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Abstract. The durability of concrete under extreme temperatures is primarily influenced by the be-
havior of calcium silicate hydrates (C-S-H), the primary binding phase in the material. During heat-
ing, the release of chemically bound water within C-S-H leads to degradation of material properties,
ultimately contributing to spalling. To accurately predict concrete’s performance in fire scenarios,
comprehensive thermo-hydro-chemical (THC) models are indispensable. This research presents a
novel THC model that simulates the entire lifecycle of concrete, from its initial casting to potential
fire accidents. The model comprehensively accounts for the interplay between temperature, humid-
ity, and the chemical reactions taking place within the concrete microstructure. By incorporating the
effects of C-S-H hydration and dehydration, the model provides a more accurate representation of
concrete’s behavior under various conditions. A key innovation in this work is the development of
a novel adsorption-desorption model that captures the irreversible nature of chemical damage within
the porous structure. This model simplifies the calibration process, requiring fewer experimental in-
puts. The model is validated against experimental data, demonstrating its ability to accurately predict
concrete’s response in both early-age behavior and high-temperature conditions. The results under-
score the significant impact of the initial hygral state on the concrete’s fire resistance, highlighting
the importance of considering this factor in structural design and analysis, especially in real-world
conditions, where the heterogeneity is high both in the water distribution and, consequentially, in the
resulting microstructure. Finally, another novelty of the current work is the availability of the devel-
oped thermo-hydro-chemical code made publicly available on GitHub, facilitating its application and
further research in the field of concrete fire safety.

1 INTRODUCTION tainment structures, bridges, or tunnels [1]]. One
critical aspect of such applications is how the

Concrete is a unique material that suits sev- properties of concrete evolve over time [T-6]].

eral infrastructure needs, such as nuclear con-
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A special case is its behavior under expected
or accidental heating, where critical transforma-
tions can occur, involving multiscale and cou-
pled thermal, hygral, chemical, and mechani-
cal phenomena [7-H9]. Under such conditions,
the unreacted water evaporates, and the result-
ing hydrates from the curing process are decom-
posed, changing the pore structure and result-
ing in water vapor that can be pressurized inside
the partially saturated pores. Such pore stresses
are combined with thermomechanical stresses,
which are believed to be related to the observed
explosive spalling [8,/10]. There is no consen-
sus about the mechanisms that drive this pro-
cess and new discoveries are still under devel-
opment, such as the role of flash vaporization
identified by Felicetti et al. [11].

A common strategy to study this subject con-
sists of the PTM tests, which are based on point-
wise measurements of Temperature, gas Pres-
sure and Mass lossthrough the use of transduc-
ers [[1214]]. The results collected from such ex-
periments are limited to small regions close to
the sensors. Additionally, a wide range of val-
ues is measured, around 0.3-3.5 MPa for simi-
lar concrete compositions [[15,/16]], which poses
concerns over the reproducibility of such mea-
surements in representing what really happens
in heated bodies with no sensors.

As an alternative, full-field techniques such
as X-ray and neutron tomography were pro-
posed and led to important advances such as
proving the existence of the moisture clog-
ging phenomenon (an accumulation of water at
colder regions of the body in which conden-
sation can locally reduce the material perme-
ability) and highlighting the impact of localized
heterogeneities, such as aggregates, on moisture
transport [[17-19].

The sample size limitations for studies in
controlled environments have highlighted the
appeal of numerical models capable of pre-
dicting the behavior of concrete during heat-
ing. These were developed in recent years
[9,20-22]], and currently consist of multiphase-
coupled models which despite drawbacks such
as a semi-empirical nature (e.g. requiring pa-

rameters to be calibrated) and the use of many
phenomenological laws, were proved quite ef-
fective in reproducing experimental results [9,
21,23-25].

Nonetheless, in such endeavors, one crit-
ical simplifying assumption is the considera-
tion of uniform initial conditions that repre-
sent a virgin-state material. This is problem-
atic for two reasons: first, from the casting stage
throughout its service life, concrete is exposed
to varying environmental conditions that can in-
fluence moisture distribution, and result in dif-
ferential curing, micro-cracks coalescence or
creep [26] and second, the concrete ages with
time and structures with distinct history can
have different resulting microstructures [27].

Such aspects, which are especially critical
during the young age stage of concrete, were
already studied using numerical models aimed
at predicting the evolving chemical and physi-
cal characteristics of concrete at room tempera-
tures [28-31]]. Such models, however, were lim-
ited to analysis at mild temperatures (40 °C at
most), and were not capable of predicting dehy-
dration.

More than a simple combination of the al-
ready existing young age and high tempera-
ture models is required to accurately predict the
complex behavior of concrete. What is needed
is a unified numerical framework that can model
the cement hydration and its eventual decompo-
sition at higher temperatures and is capable of
analyzing the impact of the mid and long-term
behavior in the explosive spalling. Thus, the
current work implements a thermohygrochemi-
cal model based on the stoichiometric approach
by Powers et al. [32]], in which the constitutive
equations that describe the concrete porosity, its
hydration degree, and the moisture content are
directly derived from its composition.

Simple experiments such as calorimetry and
thermogravimetry can be used to calibrate such
relations, highlighting a more straightforward
alternative to the manual calibration of the con-
crete properties to fit PTM data. An additional
contribution of this study is a new way to im-
plement the temperature effect and the chemical
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damage irreversibility of the porous microstruc-
ture in the sorption/desorption isotherms. This
novel strategy also addresses the strong discon-
tinuities found around the critical temperature
of water, yielding a more numerically robust
formulation.

2 NUMERICAL MODEL
2.1 Overview

The detailed development of the model can
be found in [33[]. The current section briefly in-
troduces the main unique features of the pro-
posed formulation. Following the same theoret-
ical basis from other thermohygro models for
concrete at high temperatures, the model is built
upon the hybrid mixture theory for porous me-
dia, using a continuously homogenized frame-
work [33]].

The balance equations considered follow
the formulation presented in [34,|35], which
was then extended by Sciumé [36]. Numer-
ically, the model consists of a fully coupled
monolithic system of four partial derivative
equations which are solved using the FEn-
iCS finite element software [37]. The pri-
mary variables are the gas and capillary pres-
sures, p, and p,., the temperature and the hy-
dration degree, G. The code is available in
a GitHub repository at: https://github.
com/ANR-MultiFIRE/THC/.

2.2 Cement paste hydration and aging: ex-
tension to high temperatures

Following the chemical model that depicts
the cement hydration and the aging as proposed
by Sciume et al. [36]], the hydration degree of
the sample ' is given by:

) _ mhyd<t)
mzzd

I(t (1)

where my,,4(t) is the chemically bound water at
time ¢ and my, , is such quantity at ¢ — oo.

As the microstructure evolution in concrete
is dependent on the hydrates formed during cur-
ing, the degree of hydration, I" describes the full
hydration (and dehydration) process of the ce-

ment paste. Thus, this is the main internal vari-

able of the thermohygrochemical (THC) model.
The chemical hydration reaction of cement

can be described following the Arrhenius law:

ar _
dt

AR e (7))
where Ay represents the macroscopic chem-
ical affinity (as defined in [36]), E, denotes
the activation energy for hydration, and [ is a
parameter dependent on the relative humidity
RH, accounting for its influence on the reac-
tion. As the chemical affinity is also a function
of the hydration degree, in the current imple-
mentation, an equation is solved for the evolu-
tion of I', where (G is an internal variable that
represents the hydration degree, as described by
Gawin et al. [22].

The dehydration hydration are consistently
defined by introducing a dehydration degree £,
that, combined with I' defines the effective hy-
dration degree I':

[=(1-F)r 3)

The coupled evolution model is therefore ex-
pressed by the following relationship, with a
conditional behavior introduced to enforce irre-
versibility of the dehydration [33]]:

dar dar dF
- (1-F )E T “4)

Different laws that represent F'(7') can be
found in the literature. The current work as-
sumes the one proposed by Pesavento et al.
[21]], with the parameters calibrated to repro-
duce the results by Kalifa et al. [12]. The used
parameters are fully described in [33]].

In order to quantify the volumetric fractions
of the different phases, Powers’ model is con-
sidered. The initial volume fraction of water in
the mixture is given by:

p= wje (5)
w/c+ pu/pe+ (pu/pss)(s/c)

with w, ¢, sf being the mass fraction of water,

cement and silica fume, and p; the density of
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phase ¢. The k parameter considered in Power’s
model is defined as:

1
1+ pe/pss(s/c)

2.3 Porosity evolution

k

(6)

By assuming a full cement hydration, £, the
total porosity of the cement paste as a function
of the hydration degree is given by:

O(T) = ¢ Q+ays(1-T) Q+0™* (1-Q) (7)

where () is the volume of the cement paste, ¢
is the average porosity of the aggregates (usu-
ally neglected) and ¢ is the final value of the
cement paste porosity after curing. ¢? and a
are given by:

¢% =p — k[0.52 = 0.69(s/c)](1 — p) & (8)
as = k[0.52 = 0.69(s/c)](1 —p) £ (9)

2.4 Sorption/desorption isotherms

To describe the amount of free water in the
concrete, S, the sorption/desorption isotherms
are considered. Considering a relationship sim-
ilar to the one proposed by Baroghel-Bouny
[[38]], it can be found as a function of the tem-
perature, the capillary pressure, p., and the sat-
uration degree as follows:

<a<:];ff*>>bbl o

The coefficients a and b are fitting parameters
related to the material type. The traditional
function to represent the dependence of the a
term with temperature has a strong discontinu-
ity at the critical temperature of water as shown
in Figure[I]

S

Sl (pm T7 f) -

(10)

The relationship devised herein is based on
recent findings and is given by:

- (C22)
1+ af (14 a%) Y
(11)
where a{ = 0.1 and a5 = 1.5 for the composi-
tion in Kalifa’s test, and the last term was disre-
garded.
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Figure 1: Comparison of the currently proposed satura-
tion degree coefficient law and the one adopted by Gawin
et al. [22].

2.5 Final form of the conservation equa-
tions

The final form of the mathematical problem
defined through three conservation equations
(mass balance of dry air, of water and enthalpy
balance) and also the evolution equation of the
dehydration degree. The development is pre-
sented in [33]] and it comprises Darcy’s, Fick’s
and Fourier’s laws to account for the mass and
heat transfer fluxed. The final form is shown
below:
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e Dry air:

B Opa OT | Opa Op. | OpaOpy\
o(1 Sl)(@T ot ' dp. ot = dp, ot

05, 0T  0S;0p. 08,0 Pakrg
- Ly T A K —
9Pa <8T ot dp, Ot T or at) v ( ] i (12)

MvMa Pa - or
-V (ng M; \Y% (p_g)> = (1 - Sl)pa <G¢Q 875)

09, 0T 98, 0p. 99,07
o= po) <8T ot T op. ot T ar az)

e Total water:

8T ot 8pc ot Op, Ot arT ot
ok p M, M, (13)
~V - [ KE (Vp, vc>—v (K“gv) V(D v(-)):
( 1 ( P Pz \
or or
=S 1 —5)py Q— | —0.228¢€ . —
[Sipr + ( z)P](% 81&) €S0
e Energy conservation:
—8T k'r vkr
pCror + K ((Jp,lM (Vp, — Vp.) + Cp,guvpg) A
t M Hg
8pl 8T
~V-(\-VT) - H,,
V(A VT) = Huay Sl¢8T ot
851 oT 881 8]?0 85; 8F plkrl (14)
—H,, — -H,,V (K Vp, — Vp.) | =
p’w(aT ot op. ot T ar ot v o (VPs = Vpe)
or dr
= _Hvapslpl <a¢QE> (Hvapo 2280500 + Lhyd) dt
Lastly, the evolution equation for the hydra- tions are considered on X = 92 [39]|:
tion degrge is defined, WheFe.G represeqts anin- p, =P, on %, (16)
ternal variable used to explicitly determine I'(¢). ]
This formulation leads to a mathematical prob- Pe =D, ON X, 7)
lem described by the system of Equations (12]- T=T on ¥y (18)
[15)). ® Evolution of the hydration degree: Ty —=q, —hy (pe—pF) on S, (19)
ar _oq (15) ~Jou e =G, — hy(pa—p) on %, (20)
ot ot ~Ji_ym=¢q on %, 1)
2.6 Boundary conditions —(q = HuapJ1-s) 1 = gp—
—hr (T =Tw)— (22

To solve the mathematical problem over the
domain (2, the following set of boundary condi- —€o (T4 — T;lo ) on N
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where Y, is part of the boundary where Dirich-
let boundary conditions are considered whereas
S, is its complementary part (with unit outward
normal n) where the mass and heat fluxes are
prescribed.

The vapor and air fluxes are represented by
¢, with m = v, a, p° is the densities of vapor
and dry air, the temperature in the far field sur-
rounding gas is given by 7., while h, and hp
are the convective mass/energy exchange coef-
ficient, respectively [39)]. € is the emissivity and
o is the Stefan-Boltzmann constant.

The set of initial conditions for the transient
problem is defined too, with x representing
the vector of spatial coordinates: p, (x,t = 0),
pe (2, t =0),T (x,t =0),and G (x,t = 0).

The right-hand side of Equation (22) repre-
sents the interface exchange between the porous
medium and the surrounding fluid (e.g., moist
air), whereas the second term on the left-hand
side accounts for the energy exchange associ-
ated with vaporization.

Finally, it should be considered that rela-
tionships between the densities of the distinct
phases and the state variables are non-linear,
and consequentially, the numerical implemen-
tation of such boundary conditions requires a
linearization of such quantities as described in
[33,/34]. The finite element formulation is de-
tailed in [33]]

3 NUMERICAL ANALYSIS

The current work numerical analysis consid-
ers an experimental benchmark focused on the
mass loss of a concrete specimen, alongside
the simulation of various scenarios to evaluate
their impact on the results. This specific test,
standardized for laboratory-scale experiments,
was chosen due to its relevance and reliabil-
ity [40,41]]. It uses cylindrical specimens with
dimensions of 16 cm in diameter and 32 cm in
height, tested after 28 days of curing. Simula-
tions were performed for multiple aging dura-
tions to assess whether conducting the test at
different curing times would yield significant
variations. Figure 2] illustrates the geometry an-
alyzed, details the boundary conditions at each

stage, and provides an overview of the scenar-
ios considered. A complete list of the mate-
rial properties considered for the current sim-
ulations is given in [33]].

A 2D axisymmetric unstructured triangu-
lar mesh consisting of 688 linear continuous
Galerkin elements was used to model the sam-
ple, as depicted in Figure 2] (a). The simu-
lation followed the experimental methodology
outlined in [42]], comprising four distinct stages:
initial curing with impermeable boundaries, ag-
ing in a high-humidity environment (with the
sample immersed in water in this case), heating,
and cooling. The boundary conditions for each
stage are specified in Figure [2](b). Four scenar-
ios were analyzed, varying the aging durations
to 7, 14, 28, and 180 days, as shown in Fig-
ure[2](c). Experimental results from Scenario 3,
which represents the one reported by Kanema
et al., are compared with simulation results in

Figure 3]

\ Piw  Too T T
k = - 1
a Boundary 4= ha(T - Te))  a=0
Conditions Jyrm=0 Vg, =0
Curing: J,om=0 V=0

Boundary q=hy(T-Ty) +eo(T'-T.Y) | q
Conditions P, = 101325 Pa v n
die : Joom

0.0

Cloling n = hy (p, — PI(RH=0.)
f‘Bc»ttum
<)
t; = 3 days t3 = 5h 40min ‘

Scenario 1: t,= 7 days t, = 4h 40 min
Scenario 2: t, = 14 days

Scenario 3: t, = 28 days

Scenario 4: t, = 180 days

Figure 2: a) Domain of the axisymmetric simulation, b)
set of the boundary conditions and corresponding stages
and c) representation of the different scenarios analyzed.

Apart from the cooling, the use of the Dirich-
let boundary condition, Equation [I8] during the
heating stage guarantees that the experimen-
tal surface temperatures are reproduced by the
model, as shown in Figure [3| (a). The thermal
evolution predicted at the center of the sample
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agrees well with the measure values until the
Sh mark, when the simulation begins to over-
estimate the temperature increase. These dis-
crepancies are further highlighted in Figure [3]
(b), which tracks the temperature difference be-
tween the surface and the center of the sample.
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Figure 3: a) Temperature evolution at the sample’s center
and surface, b) evolution of temperature difference be-
tween surface and center and c) mass loss as a function
of the sample temperature.

Figure |z| (c), shows the mass loss dynamics,
indicating that the THC model effectively cap-
tures the overall water removal process, with
faster drying observed between 75 °C and 225
°C. Refinements to the constitutive equations
describing the material composition could align

the simulation and experimental results more
closely. However, a notable discrepancy exists
during the one-hour plateau at 300 °C, where
the model predicts a mass loss of nearly 1%,
contrasting with the negligible mass loss ob-
served experimentally.

Despite these differences, the model suc-
cessfully reproduces the experimentally mea-
sured mass loss using only the initial formula-
tion of the concrete composition and the applied
boundary conditions. This capability under-
scores the potential of the current THC model
for replacing traditional experiments with nu-
merical simulations.

a)

——— Scenario 1 - 7 days
81 —— Scenario 2- 14 days
—+— Scenario 3 - 28 days
Scenario 4 - 6 Months

Mass Loss [%]

50 100 150 200 250 300

b) Surface Temperature ["C]
0.8 1
206
g
¥ 3
2 04
2
gz Scenario 1
= j 0.29 —— Scenario 2
= — Scenario 3
=
0.0 Scenario 4
0.00 0.02 0.04 0.06 0.08

Distance From Center [m)]

Figure 4: a) Mass loss of samples after 7 days, 14 days,
28 days and 6 months. b) Saturation degree with liquid
water distribution at the center line of the sample when
the surface temperature is 120° C.

The influence of different aging durations
is examined in Figure [ (a), which shows the
mass loss for the four scenarios. In the temper-
ature interval between 20° C and 120 °C, the
mass loss curves are nearly identical across all



Stefano Dal Pont, Giuseppe Sciumé and Murilo H. Moreira

scenarios. This behavior can be attributed to
the fact that, at these temperatures, the drying
front has not yet penetrated the sample’s inte-
rior, where the differences in saturation degree
are most pronounced. This effect is further de-
tailed in Figure [ (b).

After that, a clear trend between the increase
in the aging duration and larger mass losses was
observed as the longer the sample was kept in
contact with water, the larger the sample water
intake.

4 CONCLUSIONS

The behavior of concrete is not static: the
long and incomplete hydration reactions that
start after mixing continue throughout its ser-
vice life, and it is impacted by the surround-
ing environmental conditions. Consequently, its
hygral state and the microstructure are also tran-
sient and reflect this transient nature.

The current work investigated the influence
of age and history on concrete high-temperature
behavior, with a novel fully coupled thermo-
hygro-chemical model. The developed frame-
work, based on properties widely available in
the literature, accounts for the effects of tem-
perature and relative humidity on the chemical
evolution of concrete properties. Its numerical
implementation was validated by simulating an
experimental mass loss test.

In addition, a novel retention curve law
was proposed to eliminate discontinuities found
in previous implementations. This improved
constitutive law enhances numerical stability,
which is particularly critical for strongly non-
linear problems under extreme conditions such
as fire or nuclear reactor accidents. By incor-
porating the hydration development during con-
crete aging, the model enables the evaluation
of multiple scenarios with varying aging dura-
tions. For samples aged in high relative humid-
ity environments, mass loss was found to vary
by up to 4.5 wt.

The proposed THC model has significant
potential to uncover key relationships spe-
cially when considering the intrinsic hetergene-
ity of concrete and how that impacts its high-

temperature behavior. This will also be espe-
cially relevant for massive concrete structures,
which may require years to achieve hygral equi-
librium. Future studies will extend the analysis
to real accident scenarios at the structural scale,
accounting for these effects.

Ultimately, this work offers a robust alterna-
tive to the contentious yet widely used approach
of relying on incoherent material datasets from
the literature and calibrating constitutive laws
using PTM tests, which may lack reliability.
The methodology presented here employs a
limited number of straightforward characteri-
zation tests, producing a consistent material
dataset and simplifying the calibration process.
By adopting this approach, most standard high-
temperature experiments could be replaced by
numerical simulations, allowing resources to be
redirected toward innovative testing rather than
routine characterization.

S SUPPLEMENTARY CODE

Supplementary Code The supplementary
code for the workflows can be found in the fol-
lowing GitHub repository:

https://github.com/ANRMultiFIRE/

THC
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