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Abstract: The exposure of concrete to fire, which often leads to spalling, is a phenomenon that is
not yet fully understood. Given the complexity of the thermo-hydro-mechanical phenomena and
their strong interaction, a combined numerical-experimental approach is indispensable for
understanding the behaviour of concrete at high temperature with respect to spalling.

This study deals with the numerical modeling of moisture distribution in heated concrete, a
parameter directly linked with spalling. The validation of these numerical models is usually based
on experimental studies that monitor parameters such as gas pressure (P), temperature (T) and
global mass loss (M). While such kind of experiments represent an important progress in better
understanding the high temperature behaviour of concrete, some limitations appears due to the
point-wise nature of temperature and gas pressure measurements. Firstly, the measurements might
be influenced by the embedded sensors and secondly, the full-field information, which takes into
account the role of concrete heterogeneity, is missing.

Recently, in-situ neutron tomography experiments for measuring the distribution of moisture
content in 3D have been performed. Local information obtained in this experimental study provided
valuable insight to benchmark the modelling.

In a first part of the paper, a homogenized continuum model has been employed for investigating
various aspects, such as: speed of the drying front, moisture accumulation behind this front,
experimental boundary effects etc. In a second part, a fully coupled 3D thermo-hydro-mechanical
(THM) model is presented and used for simulating an experiment with a single aggregate for the
purpose of investigating the influence of the aggregate on the drying front.

Numerical results clearly highlight the coupling between mechanical damage on the drying front
progression and built the first step toward the simulation on the concrete behaviour at high
temperature taking into account the heterogeneous nature of the concrete (mesoscopic simulations).

1 INTRODUCTION

The evolution of moisture content in heated
concrete is an important parameter, which is
believed to have a direct influence in fire
spalling of concrete [1, 2]. The latter is a

buildings etc.) as it exposes the reinforcement
steel to high temperature and results in a
reduced cross section of the concrete element.
Despite the extensive research dedicated to
spalling, this phenomenon is not yet fully

phenomenon which compromises the safety of
concrete structures (e.g. tunnels, high-rise

understood due to the complex behaviour of
concrete at high temperature which involves
heat and mass transfer, known as thermo-
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hydric (TH) processes, as well as mechanical
processes. State-of-the-art numerical models
that take into account the coupled thermo-
hydro-mechanical (THM) behaviour have been
presented in literature [3, 4, 5, 6]. While the
existing models are usually validated against
standard measurements of temperature, gas
pressure and global mass loss, neutron
imaging proved to be an effective method for
investigating the evolution of moisture content
in real time in concrete while being heated [7,
8]. Indeed, local information obtained in such
kind of experimental study provided valuable
insight on several aspects, such as the
influence of the aggregates size on the
evolution of the moisture content and the
moisture accumulation behind the drying front.

The objective of this work is the
investigation of aggregates' influence on
drying of concrete. For that purpose, a 3D
mesoscale model that takes explicitly into
account the concrete components (aggregates,
cement matrix etc.), in other words the
heterogeneity of concrete, is needed. In
literature, Xotta et al. [9] have presented a
THM model in the mesoscale. However, in
that study the transport phenomena in concrete
are described by a single fluid phase model. In
the present study, a full multiphase THM
coupled model will be used for performing
mesoscopic analyses. In Section 2, the neutron
tomography experimental data that have been
used in this study for verification of the
numerical model are summarized. In Section
3, the mathematical model used for the
simulating the behavior of the concrete as a
homogeneous (Section 3.1) but also as a
heterogeneous material (Section 3.2) is
presented. Then, in Section 4 the numerical
analysis is presented. In Section 4.1, a 2D
homogenized continuum model is used for
simulating the temperature and moisture
distribution measured experimentally and in
section 4.2, 3D simulation using a mesoscopic
modelling strategy with one aggregate for
performing a simplified analysis of an
aggregate influence on the drying front is
presented.

2 EXPERIMENTAL RESULTS :
NEUTRON TOMOGRAPHY

The experiments performed by Dauti et al.
[10] consisted of heating tests performed
inside a neutron beamline for the purpose of
tracking the evolution of the moisture content
while concrete was being exposed to high
temperature (figl).
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Figure 1: Setup (design during a collaboration
between EMPA and 3SR lab) in the NeXT (D50)
beamline at Institut Laue Langevin (ILL).

Cylindrical specimens with diameter 3 cm
were tested with maximum aggregate size of 4
mm (HPC 4mm) and the other with 8 mm
(HPC 8 mm). The overall volume of
aggregates was the same for both mixes. In
addition, a sample HPC 4mm with a single
aggregate near the heated surface was cast for
a more direct investigation of the influence of
the aggregate on the moisture migration. In
Figure 2, vertical slices from 3D scans at three
different times containing the samples axis of
rotation are shown for three tested samples:
HPC 8mm (left), HPC 4mm (middle), HPC
4mm with a single big aggregate at the top
(right). The evolution of the drying front is
evident in the images. These results show
qualitatively, how the drying front moves
faster in the sample HPC 8mm compared to
HPC 4 mm. They also show how a single
aggregate severely affects the test, accelerating
the drying process and modifying its shape. A
possible explanation of the differences in the
drying front is heat-induced cracking and its
dependency on the aggregate size. The more
pervasive fracture network induced around the
bigger aggregates would accelerate the drying
process.
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Flgure 2: Vertlcal sllces from reconstructed 3D
volume showing the evolution of drying front

3 CONSTITUIVE TH MODELLING

The cementitious matrix is modeled as a
porous multiphase material where the voids of
the solid skeleton are filled with liquid and gas
species. Perfect mixture theory between, dry
air and water vapor is considered for the gas
phase. Therefore, the hybrid mixture theory
proposed by Lewis [11] is used. This one is
based on the set of equation displayed in table
1 (indice a, / and v stands for air, liquid and
vapor respectively) where ¢ is the porosity, S
the saturation, p the density, ¢ the time, 7 the
temperature, K is the permeability, k. is the
relative permeability, p is the pressure, u is the
dynamic viscosity, M is the molar mass, D is
the diffusion coefficient, C is the heat
capacity, A is the thermal conductivity, H is
the enthalpy, m is the mass, g is the
acceleration of gravity, ¢ is the stress tensor.

Table 1: Set of equation of the Thermo-hydric modeling

The dry air balance equation
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State variables are determined in the
number of 3: gas pressure p, capillary
pressure p., temperature 7. The model takes
into account all the main phenomena occurring
in concrete at high temperatures such as phase
changes, moisture transport (Fick and Darcy),
etc Details about thermo-hydric modeling and
constitutive equations used can be found in
[12] The model has been implemented in the
FE code Castem [13] and validated against
available experimental tests measuring
temperature, gas pressure and mass loss [14].

4 THM SIMULATIONS RESULTS

4.1 TH Homogeneous simulations (2D)

In experiments, the thermal boundaries
conditions are not perfectly mastered. Indeed,
only the temperature of the radiant heater is
imposed but this one is not in contact with the
specimen. Nevertheless thanks to samples with
thermocouple, the boundaries conditions taken
into account convection and radiation for the
top part and convection for the lateral part
have been calibrated (thermal and hydric
insulation on the lateral surface is not perfect).
Figure 3 display the evolution of the
temperature measured by the thermocouples
and the numerical results.
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Figure 3: Results of thermal field calibration for
three locations (3, 10, 20mm from the heated

surface)

The pressure fields at different times are
shown in Figure 4. The applied boundary

condition results in a release of pressure at the
lateral sides.
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Figure 4: Non uniforme pressures field during
experiment time

Temperature increase leads to an evolution
of the moisture content in the cement paste due
to physical processes such as dehydration,
evaporation and condensation. In neutron
tomography experiments, the attenuation
coefficient (images grey value) is directly
linked to the water content. Therefore,
moisture profile can be evaluated though the
change in grey value with respect to the initial
stage. In numerical modelling, the variation in
water content could be calculated from the
evolution of the saturation of pores network
and from dehydration of the cement paste. In
order to compare the profile evolution, the
numerical water content is normalized to the
initial water content (figure 5). As in the
experiments, one can observe a faster drying at
the boundaries due to a possible lateral
moisture escape. A moisture accumulation
(black area in the picture) is predicted behind
the front. In order to avoid the effect of
imperfect boundary conditions, in both
analyse, only the core of the specimen is
considered. =~ The  comparison  between
experimental curves and numerical results is
plotted in figure 6.

One can remark that the numerical model is
able to predict the speed of the drying front
(the plateau is well predicted) and that in both
evolutions a moisture accumulation is
observable (normalized water content superior
to 1). This moisture accumulation seems to be
more pronounced in the experiments.
Nevertheless, as pointed out in [12], imaging
artefacts due to beam hardening (evolving
during time due to imperfect lateral moisture



D. Dauti, M. Briffaut, S. Dal Pont

boundaries conditions) might affect the
quantity of moisture accumulation obtained
from image analysis.
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Figure 5: Results of the numerical simulations
expressed in normalized water change

E
E 20
S
o 25
7
a
30
35
40
45 I | | | Fii
0.6 0.7 0.8 0.9 1 11
Water Content

Figure 6: Moisture profil evolution: experiments in
dotted lines and numerical simulation in solid lines

4.2 THM simulation Influence of the
presence  of  aggregates: simplified
mesoscopic approach

If the faster evolution of the drying from is
obvious in the figure 2 due to the presence of a
big aggregate, the higher thermal conductivity
of the aggregate cannot explain the higher
drying speed. Indeed a mesoscopic calculation
based on a thermo-hydric-elastic calculation
lead to only small difference in the
temperature field (less to 5°C) and negligible
difference in the pressure field (less to 0.2
MPa with respect to the maximal gas pressure
obtained for the homogeneous calculation
which was 3.2 MPa). The mesoscopic
approach adopted for the case of HPC 4mm
sample with a single aggregate at the top is
illustrated on figure 7). Concrete is a bi-

component material composed by large
aggregates and the cementitious matrix with a
perfect bond and without interfacial transition
zone. Aggregates are modeled as an
impermeable solid inclusion from a hydric
point of view. They will therefore transfer heat
but not mass. Thermo-mechanical behavior of
each constituent has been explicitly considered
with different coefficient of thermal dilation.

The results of the thermo-hydric-elastic
calculation in term of normalized water
content are displayed in figure 8.
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Figure 7: Vertical slices from reconstructed 3D
volume showing the evolution of drying front
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Figure 8: Vertical slices from reconstructed 3D
volume showing the evolution of drying front

Consequently,  thermo-hygro-mechanical
simulations have been developed with a
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coupling between damage and permeability to
capture the faster drying around the aggregate,
which is likely to be caused by a more
pervasive fracture network around the
aggregate. Mechanical damage effects are
taken into account by using the Mazars’ scalar
isotropic model in his non-local form [15].

The damage parameter is coupled with the
permeability thanks to the relation proposed by
Gawin [16].

Ay
b= ;|'|| . 1[].|IT!T'—'.T'.-,] X (J”_r.l) ) |“'l‘1ff' (7)

Patm

Where ko = 102°m?, AT = 0.005, 4, =0.368
and Aq=1.

The obtained damage field due to the
different thermal behavior of concrete
component at high temperature (cementitious
matrix tends to shrink due to dehydration
whereas aggregate expand) is presented in
figure 9 with the evolution of the normalized
water evolution.

The evolution of the drying front seems is
clearly impacted by the higher permeability
closed to the big aggregate.
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Figure 9: Damage field (a) and evolution of normalized
water content for coupled THM model (b)

S CONCLUSIONS

This contribution have present a numerical
model implemented in Cast3M used for
simulating neutron tomographies experiments
on heated concrete.

After some calibrations due to the imperfect
thermal and hydric boundaries conditions
during the experiments, the model gives a
good prediction of the drying speed of HPC
composed with 8mm and 4mm aggregates. It
also predicts a moisture accumulation, which
is less compared to the experimental one. The
model is also able to capture the lateral drying
observed in the experiments when non-perfect
boundaries conditions are used.

3D simplified mesoscopic simulation of an
experiment with big a aggregate at the top
have also been presented for the purpose of
investigating the influence of the aggregate
size¢ on drying front. Thermo-hydro-
mechanical simulations showed that the
damage of the cementitous materials around
the aggregated modify the shape of the drying
front and the speed of its evolution. Such
results is an important step toward a more
complete mesoscopic analysis and gives some
preliminary  results for the physical
interpretation of the faster drying in sample
with bigger aggregate size.
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