front, and four well defined zones, 
may be observed [2]. The first one, close to the heated 
surfaces, is almost completely dry and has an increasing 
temperature. In the second one, in the internal part of the 
heated element, both moisture content and temperature are 
at the beginning almost unchanged and their values 
correspond to the initial state of  the material. Between these 
zones, there is an area with high gradients of  temperature 
and vapour pressure, causing considerable flux of water 
vapour, which condensates in the cooler layer of concrete, 
what results in an increased moisture content inside the 
concrete element, close to the moving front. When 
temperature reaches values close to the critical point of 
water, an additional increase of water degree of saturation, 
caused by considerable thermal dilatation of  the liquid 
water, is observed. The last two phenomena cause the 
"moisture clog", and are a reason of existence of the fourth 
zone, where moisture content is higher than the initial one, 
and where even fully saturated conditions may be 
sometimes enconntered. 

In the second approach spalling is due to the restrained 
thermal dilatation close to the heated surface, which leads 
to compressive stresses parallel to this surface. These 
compressive stresses are released by brittle fracture of 
concrete, resulting in the spalling process, while the role 
played by the pore pressure is considered secondary, [1, 3, 
7, 8]. 

In the model presented in this work, the chosen approach 
takes into account both of these aspects, considering their 

Table2 - Concre te  mixtures  

Property  MIX1  M I X 2  MIX3  M I X 4  

Water~Cement ratio 0.22 0.33 0.33 0.57 

Silica fume (% cement replacement by mass) 10 10 

Final compressive strength [MPaJ 98 81 72 47 

coupling and synergic effects, i.e. an increase of  the stresses 
due to high vapour pressure, and an increase of material 
permeability caused by the material cracking due to tensile 
stresses and the damage linked to these stresses, what allow 
us to analyse physical phenomena involved and predict the 
material response more correctly. 

The main aim of the tests carried out at NIST laboratories 
was to evaluate the thermo-mechanical behaviour of concrete 
exposed to high temperature, in particular the estimation of 
Young's modulus and compressive strength as function of  
temperature for four different types of High Performance 
Concrete (HPC) characterized by different mix designs (see 
Table 2). The specimens, all of  them were cylinders with 
diameter of 100mm and height of 200mm, have been tested 
using three test methods, representing the thermo-mechanical 
loading conditions: stressed test method (specimens were 
preloaded, with a load equal to 40% of final compressive 
strength at room temperature, and then heated), unstressed 
test method (specimens were directly heated until the time of 
compressive test), residual property test method (the 
specimens were heated up to the target temperature and kept 
at this temperature for a certain period; then they were cooled 
and tested at room temperature, i.e. at residual conditions). 

Five target temperatures: 100~ 200~ 300~ 450~ 
and 600~ were reached during the tests by means of 
furnace heating rate of 5~ in steady state conditions. 
In this case "steady state" is defined as the temperature 
state when the temperature at the centre of the specimen is 
within 10~ of  the pre-selected target temperature T and the 
difference between the surface and centre temperatures of  
the concrete specimen is less than 10~ 

For further details concerning mix compositions and 
tests procedures (set-up, instrumentation of the specimens, 
temperature control), see [4, 5, 12, 16]. 

Our attention was focused on specimens made of 
concrete type 1 and 2, herein indicated as MIX1 and MIX2, 
in unstressed conditions with a target temperature equal to 
450~ 

In fact, for unstressed tests, explosive spalling occurred 
in all MIX1 specimens and in one of  the four MIX2 
specimens being heated to 450~ while no spalling was 
observed in MIX3 and 4 up to this temperature level. All 
specimens in mixtures 2 and 3 that were being heated to 
600~ also failed due to explosive spalling. Mixture 1 was 
not tested at 600~ due to the consistent spalling failure 
observed at the lower temperature of 450~ MIX4 
specimens did not experience any spalling failure 
throughout the entire temperature range. 

Initial and boundary conditions used in numerical 
simulation are listed in Tables 3 and 4. 

Fig. 9 shows for MIX1 (a) and MIX2 (b) the temperature 
development in the cylindrical specimen exposed to high 
temperature. The temperature of the furnace is indicated with a 
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dashed line, while solid lines represent the temperature history 873.15 

on the surface and in the centre of  the cylinder in both 
experimental and numerical case. Figs. 10a-b show the 773.15 
temperature differences between the surface and the centre of  ~" 

673.15 
the specimens measured during the tests and the corresponding .*, 
numerical results. The accordance between numerical and ~ 573.15 
experimental results is quite good, especially in the case of *' 
MIX2. For MIXI, in fact, the first part of  heating shows a ~ 473.15 

i -  
strange behaviour with temperature difference between core 
and surface practically zero for more than one hour. 373.15 

Fig. 11 provides information about damaging of the 
273.15 

specimen during heating. Specifically, it shows the history of 
total damage in three different points (on the surface, in the 
centre and in the middle of the radius) compared with 
temperature difference developments. Corresponding to the 
maximum value of AT, a sharp increase of mechanical damage 
parameter d (with a maximum value equal to 80%) may be E 

observed for both of the mixtures considered in the simulation. 
Fig. 12a shows developments (2.5 cm from the surface 

of  the specimen) of  the gas pressure, and Fig. 12b the 
thermo-chemical damage, for MIX1 and MIX2. It is worth 

I-. 

Table3 - Initial conditions used in 
the numerical simulation 

Variable Unit Value 

Gas pressure [Pa] 101325 
Relative humidity [-] 0.5 
Temperature [K] 298.15 

Table 4 - Boundary conditions used in the numerical 
simulation 

Side Variables Values and coefficients 
Ux Ux=0 
Ue Uy = 0  

A /~ /~ =101325 [Pa] 
pC /)gw = 1000 [Pa], tic=variable 

T: convective T = ISO-Fire [K], a~= variable 
T: radiative e~0=5.1.10 -8 [W m-2K 1] 

ux ux=0 

B /~ q~=O 
p ~ qgW=q W =O 
T qr=O 

u v Uy = 0  

c /~ qg=O 
p~ qgW=qW=O 
T qr|'=O 

B 

C 

~ 7 ~ 

10co: A 

5 cm 

C 

i i i i I i 
I I I I I I 

, .~- , , ~  
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Fig. 9 - Temperature development (numerical and experimental) 
on the surface of the specimen and in the core of the cylinders: a) 
MIX 1, b) MIX2. 
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Fig. 10 - Temperature difference (numerical and experimental) 
between the surface of the specimen and the centre of cylinder: 
a) MIX1, b) MIX2. 

to note the considerably different behaviour of  the two 
concretes in terms of  maximum value o f p  g and value of  V 
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Fig. 11 - Time history of temperature difference (between the 
surface of the specimen and the core of the cylinders) and of total 
damage: a) MIX1, b) MIX2, c) C-30. X is the distance from the 
axis of the cylinder. 

reached during heating process. Similarly to the increase of  
mechanical damage, the peak of gas pressure corresponds 
to the maximum value of temperature differences AT. 

The time range between 7200 s and 8000 s seems to be 
the critical range during which the material achieves a state 
favourable to spalling occurrence. Indeed, in the case of  
MIX1, the specimen experienced explosive spalling right in 
this range of time, while the specimen made with the 
concrete type 2 did not show this phenomenon. The 
explanation of this different behaviour of  the two materials 
could be their different microstructure and loss of strength 
properties due to cracking and thermo-chemical 
deterioration, resulting from different water/cement ratio 
(see Table 2), which lead to pressure development 
characterised by completely different absolute values. 

This critical time range is evidenced in Fig. 13 and it 
corresponds well to the time range of observed explosive 
spalling in NIST laboratories for concrete MIX 1. 

Furthermore, reconstruction of the exploded specimens 
carried out by NIST researchers by means of rendering 
techniques, showed that, in all cases, a core, which 
measured approximately 70 mm at maximum width, was 
the largest remaining piece of concrete. This core is 
surrounded by an approximately 20mm thick concrete outer 
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Fig. 12 - Gas pressure (a) and thermo-chemical damage (b) 
changes in time for MIX1 and MIX2 at 2.5 cm from the surface 
of the specimen. 
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Fig. 13 - Gas pressure and mechanical damage changes in time 
for MIX1 on the surface and at 2.5 cm from the surface of the 
specimen. 

shell. The depth of 20mm appears to be the location of the 
primary fracture surface. The numerical results show a 
similar behaviour. Fig. 14a) shows the reconstructed 
specimen with the external layer 20mm thick, while 
Fig. 14b) shows the damage distribution along the thickness 
of the specimen (i.e. in radial direction) at different time 
stations. It is possible to observe that at time corresponding 
to explosive spalling (solid line) a layer 2cm thick has 
reached the maximum value of damage. 

The presented results of numerical simulations, show that 
both pore pressure and thermally induced strains can be 
identified as responsible for the spalling occurrence, and that 
they play a primary or secondary role depending on the 
particular conditions prevailing. For the analysed HPC 
concretes, the MIX 1 specimens, having lower value of the w/c 
ratio, spalled explosively mainly due to the high gas pressure 
value and relatively high level of thermo-chemical 
deterioration, even if the temperature gradients were 50% 
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Fig. 14 - a) Rendering of the fracture formation, b) Total damage 
distribution in radial direction for MIXI: dashed line represents 
the final situation (specimen exploded), the solid line represents 
the situation at the time when first spalling occurred. 
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Fig. 15 - Gas pressure changes in time for C-30 and MIX2 at 
2.5 cm from the surface of the specimen. 

lower than in the MIX 2. During the NIST tests the all three 
specimens done of the MIX 1 experienced explosive spalling, 
confirming the importance of gas pressure as a reason of the 
phenomenon. On the other hand, one of the three MIX 2 
cylinders experienced spalling, despite of much lower pressure 
value (about 5 times) and lover thermo-chemical induced 
deterioration (about 30%), but about 50% greater temperature 
gradients. This shows that also thermally induced strains can 
be a dominant reason of explosive spalling, even if its 
occurrence seems to be less likely. 

To analyse differences between performance of heated 
NSC and HPC, numerical simulation of  the same NIST test, 
but for the C-30 concrete (see Table 1), has been 

performed. No tests for this type of concrete are reported in 
[4, 5, 12, 16], hence results of  these simulation cannot be 
compared to the experimental ones. Fig. 11 c shows history 
of mechanical damage (at three different distances from the 
cylinder axis) and the difference of temperature between the 
surface and the core of  the cylinder. Development of  
thermo-chemical deterioration of the C-30 concrete is 
compared in Fig. 12 with those of the MIX 1 and MIX 2. 
Temporal developments of  the gas pressure, for the C-30 
and MIX 2, 2.5 cm from the surface of the specimen, are 
compared in Fig. 15. The performance of  the C-30 concrete 
is somewhat similar to the MIX 2, but the vapour pressure 
starts increasing earlier in this concrete due to the higher 
content of chemically bound water (higher w/c ratio), and it 
reaches higher maximal value (about 0.4 MPa) as compared 
to the MIX 2. Then, mechanical damaging of this concrete 
starts after 52 minutes, i.e. about 30 minutes earlier than in 
the MIX 2 (about 40 minutes earlier than in the MIX 1). In 
the time span, when the temperature gradient reaches its 
maximum values, the mechanical damage increases in a 
slightly slower way (~2.3%/min) than in the MIX 2 
(~3%/min), and the level of thermo-chemically induced 
deterioration of concrete is similar as in MIX 2. 
Concluding, one can expect a similar likelihood of  
explosive spalling of  the C-30 concrete as for the MIX 2, 
because in the analysed temperature range both materials 
are exposed to similar pressures, and thermo-chemical and 
mechanical damage, describing advancement of 
deterioration of the material strength properties. 

6. C O N C L U S I O N S  

An analysis of deformations of concrete, in particular 
High Performance Concrete, exposed to high temperature 
has been presented. It is based on physical interpretation of  
experimental results in the framework of  a mechanistic 
approach, distinguishing between free thermal strains, 
shrinkage strains and thermo-chemical strains which is 
unusual in the literature. Shrinkage strains are determined 
using thermodynamic relationships via capillary pressure 
and area fraction coefficients, while thermo-chemical 
strains are related to thermo-chemical damage. Moreover, a 
classical thermal creep formulation has been modified and 
introduced in a fully coupled model of  thermal, hygral, 
chemical and stress phenomena in concrete at high 
temperature taking into account most of  the important 
features of  the material behaviour at these conditions. It 
allows for realistic risk assessment of  thermal spalling, 
considering both effects of  pore pressure build-up and the 
accumulated strain energy, together with thermo-chemical 
material degradation and cracking. The results of  numerical 
simulations are in good accordance with experimental tests. 
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APPENDIX 

Below we explore the second law of Thermodynamics, 
applied for the multi-phase porous medium, which skeleton 
experiences chemical reactions (dehydration) and material 
deterioration (thermo-chemical and mechanical damage). This 
allows us to define several important quantities used in our 
model (e.g. capillary pressure, net effective stress tensor of the 
solid phase) and obtain some thermodynamic restrictions 
imposed on the evolution equations for the skeleton 
dehydration and deterioration processes. For the sake of 
brevity, we present here only the main steps of the whole 
procedure and "abbreviated" form of the equations (but 
containing all terms used in further developments), which are 
presented in detail in [30] for the finite deformations of the 
solid skeleton and in [21] for another form of the Helmholtz 
free energy. All symbols are explained in the Nomenclature. 
For convenience of the reader we have kept the original 
symbols for the Bishop effective stress and "net" effective 
stress tensors which were used in [30]. 

The starting point for further developments is the second 
law of Thermodynamics written for a multiphase system. It 
states that for any process, the rate of net entropy 
production must be non-negative: 

A = A s + A w + A g + y ,  A aft > O. (A1) 

afl=gs,gw,sw 

After expressing the terms for the rate of net production 
of entropy in the individual phases and interfaces, Equation 
(A1) has the following form [30]: 

( 1 - n ) P ~  Dt div 1 - n  + 

h s DW~ w 
- ( 1 - n ) p  s T s - + s s g - • s s w + n S w 9  w D-----~+ 

-d iv  nS w - ~  - nSwp w T---- ~ - +Wg _ ~w s + 

Dgxg ( q g ]  h g ^  
nSgPg ~ Dt div nSg ~ + - nSgp g T---- ~ -di) g + 

-+ggs+ [ - - +  
Dt 

ctl~= gs,gw,sw 

- d i v ( a a ~ - ~ )  -aa~Fa~h~+T~ 

+ ) + 1- 1 >- o. 
(A2) 

In further developments it is convenient to use the 
Helmholtz free energy, defined for the bulk phases as 

A m = E m - Trek m , a= s, w, g, (A3) 

and the interfaces as 

Amf ~ = E af3 - Tmf~ mf~ ' ct~ = gw, ws, gs . (A4) 

Introduction of the energy balance equation allows the 
rate of net production of entropy in the solid phase to be 
expressed as, see [30]: 

+ 1+o, 
+ ~ q S .  grad  T s + (A5) 

k ] 

1 - n ~ s  v s ^s ^s O~Sw Osg 
+ T s : grad  - ~ s g  - ~ s w  + TS + TS 

After similar transformations carried out for all the other 
phases and for the three interfaces, and after application of 
(A3) and (A4), the entropy inequality (A1) can be written as: 

( 1 - n ) p S ( D S A  s DST  s ] 
T ~ ~ + ~ s  Dt  + 

nSwpW ( DWAW DWTW I 

L D----7-+ 

nSggg ( D g A  g D g T g  I - -  -b )~ g + 
T g D t  D t  

1 -  n s g r a d  TS + nSw w 
+(TS)-----T q "  ~ - ~ q  " g r a d T w  + 

nS  1 - nSw ~W:dW 
" ~ g  g :d s + 2 q  " g r a d T  g +  T s n c  s + T w + 

Z amt3sm ~ nSg ~g:dg + :dm~ + 
+ Tg Tm~ m~=sg ,sw,gw 

- Z am~Fa~(  Dm~Am~ Dm~Tm~] 

a~:sg,sw,gw Tm~ ~ Dt  + ~m~ D t  + 

Z aa~) 2 qa[~" VTm~ + 
m~=sg,sw,gw ( T m~ 

+ [ TERMS RELATED TO BODY SUPPLIES ] > 0 
(A6) 

In this equation we have introduced the strain rate 
tensors for bulk phases d ~ (or= s,w,g) and for interfaces d ~ 
(oq3= gw, gs, ws). Because of symmetry of the partial stress 
tensor a m and the surface stress tensor s a[3 , the following 
identities hold: 

6 m : g r a d v  m = 6m : d m, 

s m{~ " g r a d  w mf~ = s mf~ �9 d mf~ 

The Helmholtz free energy for the bulk 
assumed to have the following functional forms: 

(A7) 

(A8) 

phases is 
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AW = AW ( pW,TW,S~ ), Ag = Ag ( p g , T g , S g  ), 

A s = AS(pS ,TS ,eS ,Sw,Fdehy&,D) ,  

(A9) 
and for the interfaces: 

Aa~ = Aa~ ( Fap, Ta~,aap, Sw ), otf5 = gw, ws, gs 

(A10) 
One must underline, that in Equation (A9) for the solid 

skeleton, effect of the two internal variables, Fdehydr and D, 
has been additionally considered, as compared to [30]�9 After 
calculating the material time derivatives of the Helmaholtz flee 
energies (A9)-(A 10), the entropy inequality becomes: 

(1 - ; )p~DSTS(OA~ +Ls )  + D r  ~.c3T s 

+ + 
T w Dt ~.OT TM 

nSgp g DgT  g [ ~3Ag + ~g 
+ 

T g Dt ~ OT g ) 

- Z aa~Fa~ D~f3Tat~ ( OA~ ) 

nS~ ( pW I + ~ nSg 
+ T w ):d TM + T g (pgI  + 6g ):dg + 

1 - n ( p s i + ~ ) : .  ~ _ [ ( 1 - ; ) P ~ O A ~ ] : d ~  + + 
T s _ _  O~ s ] 

D*n ( Sgp g p~ +-D-i -!~. SwpW + - -  ) + 
T w T g T ~ 

+ ( l - n )  D'rdehyd~ ~_ (1 -n )yDSD 
T ~ Av - ~  T s Dt + 

I np ~ np g nS~p ~ 0.4 '~ 
T w T g T ------7- 0S---7 + 

D*Swl rlSgPg OAg ( l - n )  p* 8AS (Al l )  
Dt T g T s OSw 

_ aC~FC~______~ ~ 0.4 af~ 

k a~=sg.s~.gw Ta~ OSw 

�9 I TERMS RELATED TO BODY SUPPLIES, 1 
+ |  DEFORMATION OF THE INTERFACES, > 0 

[_ PHASE CHANGES AND HEAT FLUXES 

The following definitions have been introduced into (A11): 
- macroscopic pressure of the a phase, 

p~  = ( p~ ) 2 gA~ (ot = s, w,g)  , (A12) gp~,' 

macroscopic interfacial tension of the oq3 interface, 

yap = _ ( r a [3 )2  gA a[3 

~FaP , (a~  = sw, w g , g s ) ,  (113) 

- chemical affinity, being the driving force of the 
chemical reaction, correlated to the rate of the 

�9 DSFdehydr by means dehydration extent, F dehydr -- D t  ' 

of an evolution law of the Arrhenius-type, 

gA ~ 
A t -  ps 

g F  dehy dr ( 1 1 4 )  

together with identities: 

d i v v  a = d a : I ,  ( a  = s , w , g )  (A15) 

Ta'S = Ta  - TS (A16) 

In the 1.h.s. of inequality (A 11) appear quantities in brackets 

DaTa Dal3Ta~ d a , d  ap which are not multiplied by: - - ,  - - ,  
Dt Dt 

primary variables. Therefore, the coefficient of these variables 
must be always zero, because (All)  is valid for all 
thermodynamic states. Hence the following relationships for 
the specific entropies and stress tensors axe obtained: 

k s  - gA s L af~ = - gAg__~_P 

gT  a ((x = w, g, s) gTa~ 

(ot~ = gw,  ws, gs)  , (117) 

Sap = yapi  ffw = _ p W  I 6 g = - p g I .  (A18) 

In particular, the total (nominal) stress tensor of  the solid 
phase is defined by: 

6 s  s 
= Oe - P q ,  (A19) 

where: 

~ / 4  S 
s = lOS _ _  (A20) 6e  ge s 

is the effective stress tensor of the solid phase, 

gps (A21) 

is the thermodynamic pressure of  the solid phase, 

y = _pS gAS 

gD 

is the damage energy release rate, 

(122) 

pC _ m 
Twg 

F/ 

nSwP w gA w nSgp g gA g 

T w gSw T g gsg 

( 1 - n ) p  s gA s 

T s OSw 

Z a ~ F a p  OAa~ 

TaP OS w 
_ a~=sg,sw,gw 

, (A23) 
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is the macroscopic "thermodynamic" capillary pressure. 
We introduce damage into the elastic constitutive law in 

a classical manner, considering that only the elastic 
properties of the material are affected by damage parameter 
D (containing both the mechanical and thermo-chemical 
components) and that the dependence on damage is due to 
the stiffness matrix: 

A = A ( D ) ,  a s = A ( D ) ' ~ ;  s. (A24) 

Hence, Y is a quadratic form, positively defined, since 

--'aAI'D---------2< 0, i.e. the stiffness decreases for increasing 
01) 

damage. 
In fact, considering the second derivative of the 

Helmholtz free energy and exploiting the Maxwell 
symmetries, we have: 

c32A s O Y OZA s _ O A  ( D ) . ~s _ _ _  _ (A25) 
~ D  c3s s ~ D  O~,S OD Os ~ 

and integrating the latter expression with respect to es we 
obtain a quadratic form for Y: 

y _  l O A ( D ) . e ~ . ~ z s + c ,  (A26) 
2 c3D 

where C is a constant independent on damage (C=0, since 
Y=0 for D-~). 

Thus the sufficient condition to satisfy entropy 

inequality i s / )  = DSD > O. 
D t  

In our model we adopt the Mazars theory of damage, i.e. 
the material is supposed to behave elastically and to remain 
isotropic. Application of the true stress concept, [38], 

S --S 
~I e = ( 1 -- D ) ge, (A27) 

~S where I~ e is the "net effective stress" (in the sense of damage 

mechanics and porous media), leads to the following form of 
the constitutive relationship for the solid phase: 

~ s  : A 0 :  I~s : A 0  . ( f ,  to t _ f ,  th _ f ,  t r  _ f ,  t che  m ) (A28) 

where A 0 is the initial stiffness tensor and 

F.tot , g. th , I~ t r  , I~ tche m are the total-, thermal-, thermal creep- 
and thermo-chemical strain tensors, respectively. 

Taking into account (A19) and (A27), the "net" effective 
stress tensor is equal to: 

gs + p q  _ ty ~ + p~I (A29) 
~ -  ( l - D )  ( 1 - d ) ( 1 - V ) '  
whereff is given by (3). 

A similar equation was applied by Bourgeois et al. [39] 
for modelling of elasto-plastic damage due to drying 
shrinkage of concrete, based on the theory by Coussy [40]. 

N O M E N C L A T U R E  

AS specific Helmholtz free energy for the bulk phase 
c~ [J kg -1] 

A~9 

ct o~ 

c; 
D 
d 
d s 

oy 

E 
e 

E0 

E ~ 

E ' ~  
fo 

ft 
g 
h a 
h,~ 
I 

jg,, 

Kr 

K~ 
k 
k 
kr,~ 

lf~dehydr 

n'lva p 

n 

Patm pC 

/ 

p~o 
pW 
pS 

p ~  

q~ 

qa[3 

o 
R 
RH 
s~ 

S 

T 
Tcr 
Tm~ 

specific Helmholtz free energy for the interface 
O~fl [J kg -1] 

specific surface of the al3-interface [m -1] 

effective specific heat of porous medium [J kg r K l] 
specific heat of gas mixture [J kg -1 K 1] 

specific heat of liquid phase [J kg 1 K -1] 

total damage parameter [-] 
mechanical damage parameter [-] 
strain rate tensor [s-I ] 
effective diffusivity tensor of water vapour in dry 
air [m 2 s -1] 
Young's modulus [Pal 
emissivity of the interface [-] 
exchange term [kg m "3 s 1] 

Young's modulus of mechanically undamaged 
material [Pa] 
intemal energy of bulk phase a [J kg 1] 

internal energy of interface al3 [J kg 1] 
compressive strength of concrete [MPa] 

tensile strength of concrete [MPa] 

gravity acceleration [m s:] 
heat source in the bulk phase ct [W kg 1] 
heat source on the interface cq3 [W kg -1] 
unit tensor [-] 
diffusive flux of vapour [kg m -2 s "1] 

diffusive flux of dry air [kg m 2 s "1] 

modified bulk modulus of the whole porous medium 

[Pal 
modified bulk modulus of the grain material [Pa] 
absolute permeability tensor [m 2] 
absolute permeability (scalar) [m 2] 
relative permeability of ~-phase 0t=g,w) [-] 
rate of mass due to dehydration [kg m 3 s 1 ] 
rate of mass due to phase change [kg m "3 S "l] 
total porosity (pore volume/total volume) [-] 
atmospheric pressure [Pa] 
capillary pressure [Pa] 
pressure of gas phase [Pal 
initial value of gas pressure [Pa] 
pressure of liquid water [Pa] 
solid skeleton pressure [Pa] 
dry air partial pressure [Pa] 
water vapour partial pressure [Pal 
heat flux vector for the bulk phase tx [Wm "E] 

heat flux vector for the interface ct~ [W m -2] 

heat flux vector [W m "El 

body supply of heat [W m E] 
gas constant (8314.41 J k m o l  "1 K "l) 
relative humidity [-] 
liquid phase volumetric saturation (liquid volume/pore 
volume) [-] 
total area [m 2] 
resistant area of damaged mater ia l  [m 2] 
absolute temperature [K] 
critical temperature of water [K] 
maximum temperature attained during dehydration 
process [K] 
time [s] 
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U 

V 
V gs 

V ws 

xW~ 

displacement vector of solid matrix [m] 
thermo-chemical damage parameter [-] 
relative velocity of gaseous phase [m s -1] 
relative velocity of liquid phase [ms l]  
solid surface fraction in contact with the wetting water 

film [-] 

Greek symbols 
(~ 

t~ 

~tchem 
Pc 
~s 
[~swg 

13sw 

~tr 

,~-Idehydr 

At  

~el 
~sh 
~,tchem 
~th 
~tot 
~tr 

r dehydr 

A 
A 
Ao 
ZeH 
H ~ 

P 
o~ 
pW 
p~ 

pew 
+ 

S ~ 
~e ,~ 

(5"o 

W 

generic bulk phase 
Biot's constant [-] 
convective heat transfer coefficient [W m "2 K -1] 
generic interface of ct- and [3-phases 
thermo-chemical strain coefficient [K -1] 
convective mass transfer coefficient [m s -1] 
cubic thermal expansion coefficient of solid [K -I] 
combine (solid + liquid + gas) cubic thermal 
expansion coefficient [K -1] 
combine (solid + liquid) cubic thermal expansion 
coefficient [K "l] 
normalised transient thermal strain coefficient [K 1 s] 

thermal expansion coefficient of liquid water [K -1] 

enthalpy of vaporization per unit mass [J kg ~] 

enthalpy of dehydration per unit mass [J kg -1] 

time step [s] 

elastic strain tensor [-] 
shrinkage strain tensor [-] 
thermo-chemical strain tensor [-] 
thermal strain tensor [-] 
total strain tensor [-] 
transient thermal strain tensor [-] 
normalized transient thermal strain [-] 

equivalent strain in damage theory of Mazars [-] 
surface excess mass density of t~13-interface [kg m -2] 
degree of dehydration [-] 

macroscopic interfacial tension of the ctl3-interface [J m -z] 

dynamic viseosity of the constituent n-phase (rc=~w) [kkPa s] 

specific entropy [J kg ~ K 1] 
rate of net production of entropy [W kg l K -~] 
stiffness matrix of damaged material [Pa] 
stiffness matrix of undamaged material [Pa] 
effective thermal conductivity [W m -I K -l] 
disjoining pressure [Pa] 
apparent density of porous medium [kg m -3] 
gas phase density [kg m -3] 
liquid phase density [kg m -a] 
solid phase density [kg m 3] 
mass concentration of dry air in gas phase [kg m 3] 
mass concentration of water vapour in gas phase [kg m -a] 

body entropy supply [W kg" K l]  

Cauchy stress tensor [Pa] 
Bishop effective stress tensor [Pa] 

"net" effective stress tensor [Pa] 

Stefan-Boltzmann constant [5.670 • 10 s W m 2 K 1] 
Jacobian matrix 

Operators and averaged values 

partial time derivative 
0t 

grad gradient operator (spatial description) 

d/v divergence operator (spatial description) 
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