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Thermo-hygro-chemical model of concrete: from curing

to high temperature behavior

Giuseppe Sciume + Murilo Henrique Moreira -
Stefano Dal Pont®

Abstract Concrete is a heterogeneous multiphase
material composed of various solid phases that inter-
act both physically and chemically with each other
and with the water filling the pores. Among these
solid phases, a crucial role is played by the cal-
cium silicate hydrates (C-S-H). which are the pri-
mary products of cement hydration and are primar-
ily responsible for the material's physical properties.
When concrete is subjected to high temperatures, the
chemically bound water in C-S-H is progressively
released, leading to a degradation in the strength and
durability properties of the concrete. Hence, under-
standing how the dynamics of C-S—H dehydration
and the corresponding evolution of hygro-mechanical
properties (e.g. strength, permeability, porosity) are
related with the characteristic observed phenomenol-
ogy of spalling is crucial to assess the resistance of
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a structure under high temperature. Within this con-
text, multiphysics thermo-hygro-chemical (THC)
numerical models now play a pivotal role in pre-
dicting and analyzing structures’ performance under
fire accidents, However, to enhance the reliability of
numerical results, properly accounting for the initial
hygro-chemical state of the structure just before the
accident is of chief importance. This work presents
a monolithic fully-coupled unified THC mathemati-
cal model enabling the simulation of the full service
life of the material: from casting (early-age behavior
and curing). through aging, until the eventual occur-
rence of an accident (high temperature, high pressure,
...). The model provides the evolution of the hydra-
tion reaction as a function of time, temperature, and
relative humidity, as well as the eventual dehydration
occurring at high temperature. The main contribution
of this work lies in the proposition of general chemo-
physical constitutive relationships that incorporate the
influence of the hygro-thermal state of the material
as well as that of C-S-H hydration/dehydration in a
fully-coupled manner. The evolution of volume frac-
tion of phases and porosity during hydration/dehy-
dration follows Powers’ stoechiometric model, while
a novel adsorption—desorption model is proposed to
properly account for the irreversibility of chemical
damage in the porous microstructure, This enables
an alternative, simpler approach requiring only a lim-
ited number of experiments for the model calibration.
The model is firstly benchmarked by simulating the
carly-age behavior of a concrete sample, and it is then



validated against experimental results of temperature,
gas pressure and mass loss under heating. Our results
highlight a non-negligible impact of the initial (which
in real cases is usually heterogencous) hygral state
on the predicted behavior at high temperature and
unravel new perspectives on understanding the phys-
ics underlying concrete spalling. The thermo-hydro-
chamical code developed in this paper is made avail-
able in a GitHub repository.

Keywords TH model - Young's age concrete -
Stoechiometric-based model - High temperature -
Concrete drying - Experimental and numerical
validation

1 Introduction

Understanding and predicting mid- and long-term
concrete behavior is particularly important in civil
engineering applications such as nuclear contain-
ment structures or tunnels [1-6]. Indeed, such struc-
tures can be subjected to an increase of temperature
both in service conditions (e.g. radioactive waste
storage [7]) or in accidental situations (e.g. fire in a
tunnel [8]). The processes occurring in concrete at
high-temperatures are the result of complex coupled
thermal, hygral, chemical, and mechanical interac-
tions: free capillary and chemically bound water is
released at elevated temperatures and increases the
pore pressure [9-12]. The temperature gradient pro-
duces thermal stresses, which, presumably together
with the pore pressure, result in mechanical damage
and may lead to spalling. i.e. the detachment (violent
or not) of layers of the surface of concrete exposed to
high temperatures. This process reduces the working
cross-section of the structural element and can expose
the reinforcements, leading to structural failure. Due
to the complexity of the phenomenon, as well as the
limited experimental observations at the local scale,
the current explanations of the fire spalling mecha-
nism are largely qualitative and no general consensus
on a single theory has been reached [10, 12].

The ongoing research effort in this context includes
parametric full-scale tests of structural elements [13]
as well as a few small-scale tests [ 14, 15]. These latter
predominantly focus on point-wise measurements of
Temperature, gas Pressure and Mass loss (PTM tests)
through the use of transducers [16-18]. Besides the

intrinsic issues with the sparseness of datasets based
on point-wise measurement, some doubts are cast
on the influence that these invasive probes may have
on the processes themselves, given that the reported
observations can range by more than an order of mag-
nitude (e.g. pressure is in the range 0.3-3.5 MPa) [19,
20]. More recently, full-field experimental tests by
means of neutron and x-ray tomography have allowed
new insights into moisture transport in heated con-
crete, quantifying the so-called moisture clog phe-
nomenon and pointing out the influence of local het-
erogeneities such as aggregates on moisture transport
[21-23]. Despite the many uncertainties, research
has identified some main influencing parameters on
the behavior of concrete at high temperatures such as
concrete mix design, moisture content, heating rate,
external loading, and nature, and geometry of aggre-
gates [24].

On the theoretical/mumerical side, multiphase-
coupled models for partially saturated porous media
have been developed [11. 25-27]. These approaches
are mainly based on thermodynamically constrained
averaging theories, i.e. the fluid in the pores is con-
sidered as a two-phase fluid consisting of free water
(capillary and adsorbed) and gas (vapor and dry air).
Fluid transport is typically modeled by two Darcy-
type laws (for liquid and gas advective velocities)
and by Fick's law (for the diffusion of vapor within
the gascous phase) [27]. Despite some limitations
(e.g. use of many phenomenological laws), existing
numerical models proved quite effective in reproduc-
ing experimental results [11, 26, 28-30]. However,
little to no attention is given to the initial material
conditions, thus limiting the predictive capacities of
these modeling strategies. Indeed, numerical models
generally consider uniform initial conditions applied
to a virgin-state material. Nevertheless, it is well-
known that since casting and during its entire life,
concrete is subjected to environmental and loading
conditions such as temperature/humidity fluctuations
or external loads that can affect its microstructure in
terms of differential curing and moisture distribution,
micro-cracks coalescence or creep [31].

In this regard, the role of the young age of con-
crete is critical, and it has been the subject of sev-
eral numerical studies recently. You et al. [32, 33]
have proposed a two stage hygro-thermo-mechanical
model to study the shrinkage of concrete at early
age. The model shared some of the hypothesis from



the approach described in the current work, however,
there was no description of the dehydration process
and the focus of the study was limited to low tem-
peratures slightly above ambient conditions. Follow-
ing the recent trend of proposing the use of machine
learning algorithms allied with physical models,
Liang et al, have studied the carly age stress devel-
opment in restrained concrete usign active-ensamble
learning within a thermo-chemo-mechanical frame-
work [34]. The physical model adopted considered
the Fourier law of heat transfer, an Arrhenius rep-
resentation of the hydration reaction and a rate-type
creep law for describing the mechanical behavior
of concrete. The model was capable of reproducing
the stresses measured experimentally and presented
a promising approach for the complex problem of
simulating the young age of concrete. However, as
the maximum temperature considered in the models
was limited to 40° C, no assessment of the dehydra-
tion behavior was provided. Finally, Prskalo et al.
have proposed an extension of the Gawin’s model of
concrete to consider the effect of hygral phenomena
in its early age behavior [35]. Once more, no exten-
sion to high temperatures is considered, confirming
the current state-of-the-art in the numerical simula-
tion of concrete: studies either disregard the transient
nature of concrete and its historical evolution between
casting and high temperature exposure, or are mainly
focused on the room temperature conditions.

Indeed, the former category confirms that the
hydration process itself may generate an inhomogene-
ous moisture content and/or material properties’ dis-
tribution (e.g. porosity), depending on the geometry
of the structure (e.g. a thick wall), the external envi-
ronment (e.g. on two sides of a wall) or on the instant
the accidental condition (e.g. fire) is applied.

The objective of this work is to propose an
enhanced, unified numerical framework to focus on
the impact of the thermo-hydric (TH) initial state
(both in terms of material properties and moisture
content) on the mid and long-term material behavior
in the particular case of an increase of temperature.
This is not possible with the state-of-the-art ther-
mohygro models for concrete at high temperature,
in which the chemical state of the concrete through-
out its whole history is usually defined solely as a
function of the temperature, and the relative humid-
ity is disregarded. Based on a stoichiometric-based
approach (i.e. following Powers’ studies [36]),

hydration processes are taken into account stem-
ming from the material’s formulation. This way the
constitutive equations that represent the concrete
hydration degree, its porosity, the moisture con-
tent and the other material parameters are directly
derived from the composition of the concrete. The
parameters of such equations can be calibrated
experimentally by a set of simple experiments such
as the calorimeter test to obtain the coefficients
related to the hydration [37]. and the mass trans-
fer parameters can be easily obtained from ther-
mogravimetry tests. This method is a promising
alternative in contrast to the usual method of solely
manually adjusting the constitutive laws to fit the
data from PTM tests.

As a further objective of the study, the effect of
temperature on sorption/desorption isotherms is taken
into account consistently with the new modeling
framework, properly accounting for chemical dam-
age irreversibility of the porous microstructure. The
enhanced method also provides an evolution law that
overcomes inconsistencies and numerical deficiencies
of the existing formulations, i.e. smoothing the well-
known strong discontinuities around the critical tem-
perature of water.

The paper is structured in three parts. In Sect. 2, the
mathematical model used for simulating the aging and
high temperature behaviors of concrete is presented.
Besides the concrete formulation, the model requires
some characterization experiments to properly calibrate
the stoichiometric approach, such as the calorimeter
results for obtaining the hydration kinetics parameters
and thermogravimetry for calibrating the constitutive
laws related to the mass transfer. In the current work,
the hydration parameters found in [37] were consid-
ered. Then, in Sect. 3 three cases are presented: first
the current implementation is validated considering the
hydration of cement in a high performance concrete at
room temperatures, as described by Sciume et al. [37].
Next, the model’s predictive capacity for estimating
the evolution of temperature and gas pressure is bench-
marked with the results by Kalifa et al. [16]. The effect
of different curing ages on this test is also considered.
The third example considers a mass loss test experi-
ment [38] reinforcing how the model proposed herein
is capable of describing the behavior of different con-
crete compositions during temperature increase, as well
as assessing the effect of different aging histories of the



concrete. Finally, Sect. 4 presents the main conclusions
and impacts of the current work.

2 Mathematical model
2.1 Balance conservation equations

The model is based on the hybrid mixture theory for
porous media in the mathematical formulation origi-
nally proposed in Hassanizadeh and Gray [39-41] and
then applied for geomaterials [42] and concrete [43].
In this approach, the microstructure of the concrete is
analyzed as a fully homogenized continuum, avoiding
the explicit treatment of complex features of concrete
such as the interfacial transition zone (ITZ). In fact. it
was demonstrated experimentally by Dalton et al. that
the mass transport dynamics of water within concrete
does not show any influence of the ITZ, rendering its
neglection a reasonable assumption [44]. The porous
medium is regarded as an (eventually) deformable
solid matrix (s) filled with the fluid phases, i.e. liquid
water (f), vapor water (v) and dry air (a). Some typical
hypotheses are introduced in the model: the velocity of
the solid phase is negligible compared to those of the
fluid phases, gases as well as their mixtures are consid-
ered as ideal, and the gravity effect is negligible. For the
sake of brevity, only the final form of the macroscopic
conservation equations is given, i.e.:
Solid phase:

dm,

0—" = Iy, (n

Liquid water phase:

am omy

5 + V- (mpyy_,) = =t =iy, (2)

wap

Vapor water phase:

d

% + Ve (my, )+ V- (my,_,)=m,, 3)
Dry air phase:

o,

7 4+V. (m )+ V- (mav‘,_k) =0 (4)

where n1, is the mass per unit volume of phase a:

m,=(1=¢p, m=pS
m, = P,(l - S])¢ m, = pa(l - S’)¢ (5)

The source term i, corresponds to the water mass
per unit-volume of porous medium and per unit-
time due to evaporation (vi1,,, > 0) or condensation
(i, < 0). The source term s, , the water mass per
unit-volume of porous medium and per unit-time due
to hydration (1, > 0) or dehydration (s, ,; < 0).
The mass flux terms can be written as follows, i.e. by
introducing Darcy’s and Fick’s transport laws:

WK, MM
MY, v, -Kp ‘Vpxlmu Dp,——=Vlmu (p‘)
v MA [7",
(6)
Pk MM, (P,
my, __+myv =-—K Vp,—Dp,——=V (=
Q" Q-5 a a-g ”g pL’ pk‘ M? pg
)

With respect to the thermal energy conservation
equation, the averaging procedure gives:

—dT
pC,— o (m,C Wiy +mCLov, ) VT
+ V. q= _Hmpmmp + Hh)dmh)d (8)

where the heat capacity of the whole porous medium
is:

Z (mC,;) = 9)

=av,ls

It is worth noting that the second and third term in
this relationship provides the advective and diffusive
heat transfers in the medium, while the heat flux term
is typically given by Fourier’s law:

—A-VT (10)

Balance equations are supplemented by an appro-
priate set of constitutive laws for model closure and
describing the physical processes. Since the objec-
tive of the paper is to estimate the early age and aging
behavior over an accidental condition such as a tem-
perature rise, not all the constitutive laws are given.
The interested reader can make reference to previous
papers by the same authors (see e.g. [45-47]).



2.2 Cement paste hydration and aging: extension to
high temperatures

The chemical model describing cement hydration and
aging is based on the works by Sciume et al. [45]. The
cement hydration degree & is introduced as the mass
ratio between the hydrated cement ¢;, () at time  and
the initial, total cement c: .

“h)d (t)

& = (1
High performance concrete is characterized by a low
w/c ratio, which implies that only a fraction of the
cement in the mix will be hydrated, thus giving
£, <1 at 1 — oo. For this reason, the hydration
degree of the sample I', i.e. the ratio between the
chemically bound water at time ¢, my, (1), and the
chemically bound water at r — oo, i.e. }rz,""; 4+ 1s intro-
duced and will be adopted in the later de»’élopments:

(1)
N=—2= (12)

m fivd

The cement hydration degree, £(f), and the hydra-
tion degree of the sample, I'(¢), are indeed related as
follows:

& =&, (13)

The hydration degree I'(r) allows describing the full
hydration (and dehydration) process of the cement
paste and constitutes the main internal variable of
the thermohygrochemical (THC) model. Indeed,
the microstructure evolution is closely related to the
products of the hydration reaction and consequently,
to the degree of hydration, I [45].

The cement hydration reaction is a thermo-activated
process that is commonly described by means of an
Arrhenius-type evolution relationship:

dr Eu
@ = ApBgy exp (-ﬁ) (14)

where A is the macroscopic chemical affinity (given
in [45]), E, is the hydration activation energy, f is
a function of the relative humidity RH, taking into
account its effect on the hydration process. Notice
that the chemical affinity is itself a function of the
hydration degree. Thus, in the current numerical
implementation, a fourth equation of evolution of T’

will be considered, where G is an internal variable
that represents the hydration degree, as described by
Gawin et al. [27].

The hydration degree is impacted when concrete
is exposed to high temperatures (typically 7 > 100°
C): hydrates transforms into less hydrated compo-
nents, free water is released into the porous network
and the material microstructure is strongly altered
in terms of transport (porosity. sorption/desorp-
tion isotherms), heat transfer (dehydration is an
endothermic phenomenon) and phases’ properties.
According to the previous definitions, dehydration
and hydration are consistently defined by introduc-
ing a dehydration degree F, that, combined with I
defines the effective hydration degree I™:

Fr=(1-Fr (15)

The coupled evolution model is therefore expressed
by the following relationship:
dr dr Fﬁ

E=(|—F)——

dt dt (16)

Since the rate of dehydration is irreversible, the fol-
lowing condition should be fulfilled:

—_— aT dr

dF | ED < a > with T(t) > T,,,.(1)
+
0 with T(1) < T, (1)

(7

The parameter F(T) can then be introduced according
to different relationships, such as the following one
proposed by Pesavento et al. [26]:

with T < 105°C
with 7" > 105°C

0,
F(T) = { [14sine/2 (1-2expla’ (T=105))]

> ’

(18)
where uf = —0.004 was found to reproduce the
behavior of the concrete tested in Kalifa et al. [16],
whereas a] = —0.008 was the value calibrated for the

composition studied by Kanema et al. [38]. The defi-
nition of the dehydration degree should be described
according to experimental evidence. Other empirical
relationships are also available in the literature (see
e.g. [21, 27, 48]).

Once the effective degree of hydration T is
defined, Powers’ volumetric model is here retained
to quantify the phase composition of a hardening



Portland cement paste, eventually with silica-fume
addition [36]. The full set of equations is described
as follows (Table 1):
where ), V; = 1 and the initial volume fraction of
water in the mixture is given by:
w/e

P Nevouloc+ (o] py)s/c) (19

Finally, the parameter k is defined as:

h=— 1
L+ p./pysfc) (20)

Cement’s hydration is characterized by Le Chatelier’s
contraction, i.e. chemical shrinkage given by the first
equation of Powers” model as well as the formation of
a gas volume related to cement paste self-dessication.
The theoretical upper limit value for the hydrated
cement fraction &_ is calculated by imposing zero
capillary water, i. e. V_, = 0, thus having:

1 } 21

;o p

Soo = miN { K132+ 1.57G/010 = p)’

The value of &__ is indeed greater than the real hydra-
tion fraction &, that is estimated by empirical equa-
tions such as the one proposed by Mills et al. [49]:

gMits _ 1.031(w/c)

= =019 +(w/0) 22)

Powers” model gives the total amount of chemically
bound water directly derived from concrete formula-
tion/stoichiometry. After some manipulations and
assuming &, = &M the maximum bound water con-
tent can be defined as follows:

m;“’,‘ , = 0.228c¢ (23)

Table 1 Powers” model description of volume fraction of each
phase in concrete

Chemical shrinkage
Capillary water

V., = k(0.20 + 0.69(s/c))(1 — p)&
V., =p—Kk1324 L57(s/c))(] = p)é

Gel water Vi = K0.60 + 1L.57(s/e))(1 = p)&
Gel solid V,, = k(1.52 + 0.74(s/c)N1 — p)&
Cement V.= k(1 = p)

Silica fume V, = k(1.43(s /)1 = p}(1 = &)

The rate of hydration water consumption is then:

iy g = u.zzscgw“’,—f 24)

The heat release associated with hydration/dehydra-
tion is taken into account by the term H, ; i, , that
can expressed as:

dl’

Hh\'d ’i'h\'d = Lh\'dm (25)

where L, , =0228c{ H, , is the latent heat of
hydration that is usually estimated from adiabatic
calorimetry.

2.3 Porosity evolution

The total porosity of the cement paste can be directly
obtained by Powers’ model by assuming &, as a func-
tion of the effective hydration degree I'(r), i.e. by
summing the chemical shrinkage, the capillary and
gel water volume fractions:

) =T Q+a,(1-TYQ+¢" (1-Q)  (26)

where Q is the volume of the cement paste, ¢¢* is the
average porosity of the aggregates (usually neglected)
and ¢ is the final value of the cement paste porosity
after curing. ¢ and a,, are given by:

¢ = p - K0.52 = 0.69(s/O(1 = p) & @7

ay = k[0.52 = 0.69(s/A)(1 = p) & (28)

2.4 Sorption/desorption isotherms

Sorption/desorption isotherms play a crucial role in
porous media modelling and concrete at high temper-
ature in particular [12, 30, 50]. The relationship pro-
posed by Baroghel-Bouny [51] is commonly adopted
when describing the saturation-capillary pressure
relationship at ambient temperature:

pe=p.(s) =a(sp - 1)) 29)

the coefficients @ and b are fitting parameters related
to the material type. Pesavento [26] proposed an
extension of the above formulation to take into
account high temperatures. That was extensively



used by multiple authors such as Gawin et al. [27]. The following formulation is therefore proposed:
However, the functions developed for the coefficient

a in this formulation is only continuous by parts and N I+a ST + ayry

" Do . - a(T.I') = a, - (30)

as the numerical formulation of the model relies on 1 +a (1+a%) 7

derivatives of the saturation degree, this poses numer-

ical challenges, specially around the critical tempera- where af = 0.1, @} = 1.5, a4 = 0.05 for the composi-

ture of water. This can be observed in Fig. 1. tion in Kanema's test and for the Kalifa's one, a7 = 0.1
More recently, Drouet et al. experimentally quan- and @ = 1.5 and the last term was disregarded.

tified the evolution of the desorption isotherms in Giving the following S, — p, relationship:

the range between 20°C and 80°C [52]. Davie et al. .

implemented these measurements in a formulation = 3

considering the effect of temperature by accounting Sp.T.1 = ( (;‘ [-")) l (31

all,

for porosity, surface tension and permeability evolu-
tion while heating [53]. However, this latter formula-
tion turns out to be inconsistent for high temperatures
(above 100°C). Dauti et al. [54] proposed an inverse
analysis based on neutron tomography observations
to identify retention curves above 100°C.

The use of a(T,T) yields a function that does not
show the noticeable jump around the critical tempera-
ture of water, as showed in Fig. 1.

Though experimental evidence is still missing 2.5 Model calibration overview
in the high temperature range, retention curves are
indeed related to water surface tension y* and micro- The complete set of required constitutive equa-
structure evolution, i.e. in the proposed model the tions can be found in Appendix A. These equations
microstructure evolution is described by the effective involve material parameters which usually are cali-
hydration degree I'. brated with ad hoc experiments [11, 27, 30, 55].
20,04
17.54
15.04
1251
5:: 10.04
)
5.0 4
04
a 20 00 o

Temperature |°C)

P i+ Y (T)+0.05 ¥
—_— "ll'l)’""(ll":l) T

(% B)" 2 ifT < 100° €
N 3 2 .
— (1) = { (=) (|Q_‘—Q,)[2(tf'—l§kn) -3(7%0y) +1]+Q,) if 100" C < T < 373.15° C

a -1
(¥ EoT + (Eo — Y Eo (Ten — 3))] (IQ.; - Q) [2(,,.\'.’:“,.”)" - :i(,;flj"x,n) B 1] - Q:) if T > 373.15° C

Fig. 1 Comparison of the currently proposed saturation degree coefficient law and the one adopted by Gawin et al. [27]



Fig. 2 Overview of the
experiments required for
obtaining and/or calibrating
the properties considered in
the proposed model

De/Hydration
Evolution
[15] & [18]

Figure 2 summarizes the process for the identifica-
tion of the input parameters for the proposed model.
Starting from the concrete composition (dark grey
box), the parameters related to the evolution of
porosity during hydration (cf. ¢q.(26)) as well as the
amount of water required for cement hydration, can
be obtained via the adopted stoichiometry-based
approach. Consequently, only four experiments
(grey boxes) are needed to identify the parameters
associated with thermal (red boxes), hygral (blue
boxes) and chemical (yellow boxes) constitutive
relationships respectively.
More specifically, the set of experiments includes:

o Adiabatic (or semi-adiabatic) calorimetry test
(Exp. 1). Such test is required to identify the
parameters of the average chemical affinity func-
tion from self-heating of the analyzed sample [37].
The degree of reaction can be indeed expressed as
the ratio between the total heat released at a given
moment Q,, (1) and the heat released for the full
concrete hydralion Ojar(t = 00):

thdr (’ )

T Qpult = @)

I (32)

e Permeability test (Exp. 2). This test is performed
with a standard equipment such as the Cembureau
apparatus.

o Mass loss test (Exp. 3). Such test is needed to
identify transport properties as vapor cffective
diffusivity and calibrate the relative permeability
functions as well as the sorption isotherm model.

e Thermal characterization (Exp. 4). The thermal
properties can be directly measured by means of
some common devices, e.g. the parallel hot wire
test is often adopted due to its representativeness
of the heterogeneous microstructure of concrete. It
should be noted that in the herein proposed case,
Kanema et al. have adopted the thermal constitu-
tive laws from Eurocodes [38].

The depicted procedure is quite robust to character-
ize the evolution of material parameters during con-
crete hydration ([37]). However, the fine assessment



of how the permeability and sorption properties
evolve upon high temperature could fall short for
relatively high temperatures, i.e. when the impact
of microcracking on transport and sorption proper-
ties becomes important. A possible workaround to
enhance the calibration process is constituted by the
use of full-ficld techniques such as neutron tomog-
raphy [22, 30] at high temperature. Such tests have
been already adopted in previous works and could
further aid the calibration of permeability, porosity
and sorption isotherms.

2.6 Final form of the conservation equations

The mathematical problem is now defined consider-
ing the three conservation equations (mass balance
of dry air, of water and enthalpy balance) and also
the evolution equation of the dehydration degree,
yielding a system of equations with 3 state vari-
ables, the gas pressure, p,, the capillary pressure,
p.. and temperature, 7, and one internal variable,
the hydration degree G. Thus, the following devel-
opments will consider the conservation equations as
functions of the primary variables in order to obtain
its final form which will be ultimately solved by the
finite element method.

Equation (1) allows obtaining the following rela-
tionship for porosity evolution:
o 1 dp, ol

o (L D

ot 3 or-. ot —mh\'d] (33)

Powers model allows writing (see eq. 26):

op 1 dp, or
2= |- p—=2 - 0.228¢c | Z
or =5 |19 | 5 (34)

Furthermore, it can be proved that the relationship
can be further simplified as follows:

P —ao‘Q— (35)

where a is a constant parameter that governs the evo-
lution of porosity due to hydration/dehydration.

We can therefore write, for each phase, the fol-
lowing cquations by applying the derivatives chain
rule and injecting relationship 35:

« Liquid phase:

ol ap as,
Slpl(_“¢9§) + Sf‘l’a—; + Pl‘l’a—rl
+V- ("'I"I—J) = _mmp = Ny (36)
« Vapor phase:

dl-" 0[)) dsl
(1=Sp)p, (_“chE) +(1- 51)4)7 - P.J’E

+V- (m‘.vg_,) +V. (m‘_v‘_‘,) =, 37
* Dry air:
d oS,
(S S{W% - P‘,‘l’d—r' +V-(my,,)
of" (38)
+V- ("’ﬂv(l—g) (1= S])Pa ((14,9?) =)

Fluid phases equations can then be summed giving
the water phase conservation equation:
* Total water phase:

dp, ap 95
(1 S])¢ ) + SI¢ Py + (p; P.)¢ an
+ Ve (mpy,) V- (myv, )

(39)
ar
+ Vo (my,_ )= [S,p, +(1 = S,)p..] (a,ﬁﬂw)

The previous equations are now developed with
respect to the state and internal variables. Darcy’s,
Fick’s and Fourier’s laws are injected in the relation-
ships thus giving the final form of the state equations:
* Dry air:

9p, aT _ 9p,9p.  dp, P,
-S| £ — 4 2 €4 "¢ _*
4 ')( aT ot dp, ot * dp, ot

as as; o, a8, T
— o, (229 | 2P | 20 d0
aT ot dp. ot gr ot

Pk MM, (P
-v. (K '\Vpg,) -V Dp, === v(”—)
My M} Py

' ar
= (I - ‘Sl)pa (“¢QE)

(40)
« Total water:
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« Energy conservation:

plkrl (

i

—a ok,
CP o +K(C Vpg—vp‘,)+cp.vapr)-vr

, dp; aT

-V, (A . VT) - H,"l,s,¢ﬁw
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(42)

Finally, the evolution equation is also considered,

where G is an internal variable used to compute the

value of I'(r) explicitly, yielding the mathematical

problem based on the system of Equations (40 - 43).

+ Evolution of the hydration degree:
o' dG

ar o o (43)

2.7 Boundary conditions

The hygro-thermal problem is solved by satisfying
the conservation eq. (40), (42) and (41) in the domain
Q with the following boundary conditions on X [56]:

Py =p, on I, (44)

P =P, on Zp (45)
T=T on X, (46)
-_I\__‘ -n= q_‘, —hg (p,, - P?o) on 47::- @7
Ay n=q,~h(p,—p")on T (48)
r
_J_‘.n.:_oﬂi
1= 4 - 49)

—( q-= Hnur'lf—t) *R= q-'l' _h'l'(T_ Tcn) - j 6(7“ - T:o) on ;
(50)

where X, is part of the boundary at which the pres-
sures and the temperature are known (Dirichlet type
boundary conditions) while X, is the complementary
part (with unit outward normal n) at which the mass
fluxes of fluids and heat flux are imposed.

The prescribed fluxes of vapor and air are rep-
resented by g, with = =v,a, p7 is the densities of
vapor and dry air, the temperature in the far field
surrounding gas is given by T, while h, and h; are
the convective mass/energy exchange coefficient,
respectively [56]. e is the emissivity and o is the Ste-
fan-Boltzmann constant.

Moreover, the initial conditions px.t= 0),
plx.t=0), T(x.t = 0), and G(x.t = 0) are also to be
specified, where x is the vector of spatial coordinates.

The right-hand-side of eq. (50) gives the inter-
face exchange between a porous medium and the
surrounding fluid (i.e. moist air) and the second left-
hand-side term gives the energy exchange due to
vaporization.

It is worth noting that the introduction of mass con-
vective boundary conditions (47) and (48) requires
developing the mass densities in terms of the problem
state variables (p.. p,. T). Nevertheless, the relation-
ships relating the densities to the state variables are
strongly non-linear which does not permit to obtain
a straightforward algebraic form of these boundary
conditions, suitable for the discretized problem. For a
given time station 7, the relationships relating the den-
sities to the state variables are linearized at the neigh-
borhood of a reference time station 7,
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(51)
where (p,.pg.T)M are the values of the variables at
t,¢r- The choice of the reference time will depend on
the adopted iterative algorithm. Finally, homogenous
Neumann boundary conditions are considered for the
evolution of the reaction degree equation, as
described by Eq. (52).

VG-n=0on Z;UL; UL, UE, (52)

2.8 Finite element formulation and implementation

The weak form of Egs (53 - 55) reads, after some
manipulations:

. 95, aT
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Q Q

where pi, p7. T* and G”, are test functions which are
null on lhc boundary £, and X respectively.

The unknown varmbles are expressed in terms of
their nodal values as:

P =N, p() p =N, p() T=N,Tr) G=N;G()

where P, (1), p(1). T(r) and G(r) are vectors of the
nodal values of the primary variables at the time
instant 7, and NP‘. N,,. Ny and N; are the shape func-
tions related to these variables. After the finite ele-
ment discretization, the final system of equations can
be expressed in the following matrix form:

C, (Y) +K Y)Y = 1Y) (57)
with:
(K, K, K, 0
Ku — K('A' KF(‘ K(‘I 0
K, K, K, 0
L0 0 0 Ky
CR.'Z C.'Z“ CA" r.'l
|1 0 C, C, | £
“=loc c| "t
0 0 0 f;
where Y = {[')A,.['),.T.C} is the approximated solu-

tion. It is worth noting that a lincarization strategy is
adopted to estimate the term * for a:

+8 =m0 _ na( nef _ _co-ntd
- /N (qu hg (pa pa )) (58)
I

"
where @ = v, a and p:‘""*" correspond to the vapour
and dry air densities in the far field. Densities on the
border £, with 1, = 1, are then:

ap ap.|" ap
n+ll o n + 0_ A n+1 0—| A n+1 0=
Al O AT O SR Ap T

c &

|"A'I'ﬂ+]

(59)

The operators K.. are then modified in order to take
into account the convective BC:

Kn — Kn,) + BKuﬂ Comv (60)

luux rine d')](

Surface
.\'amrul 10 em Nm.uml
Convection ‘onvection
T, = 20°C T, = 20°C

Fig. 3 Geometry and boundary conditions of the simulated
case of the UHPC composition following Sciumé et al. [37]

where:

d n
KZﬁ—('mx\' = /h"*‘oﬁ
£ ap,

N'Ndx

(61)
5:'!‘

where a,.f =c¢,g. T and &, v = v.c. g accordingly to

the considered relationship.

These terms are required to solve the singularity of
the operators K.

The numerical implementation realized in the pre-
sented work is based on [46, 57], later enhanced by
Sciumé [45]. In this framework, the thermo-hydral
numerical model is implemented within a fully cou-
pled monolithic approach in the finite element soft-
ware FEniCS [58]. as proposed in Moreira et al. [50,
59]. We note that the code is avaialble in a GitHub
repository at: https://github.com/ANR-MultiFIRE/
THC/

3 Numerical analysis

In this section, three cases will be investigated using
the numerical model proposed. First, a validation of
the model with a room temperature test is presented,
highlighting the capability of predicting the early age
behavior of concrete. This part will serve as valida-
tion of the model and its implementation in FEniCS.
The reference data is from Sciumé et al. [37] and it
was benchmarked against experimental results. Next,
the effect of the age of the concrete is considered
for the Kalifa results [16], one of the most common
experimental results used for benchmarks of numeri-
cal simulations of concrete at high temperatures.
The analysis of the effect of different curing times
on the pressure evolution is also considered. Finally,
a benchmark of a mass loss experiment reported by
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and hydration degree evolution at room temperature conditions
considering the results of Sciume et al. [37]
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Fig. 5 Geometry and boundary conditions of the simulated case of the M100 high performance concrete following Kalifa et al. [16]

Kanema et al. [38] is proposed to illustrate how the
model proposed herein can reproduce such tests by
only considering the concrete’s composition and the
constitutive laws accordingly. The effect of different

aging scenarios is also proposed, highlighting the
importance of the concrete history on the measure

properties.



3.1 Case I-Validation of room temperature tests

The first analysis aims to validate the THC model,
considering the description of the carly age behavior
of concrete at room temperature. The test represents
the curing of concrete in sealed condition , where
only heat can be transported on both sides of a 10 ¢cm
wide concrete sample through natural convection
with a surrounding environment at 20° C and a heat
exchange coefficient of 10 W/(m’K), as shown in
Figure 3. An ultra-high performance concrete compo-
sition (UHPC) is considered: the reader is referenced
to [37] for more details.

Figure 4 summarizes the results for the UHPC
curing at room temperature. The evolution of the
saturation degree, relative humidity and normalized
pressure are given in a, b and c. As the cement is
hydrated, the free water is consumed and the satura-
tion with liquid water decreases, as well as the rela-
tive humidity and the normalized pressure. The ther-
mally activated hydration reaction is exothermic and
as it progresses a temperature rise within the sam-
ple can be observed, as described by the evolution
depicted in Fig. 4d.

Both the model originally proposed in [37] and the
current work show similar behavior. The minor dif-
ference observed in the late times on the saturation
degree, relative humidity and normalized pressure
can be related to the different approaches proposed in
the different models, such as the monolithic strategy

adopted by the current THC model and the use of the
hydration degree as a primary variable.

This comparison validates the possibility of
obtaining the curing evolution of concrete at room
temperatures by the THC model proposed herein, and
the next step is to consider the effect of curing and
aging over the high temperature behavior of concrete.

3.2 Case II-Age effect on PTM test results

PTM results are widely used within the study of con-
crete under fire accidents scenarios. In theory, they
can provide the temperature distribution and most
importantly the gas pressure during the heating of
concrete [16, 29, 60-63]. Such data would enable
direct comparison between different concrete under
similar conditions [ 16, 60] or even the effect of differ-
ent heating protocols [29, 60].

In reality, several challenges hinder broader con-
clusions to be drawn from such tests over the con-
crete likelihood to spalling. These issues comprise the
large variability of measured gas pressures [30] even
on similar concrete compositions, and also the effect
that the mere presence of the thermocouples and
pressure sensors exert on the concrete microstructure
as reported by Dauti et al. [20].

Nonetheless, as one of the most widely used
test to validate and calibrate numerical models, the
Kalifa results [16] for the M100 high performance
concrete will be considered here to first benchmark
the capability of modelling the concrete’s high
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Fig. 8 Evolution of the sample’'s mean effective hydration
degree over time. The colored vertical lines represent each one
of the curing scenarios analyzed comprising a duration of 1
day, 15 days, 6 months and 3 years

temperature behavior and, second, to observe the
effect of different curing periods on concrete. The
setup for the PTM test is described in Figure 5,
highlighting the sample geometry and boundary
conditions. The radiant heater was at 600° C and the
sides were thermally insulated with ceramic blocks
[16].

Figure 6 presents the comparison of the current
THC results with the implementation described in
Moreira et al. of a thermohygro model (TH model)
[59] and the experimental values obtained by Kalifa

while the peak values and the pressure decrease are
larger for the TH model. This can be explained by
the effect of the hydration degree over the satura-
tion degree which is proposed in the THC model,
following Eq. (31). Still, both models overestimate
the pressure increase before reaching the peak, and
neither can they reproduce the strong decay of pres-
sure observed experimentally. This is likely related
to the formation of cracks [19], which increases the
permeability of the regions closer to the hot face
and at latter moments, when the sample gets even
hotter, the damage increases even more the perme-
ability. As this mechanical damage is not consid-
ered in the current model, they do not reproduce
this possible behavior that explains the differences
between experiment and models.

Figure 7 presents the effect of different curing
times on the temperature, gas pressure and on the
effective hydration degree. The effect of aging over



the thermal properties are negligible as the thermal
evolution is unaltered even when comparing the pre-
diction of a concrete sample after 1 day of casting
and after three years, as observed in Fig. 7a. When
considering the gas pressure, Fig. 7b, the aging effect
is clear, as the pressure observed in older samples is
smaller due to the consumption of the free water that
once consumed by the hydration reaction will only be
released by the hydrates at higher temperatures. The
largest difference occurred at the 20 mm between the
sample cured for 1 day (solid line in blue) and 3 years
(dotted line in blue). which changed the maximum
pressure predicted at such position by approximately
10%.

It is important to consider that this overall trend
cannot be interpreted as the general behavior of
concrete as the current model does not consider the
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heterogeneity present at the mesoscale and that much
more complex behavior can be seen during the aging
of concrete as the water is not uniformly distributed
in the concrete. Nonetheless, the current THC model
presents an important step towards considering this
complexity on the simulations of concrete at high
temperatures.

The trend observed in the evolution of the effective
hydration degree with time illustrates and explains
the difference in the pressure evolution. The longer
the curing time, the larger the initial effective hydra-
tion degree. It is even possible to observe that for the
sample with only a single day of curing (solid line),
the hydration reaction actually takes place during the
PTM test for the innermost positions (given that this
is a thermoactivated reaction), something that cannot

t, = 3 days I ty = 5h 40min I

t, = 4h 40 min

14 days ty = 4h 40 min
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Fig. 9 a Geometry of the Case Il numerical simulation, b summary of the different scenarios and ¢ the set of boundary conditions

considered for each stage of the simulation
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be observed or the samples with longer curing, in
which the reactions already started to occur.

In order to assess the overall development of the
hydration degree with time, Fig. 8 presents the evolu-
tion of the mean of T". At the 1-day mark, the hydra-
tion reaction did not reach the stable phase evolution,
this explains why it was possible to see hydration
occurring during the heating stage as seen in Fig-
ure 7c. The heating tests at 15 days, 6 months and
3 years occurred at distinct hydration degree stages,
thus supporting that the sample’s history can indeed
affect the dynamics of water removal from concrete.

The next section presents such aspects from
another perspective, instead of considering the gas
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pressure and temperature evolution, the next case
considers the age effect on the mass loss of cylindri-
cal samples based on the test proposed by Kanema
et al. [38].

3.3 Case ITI-Age effect on mass loss experiment

The last case presented comprises both an experimen-
tal benchmark based on the mass loss of a concrete
specimen and the simulation of different scenarios
and their effect on the results. The selection of this
test was determined due to the fact that this is a stand-
ard test performed in laboratory-scale experiments
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[14, 15] comprising tests of cylinders with 16 cm in
diameter and 32 c¢m in height after the 28-day mark.
In order to investigate if tests performed at a later or
carlier moment would have considerable differences,
distinct aging durations were simulated. The geome-
try studied as well as a summary of the scenarios and
the set of boundary conditions at each distinct stage is
presented in Fig. 9. A summary of the material prop-
erties can be found in Table 2

The sample is described by a 2D axisymmetric
unstructured triangular mesh with 688 linear continu-
ous Galerkin elements as described in Fig. 9a. Fol-
lowing the experimental procedure described in [38],
the simulation comprises 4 stages, which are first a
curing with impermeable boundary conditions, sec-
ond an aging in an environment with high relative
humidity (in the case reported the sample was stored
in water) followed by a heating and, finally, a cool-
ing stage. The boundary conditions applied to model
each stage are described in Fig. 9c. Four scenarios are
presented with different aging durations as described
in Fig. 9b, with varying aging durations of 7, 14, 28
and 180 days. The experimental results reported by
Kanema et al. were obtained under Scenario 3 and
both the tests and the simulation are shown in Fig. 10,

The surface temperature follows the experimen-
tal measurements due to the use of the Dirichlet
boundary condition and the evolution in the center
of the sample follows well the measured values
until reaching 200° C, when the calculations start

107 10! 102
Time [days|

to overestimate the temperature increase, as shown
in Fig. 10a. The cooling also is more intense in the
simulation than what is seen on the sample. These
observations are also highlighted in Fig. 10b, which
describes the temperature difference between surface
and sample's center evolution.

The mass loss described in Fig. 10c shows that the
THC model captures the overall dynamics of water
removal, with the sample drying faster between 75°
C and 225° C. Further, adjustments of the constitutive
equations used to reproduce the composition might
lead to a complete overlap of the results. One feature,
however, that is very distinct is the negligible mass
loss observed in the experiment during the one-hour
plateau, which is not the case in the current model
when almost 1% of the mass loss takes place during
the temperature hold period at 300° C.

Nonetheless, the model can reproduce the mass
loss observed experimentally by only considering
the initial formulation of the concrete composition as
well as the boundary conditions that the sample was
subject to. This highlights how such traditional exper-
iments can be replaced by numerical tests.

To assess the effect of different aging lengths
Fig. 11a shows the mass loss of the four different
scenarios. From room temperature until reaching
120° C, the mass loss curves are very similar for all
the different scenarios. This can be related to the
fact that at such temperatures the drying front still
did not reach the innermost positions of the sample,



Table 2 Summary of
properties of the concrete
composition B400
considered for modelling
the thermogravimetry tests
reported by Kanema et al.
[38]

“It should be noted that

the real hydration dynamic
parameters are dependent

in the mix-design, and that
for quantitative studies

data from an adiabatic
calorimetry test are needed.
In the current work, the data
for both Kalifa and Kanema
tests were based in the data

Property Value/Equation Reference
Cement Content, ¢ 400 kg/m* [38]
Water Content, w 177 kg/m? [38]
Aggregates, agg 1789 kg/m’ [38]
Initial Solid Density. p, , 2367 kg/m’ [38]
Porosity Evolution, ¢{I") Equation (26) This work
Chemical Affinity, A Equation (A.1) [37]®
Relative Humidity Effect on Hydration Rate. fig Equation (A.2) [37]*
Activation Energy of Hydration, E, 37413 J/mol [37]%
Enthalpy of Dehydration, H, , 58.04 MJ/Kg [37]*
Specific Heat of Solid. C, (T) Equation (A.3) [38]
Thermal Conductivity Evolution, A(T) Equation (A.4) [38]
Initial Intrinsic Permeability, K, 7.5x1070 m? This work
Intrinsic Permeability Law, K(1") Equation (A.5) This work
Gas Relative Permeability. &, (7. 5) Equation (A.6) [38]
Liquid Relative Permeability, & (7, 5)) Equation (A.7) [38]
Effective Diffusivity of Vapor in Air, D Equation (A.8) [54)
Dehydration Degree, F(T) Equation (18) [26]
Saturation Degree, S$y(T,p,..I") Equation (31) This work
Saturation Degree Coefficient a, 32897500 Pa This work
Saturation Degree Coefficient b 211 This work
Initial Water Surface Tension y,) 0.073 N/m? [64]
Water Surface Tension y*(T) Equation (A.11) [64]
Emissivity, € 0.85 -

Mass Transfer Coeflicient. h, 0.00018 m/s -

Heat Transfer Coefficient During Curing, b, 8.3 W/(m*K) -

Heat Transfer Coefficient During Cooling, h, 10 W/(m?K) -

Initial Gas Pressure, P, 101325 Pa -

Initial Relative Humidity, RH,, 0.9825 -

Initial Temperature T, 20°C -

Initial Hydration Degree I, 0 -

from Sciumé et al. [37]

where the saturation degree difference of the sam-
ples is the largest. This can be seen in Figure 11b,

At higher temperatures, however, it is observed
that the final mass loss increased as the duration
of the aging was longer because the environment
had a higher relative humidity. Such finding can
be directly observed on the evolution of the mean
effective hydration and saturation degree present in
Fig. 12.

It is worth noting that the current composition
was completely hydrated (I") around the 100-days
mark, while the sample that was tested showed an
effective hydration degree of approximately 0.85
and was still at an inhomogeneous state, that is,
the core still had a smaller hydration degree than

the surfaces. This can be seen from the difference
between T, and ..

The evolution of the saturation degree also pro-
vides an explanation for the observed mass loss.
As the sample starts to cure, the free liquid water
is consumed by the hydration reaction, until the
sample is exposed to the ambient with larger rela-
tive humidity. The first region of linear increase of
S} max+ 18 related to the boundary conditions applied
as due to numerical issues, the relative humidity of
the far field is slowly increased. This increase in
liquid water content also finishes around the 100-
day mark.

It is noteworthy, however, how the different
aging duration can lead to distinct mass loss as



suggested by the model results. This can be an
important consideration for both the analysis of the
severity of concrete structures with different ages
subject to fire, as well as to aid the design of exper-
imental protocols that might better reproduce real
cases.

4 Conclusions

Concrete is not an immutable material. Because of
the incomplete reactions that take place during cur-
ing and which continues throughout its aging history,
the hygral state - and as a consequence its own micro-
structure - can change considerably during its service
time.

The current state of the research on concrete mate-
rials provides several experimental results and numer-
ical models that helps to describe the behavior of
concrete at high temperatures. With the objective of
understanding the critical effect of the age and history
of concrete on its spalling behavior, a fully-coupled
thermo-hygro-chemical model was proposed here in,
based on properties readily available in the literature.
This model takes into consideration the effect of both
the temperature and relative humidity in the chemi-
cal evolution of the concrete properties. The numeri-
cal implementation was validated by considering the
results of curing simulations at room temperatures as
well as comparing the pressure buildup and mass loss
observed in experiments.

Besides the benchmarks, a new retention curve
law that removes the discontinuity of others’ imple-
mentations was also proposed. This new constitu-
tive law results in an enhanced numerical stability,
which for this strongly non-linear problem prevents
problems especially when subjected to severe load-
ing conditions like in a fire or in a nuclear reactor
accident (LOCA) [46]. With the ability of simulat-
ing the hydration development during the concrete
structure aging, multiple scenarios of different
aging durations were assessed. It was observed that
the peak gas pressure predicted by the model for
a freshly cast sample (after one day of curing was
10% higher than what was estimated for a 3 year
old sample. When considering a sample subject to
a high relative humidity environment during its cur-
ing, it was seen that the mass loss could vary by 4.5
wt.%

The current thermo-hygro-chemical (THC)
model has a large potential of uncovering important
relationships that will enable both the better under-
standing of the explosive spalling phenomenon and
propose new strategies that can reduce the risk of
structural failure in fire accidents. This can be espe-
cially important when considering massive struc-
tures which will only reach their hygral equilibrium
after years and that also displays a heterogeneous
distribution of the hydrated phase. In future works,
the consideration of such effects on real accident
scenarios at the structure level will be considered.

Finally, the current study also highlights an
important alternative to the debatable although
widely adopted strategy of considering incoherent
material data from the literature and calibrate the
concrete constitutive laws using PTM tests, which
can be unreliable. The methodology described
herein relies on a limited number of simple char-
acterization tests, thus resulting in a consistent
material dataset and a streamlined calibration pro-
cedure. Furthermore, in this way, most standard
experiments at high temperature could be replaced
by numerical analysis, thus allowing to deploy the
resources (limited by definition) on innovative tests
and not merely characterization experiments.
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where A; =2, Ap, =175, T, =0.13, and { = 18. The

operator ([}, is the positive part operator.
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where A, = 1.36 W/(m ° C), A, =0.136 W/(m ° C),
A, = 0.0057 W/(m ° C), A, = 100° C.
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where Ag = 0.6 for both Egs. A.6 and A.7.
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where f; and D a is given by Egs. A9 and A.10,
respectively.
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where D, ,=258¢-5 mYs, A = 1667,

Tyx =273.15K, and P, = 101,325Pa.
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i =

where A, = 0.2358 J/m® and A, = 1.256.
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