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ABSTRACT:

Due to the complexity of the problem, experimental studies on the frost action in concrete cannot be validated
directly, since the major challenge of such a complex phenomenon is to be able to isolate the influence of each parameter
involved in freezing and thawing processes. Therefore, the development of numerical tools offers an opportunity to
represent the complexity of the material under study and to investigate as closely as possible the local phenomena at
small scales. In this work, we adopt a micromechanical approach aiming to integrate the effect of each parameter
defining laboratory exposure conditions of concrete. A multiscale approach originating from the hydration products and
goes up to concrete was presented and results are compared with the experimental measurements. The results show that
this numerical approach offers a satisfactory tool to predict concrete strains when exposed to freeze and thaw damage,
without any calibration, by taking into account the effects of the developed pressures in pores at the microscale. An
application of the model is presented to predict the strains of concrete specimens exposed to freeze and thaw cycles
placed at different positions inside a climatic chamber. The temperature was recorded at different specimens’ positions
inside the climatic chamber and these temperatures were applied as thermal loadings in the model. A clear correlation
between the experimental degraded surfaces and the strain amplitudes recorded for each specimen is found. The study
also found an inconsistency in the recorded temperature evolutions and deformation levels among the concrete specimens
placed at different positions inside the climatic chamber, which calls into question the reliability of the existing

normative methods in order to characterize concrete resistance to freeze and thaw.

Keywords: concrete, freeze-thaw, deterioration, durability, multi-scale modeling, micromechanical approach, thermo-
poro-mechanical modeling.
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1. Introduction

Concrete infrastructures, notably highways, bridges and dams, located in cold climates suffer from the effect
of frost action during winter, where under extreme cold environments salts are also regularly used to de-ice
surfaces and roads. Under these conditions, a superficial scaling of concrete can result from the freezing of the
saline solution on the surface and an internal cracking caused by cyclic freezing/thawing cycles resulting in a
reduction of strength may occurs. However, these two types of degradation may not occur at the same time.
According to [1], scaling damage is observed without a significant loss of strength. It is dependent on the
existence of a frozen saline solution on the surface. This can be seen in experimental measurements when no
scaling is identified if the saline solution is evaporated from the surface during freeze-thaw tests. The main
parameters influencing the deterioration of concrete under freeze and thaw laboratory cycles are the minimum
temperature, the salt and moisture content, the freezing rate, and the time duration at minimum temperature
[2]. Under the action of freeze and thaw cycles, water phase transformations and thermal dilation of solid
phases within the heterogeneous and porous cement paste contribute to the gradual degradation of concrete, as
these physical processes induce pressure build-up in the pore network.

There are numerous theories as well as models that can describe the effect of freeze-thaw cycles on damage in
cementitious materials. None of them fully explain the problem, because of the coupling of different thermo-
hydro-chemo-mechanical phenomena. But each one covers at least one area of this vast problem, so that by
their complementarity, certain phenomena can be interpreted. Indeed, due to the complexity of the problem,
experimental studies on frost action in concrete cannot be validated directly since the major challenge of such
a complex phenomenon is to be able to isolate and understand the influence of each parameter.

The phase change of water into ice is accompanied with a volume expansion of 9%. Due to this
transformation, water is expelled from frozen to unfrozen pores; a hydraulic pressure is therefore developed
[3]. Furthermore, when ice forms, it releases the ions dissolved in the interstitial solution, originating from the
de-icing salts. Therefore a gradient of concentration is formed that causes the development of osmotic
pressure [4]. The third type of pressures developed is the crystallization pressure. This is the result of the
repulsive forces between the formed ice crystal and the pore walls, these pressures causes tension that can
reach 10 MPa [5].

Under cold exposure, as a consequence of the cited mechanisms and others, the exposed concrete may
undergo two types of degradation: internal damage and surface scaling. Internal damage displays as an
important micro-cracking that degrades the coupling of the cement paste with the aggregates. Pigeon and
Regourd [6] showed that since the calcium hydroxide and the sulfoaluminates are dissolved under low
temperature, their recrystallization in the form of fibrous secondary hydrates in the air voids weakens the
concrete by increasing its capillary porosity. It results a loss in the tensile strength and in the Young’s

modulus as well as an increase in the permeability of the material to aggressive agents such as chloride ions.

[6]-[8].
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As its name suggests, surface scaling is a mode of degradation that only affects concrete surfaces exposed
to an external environment with freeze-thaw cycles and de-icing salts. Scaling is manifested by the
progressive detachment of small fragments or flakes of paste or mortar whose thickness does not exceed few
millimeters. Consequently, not only an aesthetic problem is caused to concrete under scaling effect, but also a
loss of concrete cover as well as an increase of permeability and porosity of the surface which can have great
influence on the durability of the structure when exposed to aggressive agents. This type of degradation might
be related to the local variability in the superficial concrete properties such as the air void system and its
connectivity, surface finishing, and mostly depending on the exposure conditions as well such as factors
related to the de-icing salts concentration, water saturation level, etc. [1], [9]. Even if scaling is measured by
the mass of separated cement paste particles, after damage, it is difficult to define its origin. Due to the
multiple causes of degradation, the development of numerical tools offers an opportunity to represent the
complexity of the material under study and to investigate as closely as possible the local phenomena at small
scales. In this study, a damage model is proposed to first of all link the thermo-chemical effects to damage. At
this step it is too early to simulate the scaling which needs more statistical studies on the relationships between
the local physical phenomena and the local separation of material.

Quantitative modeling of freeze-thaw mechanisms is relatively recent due to the latest theoretical
developments and the development of sophisticated numerical tools. Based on the work elaborated by Coussy
[10]-[12], poromechanical models are by far the most widely used. However, the classical poromechanical
approach considers a homogeneous medium equivalent to the material studied and does not allow studying the
effect of heterogeneities. Moreover, it seems interesting to make an explicit representation of the porous
network by using virtual microstructures of the hydrated cement paste to model explicitly the freeze-thaw
mechanisms in the porosity. Liu et al [13] have used HYMOSTRUC3D to simulate internal damage in a
virtual hydrated cement paste. Internal cracks could be visualized as well as the ice propagation process in the
porous network. However, an overestimation of the deformation and the ice saturation was observed. Several
models are available for modeling the degradation of cement-based materials exposed to freeze-thaw, at meso
or macroscopic scales. Each model is based on a different method, such as the discrete element method used
in the work carried out by Si et al. [14] to simulate internal cracking, and the fractal method used by Jin et al.
[15], for a quantitative analysis of the concrete pore size distribution. A damage model based on the variation
of the pore structure on the microscale of concrete is then used to determine the freeze-thaw resistance of
concrete. Another constitutive model formulated within the framework of continuum damage mechanics is
presented in [16]. However these damage models do not take into account the different mechanical behaviour
between the various hydrates and cement paste phases. Moreover, the different pressures induced by freeze
action must be taken explicitly into account in a model that allows studying their effect locally at cement paste
scale. On the other hand, an in-depth study of the parameters involved in the modelling of these mechanisms
is absent in the literature and, to our knowledge, no study has exploited this type of modelling to study the
effect of the saturation degree, the minimum temperature, the water-to-cement (w/c) ratio and the effect of

supercooling on the deformation of the paste. These parameters define the concrete exposure to freeze-thaw
3
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conditions. Therefore, this study proposes a multi-scale model in which the mechanisms attributed to freeze-
thaw are explicitly modeled and applied on a virtual microstructure through a micromechanical approach
developed in [17]. A specific attention has been given to the cross-effects between the salt presence and the
water saturation degree on the frost degradation of cementitious materials. The first part of this study on the
effect of each frost parameter only at the cement paste scale has already been done by the authors and details
are given in a previous article by the same authors [18]. This paper, however, presents the development of a
comprehensive model to consider all types of pressures observed during freezing, the thermal dilation of all
phases, in particular that of water, and a mechanical damage model. The up-scaling was performed
considering three scales: the cement paste scale, called the microscopic scale; the mortar scale, called the
mesoscopic scale; the concrete scale, called the macroscopic scale. At the macroscopic scale, concrete is
assumed to be constituted of two homogenous components: a solid matrix (mortar) surrounding the inclusions
(aggregates). The same assumption is considered at the mesoscopic scale with a solid matrix (representing
homogeneous cement paste) surrounding inclusions that are sand grains. At these two scales, thermo-
mechanical behaviour laws are relevant to calculate strain and damage of the material under frost action [19].
However, since the input data at these two scales is related to the chemical changes and pressure effects which
occur at the cement paste scale, an explicit representation of pores was necessary at the microscopic scale to
distinguish all types of pressures, the mechanical behaviour of the different phases as well as their chemical
reactions. In this study, an upgrade of the micromechanical approach was done aiming to model the strain at
concrete and mortar scales under freeze-thaw cycles.

In the following, some remarks on different measurement setups and discrepancies in the previous studies are
first provided, which motivates the present numerical study. Then the main mechanisms related to freezing as
well as the micro-mechanical approach are recalled from the previous paper [18] to model the thermo-poro-
mechanical behavior of cement paste under freeze-thaw cycles. The multi-scale approach is then given in
details to simulate the behaviour of concrete based on simulations at the cement paste scale. The numerical
results are compared to experimental measurements. These results show that numerical strain curves are in
good agreement with strain obtained from experimental measurements. Also, an application of the developed
model is presented to predict the strain amplitudes that concrete specimens will develop under freeze-thaw
cycles placed at different positions inside a climate chamber. Here, a good correlation was also found between
the levels of surface degradation detected in the test for the different specimens and the strain amplitudes

given by the simulation results.

2. Some remarks on previous studies

In order to test the validity of the model, comparisons have been made with experiments on freeze-thaw of
concrete and mortar found in literature. The expansion was measured using strain gauges in some researches
[20], [21], [22], by means of length change measurement tools such as LVDT [23], [24] or using differential
mechanical analyzers (DMA) as in [25]. Peak strains at -20°C of different literature studies are reported in

4
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Table 1. An important discrepancy is noticed between the different peak strain values that may be first related
to experimental arrangements that are different. Using strain gauges to measure displacement is one of the
most commonly used methods. However, the results may not be representative of the overall expansion of the
material and might not be very precise. This is because the gauge gives local strain measurements, and
therefore cannot represent global concrete strain since the deformation of this latter happens in all directions
under freeze and thaw cycles. Moreover, the gauge could be placed parallel to an aggregate which can

significantly alter the results. Using LVDT might be a better choice for length change measurements.

Table 1. Peak strains from different works in the literature.

Reference Material Size (mm) Peak strain (um/m)
Johannesson [24] Concrete 20%20x160 650
Diax= 8mm
Sun and Scherer [25] Mortar 5%x5%15 900
Kaufmann [27] Concrete 200X200%50 450
Dax= 32 mm
750
Gong et al. [22] Mortar 40%x40x2
1000

Other reasons behind the discrepancy of the experimental strain measurements might be related to material
properties and differences in composition (cf. [26], [22], [21]). In [22] for example, the maximum strain
amplitude reached after one freeze-thaw cycle was about 1000 um/m for a W/C =0.5 mortar with 1090 kg/m?
fine aggregates, and about 750 pm/m for a W/C =0.5 mortar with 754 kg/m® fine aggregates. As for
experiments run on concrete specimens, the peak strain at -20°C is equal to 450 pym/m in [27] for a concrete
with maximum aggregate diameter Dmax= 32 mm and 750 um/m in [24] measured on concrete prisms with
Dmax=8 mm. More values are reported in [22].

Other reasons behind these large scattered experimental values might be related to test conditions: e.g. age of
specimen during the test, storing and curing conditions as well as the risk of carbonation that concrete may
undergo during the preconditioning phase which can greatly affect the results by modifying the composition
of the exposed testing face. Furthermore, experimental devices and procedures used for measuring strain can
greatly affect the results. The measured strains depend strongly on the experimental conditions and the
physical problem that was considered by each researcher. In Kaufmann’s experiments for example [100], [27],
the displacement of concrete specimens was measured between the centers of two steel plates fixed to the
specimen by means of two inductive transducers. In the experiment one steel plate was kept fixed to the invar
frame, and the corresponding displacement transducer was used for control purpose only. The opposite
concrete side was allowed to move freely so that the expansion of the whole plate was actually measured by
one displacement transducer only [27]. However in [22], strain gauges were glued on different sides of the

specimen. [21] showed that there is strain gradient along the height of the specimen due to the differences in
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moisture at different heights; strain measured in the middle part of the prism was quite higher than the upper
part. Therefore, the strain gauge measurement is a local measurement that depends on the differences in
moisture along the height of the specimen and therefore, cannot be considered as a relevant parameter to

evaluate the overall deformation of the specimen.

3. Problem formulation

3.1. Coupled nonlinear thermo-poro-mechanical model at the cement paste scale

At the cement paste scale, we consider a representative elementary volume Vig, consisting of the volumes of
the pore network Vp and the one of the solid cementitious matrixV¢y,. Vpy is the binding of Vigy (the volume
of the calcium silicate hydrates (C-S-H) phase) and Vs; which is the volume of the other separated constituents
of the cement matrix. The solution of the below described thermo-mechanical problem (eqs.(1)-(7)) gives the

local displacement field (¥) :

V.53 =0 7 €Vrey (1)

a0 = %Wul(y)ﬁul(y)] V€ Vaey ()

a1 = C(7,E()) : [6(F) — @s;(7, T)AT] yEVs (3

&) = €Y7, ED)) : [6G) = csu T TIAT = posm (T, S| YEVesu (4

a7 = C (7€) : {&G) — @ F, TIAT = [H(S — Dpnya + H (L — S)peap] T} JEV (5
AT DG DI GO +IGET) = fG.0  TEVay (©)

@ T)=-A4@,T).VT(y,t) YE€Vreyv (1)

TE) = Timp yeov 3
U (¥) = Uimp, YEL, (9
la Il =0 yEeTL (10)
GGl =0 yEeTL; (11)

where as;, @csy and @p are the thermal expansion coefficient (TEC) of the cement solid phases i (without C-
S-H), C-S-H, and the porosity, respectively. I; represents the interface between two different components and
the brackets ||. || the continuity condition of the field. The index “I” used in the above equations refers to the

cement paste scale. The capillary pressure is activated when the pore is not totally saturated with water (S<1)

6
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and in case S=1 the hydrostatic pressure is activated. This is done by introducing the Heaviside function .
The boundary conditions (8) and (9) describe respectively the imposed temperature and the restrained
displacement in the middle of the volume. Damaged and undamaged elastic stiffness tensors C* and C° are

linked by the scalar damage value D (considering isotropic materials) as follows:

¢4 = (1-DINC° (12)

The loading surface f is given by following where only the tensile eigenvalues of the strain tensor are

considered:

f() = egq — ko = \/(611)3 +(e22)3 + (€333 — 0 (13)

Where K, represents the strain damage threshold, €gq the equivalent strain and (-),. the Macaulay brackets.

The following exponential form gives the damage law evolution due to tensile microcracking in an isotropic

model:

. 1+8B
f=0andégqg>0->D = Wexp[—BT(EEQ — KO)]

. EQ (14)
f<Ooréga=0->D=0

with Bt the strain softening slope parameter. Using the below equations, k, and Bt can be determined from
mechanical properties of cement paste that can be measured:

fe fe
Ko = — By = ——

where E, f; and G¢ represent respectively the Young’s modulus, tensile strength and fracture energy of the
cement paste’s phase. By introducing the characteristic size h, the energy dissipation in the finite element
during damage becomes independent of the mesh, this can be seen in the equation of Br.

Eq. (6) describes the thermal problem formulation, where transient heat conduction is considered, for any
point y inside the volume of the material, at any scale. Note that ¢, is the specific heat capacity, t the time, q
the heat flux given by eq. (7), fthe heat source and A the heat conductivity coefficient. We consider a
stationary fluid inside the porosity of the cement paste. The heat transport mechanisms in porous materials
such as concrete are complex. Thermal radiation between particles can be involved, as well as convective
exchange inside the porosity. However, simulations performed in the representative elementary volume
consider it in the middle of the structure far away from the boundary where radiative effect can occurs. Also,
internal convective transfer is supposed negligible due to the low size of pores.

The heat flow problem is coupled with the mechanical problem to have explicit interactions between
phenomena. At the upper scales, the heat flow is considered to calculate the thermo-mechanical coupling. And

the pressure effects are implicitly taken into account via numerical homogenization.
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3.2. Calculation of the pore pressures at the cement paste scale

Under normal conditions of temperature and pressure (atmospheric pressure py = latm, fusion temperature
Ty = 273.15K at py), the thermodynamic equilibrium of the porosity is established when equation (16) is

satisfied.

uL(T,pr,a.) = puc(T,pc) = uy (T, py)
(16)

The liquid, ice crystal and vapor phases are designated by the subscripts L, C and V respectively. We can

write the chemical potential of water vapor in function of the relative humidity RH as following:
uy(T) = RTIn(RH) a7

where RH takes the following pore size-dependent form [28]:

2ycos6 vL)
(18)

RH(r,T) = - —
1 eXp( r—6 RT
where 7 represents the pore radius, 8 the liquid water angle (the contact angle of the water surface with the
pore walls, assumed to be zero), y the interface energy between vapor and liquid and § the thickness of the

film of adsorbed water, also called the liquid-like layer (LLL), near the pore boundary, given by [28], [29]:

C
6(T) =a+ bRH(T) +m (19)

with a = 0.0626nm, b = 0.834nm and ¢ = 0.02309nm.

Under -25°C, the freezing process is significantly affected by the LLL[30].In fact, in addition to the water
content, the amount of the frozen water in a cement paste is determined by the structure of the pore network
(size and shape distributions). Moreover, an interface with a curvature x;-maintains the equilibrium between
the frozen and unfrozen sites. The curvature of this interface depends on the capillary pressure expressed as a

pressure gradient p.q;, = pe — pr- We can write this gradient in two forms:
pc—pL =8 (T = T) (20)

Pc —PL =VYic —dVL T

The first one is linked to the change in temperature, with 8¢ ~ 1.2 MPa/K representing the molar fusion
entropy per unit volume of crystal [31] and T the fusion temperature.

The second one is the Laplace-Young equation and corresponds to the local equilibrium at the interface [31],

2

[32], where A, is the liquid-crystal interface area, ¥, = 40.9 X 1073]/m? the liquid-crystal interface

energy [33] and ry the hydraulic radius of the interface.
These two relations lead to the equality:

Yic (22)

" Se(Ty = T)
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ry can be also linked to 1 (known as the ice front) via a shape factor A (in case of an hemispherical ice front

A = 0.5, and it is equal to 1 for a spherical one [34]) as follows:
ry = Are = A(r — 98) (23)
Assuming hemispherical pore shapes, equations (22) and (23) give the Gibbs-Thomson equation linking the

threshold radius of frozen sites r = 17 to the frozen temperature T:

_ 2Yic
$¢(T=Ty)

The partial volume Vy (rf) of frozen sites with pore radius greater than 7¢ and smaller than the maximum

17(T) = +6(T) (24)

capillary pore radius 7,4, (also called crystal saturation) can be determined from the pore size distribution:

Tmax

Vy(1p) = J p(r)dr (25)
Tf

where ¢ () represents the pore sizes distribution in cement paste.
The normalized cumulative porosity volume with pore radii bigger than r has been calculated using the

Brunauer-Skalny-Bodor (BSB) adsorption model [28], [29]:

2ycosl v,
Vy(r=1y) = 1=k X [1+(C_1)k]exp<_ TO_‘SW) (26)
N =700 _ 2ycosf v, _ 2ycos v,
[1—k exp(— ro—SWﬂ [1—(C—1)k exp(— ro—SW)]

where C and k are the parameters of the BSB model. These parameters depend on the w/c ratio, the cement
type, the temperature and the hydration age of the cement paste [35]. According to that, the pore size

distribution function ¢ (ry) can be deduced as:

dVy(r =r1y)
— - 27
@(ro) dr (27)
Consequently, the degree of liquid water saturation S;, can be calculated as follows:
v 2¥1c
§.(T) = =1-S.(TM)=1—-|Vylrr=———""=<+6
() VetV 2 [ N<f ‘Sf(T_Tf) 29

where V; represents the amount of unfrozen water and V. the amount of crystal and S.the ice crystal
saturation.

The liquid water saturation S; as well as the ice crystal saturation S; control the pressure applied on the
pore walls. When the volume of the porosity is fulfilled, especially after the 9% increase in ice crystal volume
during the water phase change, the excess water exert a hydrostatic pressure on the capillary walls, this causes
the cement paste to expand. On the other hand, when a space is still available in the pore, a contracting
pressure is developed that contributes to the overall shrinkage of the cement paste. The model takes into
account the case of an air entrained concrete. The entrained air voids are connected to capillary pores,

therefore, hydrostatic pressure cannot be imposed in these latters since are able to contain more water in their
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volumes. This reduces the total expansion of the cement paste. An algorithm of the numerical calculations of

the pressures is presented in authors’ other publication [18].

The other internal pressure is the osmotic pressure that is developed in the presence of ion concentration
differences. When water freezes, it rejects the ions it originally contained, thus locally increasing the
concentration of unfrozen water [9]. However, the free energy of the solvent in solution is lower than that of
pure solvent. Thus, the solvent passes from the medium where its free energy is high to the medium where its
free energy is low and thus to the solvent in solution. The unfrozen water in the pores of the gel is therefore
more energetic than the water frozen in the capillary pores. The concentration gradient creates a diffusive
transport of the water molecules. To this mechanism is added the existence of a chemical potential gradient
between, on the one hand, the water in equilibrium with the ice in the large pores affected by the frost front
and, on the other hand, the water in the small pores (gel pores). Thermodynamic equilibrium is only restored
by the migration of water from the gel pores to the gel formation site through semipermeable canals of
nanopores of C-S-H. In this case, the chemical potentials are written at the interface between the capillary
pores and the C-S-H nanoporosity as follows:

{,uzap(T, PL, azap) =ud(T,p) + RTln(azap)

(29)
uESH(T, pL + Dosmo aL) = uf (T, pL) + ViDosm + RTIn(afS?)

where R is the gas constant, p the pressure, a; the water activity and p,s;,,, the osmotic pressure.
Under the assumption of a thermodynamic equilibrium, chemical potential are equals, therefore the osmotic

pressure can be written as following:

RT (a;""
Posm = U_Lln afﬁ 30)

In C-S-H gel and capillary pores, the activity of a solvent (here liquid water) in the presence of an electrolyte

is given according to an osmotic coefficient ®:
ln(aL) = (DbTML (31)

where M; = 18.015g/mol is the molar mass of water and by the total molality of ions:
br= b= ) —-
T Z T L my, (32)
1 1

where n; is the amount of substance of the ion i and m; the mass of the solvent. In the case of a 1:1 type

electrolyte such as NaCl, we can determine the molality from the mass fraction x,,;,; of the salt:
(33)

The osmotic coefficient is given by the semi-empirical model of Lin and Lee [36]:

VI al®
—1_ 2 x. 72
®=1 A¢<lezl>1+3iﬁ+(a+1),<Zaxlzl> (34)

10
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where x; and z; are the molar fraction and the absolute charge of the ion i (for NaCl, xy,+ = x¢;- = 0.5 and
Zya*+ = Zci- = +1). The parameters a, B; and C; depend on the nature of the electrolyte, [36] gives the values
of these parameters for several types of electrolytes. Ag is the Debye-Hiickel constant (full expression is

given in [36]) and [ is the ionic strength given as follow for a non-ideal solution as:

1 2
[ = Ez biZi (35)
i

3.3. Coupled non-linear thermo-mechanical model at the mortar and concrete scales

Moving to the mortar and concrete scales, the cementitious material can be simulated using the thermo-

mechanical behavior law while considering homogenous non-porous components:

V.o =0 ¥ € VRev (36)

_ 1= = 37

e = > [Vur () +Vuy ()] Y € VRrey ©7

() = CY(F.E®) : [En® — (7, TAT] JEV (38)

_ _ oT _ _ _ (39)
pu(y, D epu(, T) e 00 +Vquu(y,T) =f(@,t) Y € Vgey

qu@,T) = =4y, T).VT(y,t) y € Vggy (40)

T®) = Timp y €ov (41)
[Gu(¥).0].i =0 yev (42)
iy (¥) = Uimpn Vel (43)
lau@ll =0 yeT; (44)
@)l =0 yET; (45)

The index II used in the above equations refers to mortar and concrete scales. The thermal problem is given in
equations (39)-(40). Equation (38) considers damage as formulated in the section 3.1. Vrgy = Vg U Vy,, where
Vg is the aggregates volume and Vi, is the volume of the matrix (homogeneous paste/mortar). When talking
about aggregates (sand or gravel) V;=V; otherwise V;=Vy,. The thermal dilation tensors of sand grains and
aggregates, in mortar and concrete respectively, are found in the literature. That of the matrix is obtained from
the calculation at the lower scale. The thermal dilation of the mortar’s matrix is deduced from the calculation
at the cement paste scale, and that of the concrete’s matrix is then obtained from the calculation at the mortar
scale. Because different values of strain are obtained at one temperature reached at each cycles (due to the
freeze/thaw hysteresis), a function for the thermal dilation has been suggested, deduced from the total strain
equation:

- T+ §

o= =2 (46)
L
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where @, represents the initial thermal dilation at the initial temperature T, , €; tensor is the total strain
calculated at the temperature T;.

The elastic properties of the matrix are obtained from the calculation at the lower scale as follows: the
homogenized Young modulus and the Poisson’s ratio are calculated from the slope of the linear part of the
curve (0-€) obtained by simulating the mechanical response of the heterogeneous matrix under compressive
(or tensile) loading at the lower scale.

The thermal problem formulation is the same as described at micro-scale, as seen in equations (39) and
(40). However, the thermal properties of the matrix (py, cp and Ay) are calculated by homogenization
methods as follows:

- At mortar scale, the homogenized density of the cement paste is calculated by phom)= %6 p;.f; where

p; [kg/m3]is the density of the cement paste’s phase i (i=1... 56, where 56 is the total number of
phases in the microstructure generated by VCCTL (cf. section 4.1): hydrates and unhydrated cement
phases) and f; the volume fraction of each phase. The same equation is used to calculate the
homogenized properties of the mortar matrix considered at the concrete scale, considering only two
components: cement paste and sand grains.

- The homogenized heat capacity is obtained from the following equation:

Y3°pi-Aifi | 23°piBifi T+Z§6 pi-Cifi 1
P(hom) P(hom) P(hom) T2

Cp(hom)= (47)

- The thermal conductivity is determined by inverse analysis as follows. First, a transient heat transfer
simulation is conducted on the heterogeneous REV by imposing different temperatures on two
opposite boundaries so as to simulate unidirectional flow. Second, the heat flow curve is obtained and
is used as input for the inverse analysis. Third, a simulation with the same conditions is performed on a
homogenous REV with the same size as the heterogeneous volume, giving an initial value for the
thermal conductivity. This last value is optimized using the Levenberg-Marquardt method in order to

reproduce the same heat curve obtained for the heterogeneous volume.

3.4. Thermal properties of the cementitious materials at different scales

The assigned values of the thermal properties (density, thermal conductivity and specific heat capacity) of
the cement paste phases are taken from the literature. All the properties are considered as temperature
dependent only; the dependency to relative humidity is neglected since, to our knowledge, a thorough study of
the influence of relative humidity of most of the cement phases on the thermal properties is currently
unavailable. As for the cement phases’ thermal conductivity, scalar values are assigned by considering all of
them homogeneous and isotropic. Table 5 summarizes the assigned values of the thermal properties of the
solid phases. For some phases, incomplete data are filled with those of the closet know mineral phase.

As for the porosity phases (water and ice), there is a strong dependency of their thermal properties on
temperature and this is partly the factor controlling freeze-thaw behaviour of cement paste saturated with
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water. The density of liquid water presents a maximum at 4°C (Figure 1-a). As water freezes, its density drops
from 1 kg/m® to just 0.916 kg/m?, or about a 9% decrease. The thermal dilation coefficient of liquid water
presents an ‘anomaly’, as it changes sign at 4°C (Figure 1-d). On the other hand, both liquid and solid water
phases show contrasting trends regarding their thermal conductivity and capacity (Figure 1-b, ¢). The thermal
conductivity of water is low, it varies between 0.2 and 0.6 W.m™' . K-'[37]. As for ice, it is almost four times the
conductivity of water (~2.5W.m'.K™'), and decreases slightly with temperature [38]. Regarding the thermal
capacity, for water it is high and equal to 4200 J.kg'.K' and increases sharply at the temperature of
homogeneous nucleation in the case of supercooled water [39]. While the ice has a thermal capacity of around
2000 J.kg'.K"! and increases linearly with temperature [40] (Figure 1-c).

The homogenized thermal properties of the equivalent fluid (the homogenized density pjom. and specific
thermal capacity ¢, pom) are given as following according to the volume fraction of solid ice crystal and liquid

water:
Prom(T) = SL(T)pL(T) + Sc(T)pc(T) (48)
Prhom (T pnom(T) = Sy (T)pr(T)cp 1 (T) + Sc(T)pc(Tep,c(T) (49)

As for the homogenized thermal conductivity Ay, it is given using a spherical inclusion model [41], [42]:

Ahom(T) = 2,(T) | 1+ Sc()
hom 1) = AL =5, A 0

3 Ac(T) = 4,(T)

We neglect the conductivity of water in vapor state.

At the upper scales, the thermal properties of the matrix are determined using homogenization from the lower
scales, using the methodology described in section 3.3. The properties can therefore be completely predicted
simply from the composition, as it is illustrated in the example studied in this work. Thermal properties are

listed in Tables 2 and 3 for mortar and concrete scales respectively.
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Figure 1. Temperature-dependence of the thermal properties of water and ice (solid curves are approximated from [37], [39])
(a,b,c) and Linear thermal expansion coefficient of liquid water and ice (d).

3.5. Mechanical properties of cementitious materials at different scales
We used the elastic moduli (E and v), the tensile strength (f;), the fracture energy (Gy) and the linear thermal

expansion coefficient (TEC designated by a) as mechanical properties of the cement paste phases. The linear
TEC and thermal properties of the cement phases have been determined from the literature and are reported in
Table 5 in appendix. Mainly nano-indentation and molecular dynamics tests were found in literature giving
the elastic moduli. [43]. For the most cement paste phases, the values of the fracture properties, such as f; and
Gy, aremissing because of the difficulty to determine experimentally the exact values for individual phases.
Table 5 contains the individual properties of the cement paste phases that are used in the model, this was
found by reviewing the corresponding most recently published works found in [43].

The mechanical properties at upper scales are determined by simulating simple tensile and compressive tests
on representative volumes of the heterogeneous matrix. The global response is obtained and the homogenized
properties are directly extracted from the results, without any inverse calibration. Mechanical properties are

listed in Tables 2 and 3 for mortar and concrete scales respectively.

4. Application of the model to predict the deformation of concrete specimen
subjected to freeze-thaw cycles

4.1. Digital representation of the cement paste microstructure

In this study, we used the VCCTL [44] software based on the CEMHYD3D model because its explicit
representation of cement hydrates as well as its pixel architecture can be easily integrated into the Cast3M
software used for thermo-mechanical simulation. It is adapted to represent all the phases of cement and allows
calculating some elastic properties of the cement paste. However, its limitation lies in the voxel size which is
equal to 1 um. Therefore, it does not allow including all pore size distributions. It is supposed that a 1um?®
voxels of porosity represent a “homogenized” pore distribution. The pore size distribution is estimated using

the model described in Section 3.2. This allows a precise estimation of the amount of ice in each voxel, since
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the water and ice saturations in each voxel are representative of the water and ice saturations of all capillary
pores around that voxel. Figure 2 shows the curves of the pore size distributions of two cement pastes with
different w/c ratios (w/c = 0.4 and 0.5). We noticed that 40% of the pore volume is smaller than 2.5 pm. This
is an approximate estimation of the existing limit between the strongly adsorbed-evaporable water in capillary
pores and the non-evaporable water in the C-S-H gel pores [45] . While the water in the capillary pores is
explicitly represented in the microstructure, the water in the C-S-H gel micropores is considered as a part of
the homogenized C-S-H voxel. Therefore, in order to account only for the freezable water in the capillary
porosity, the cumulated pore volume is adjusted as shown in Figure 2. In the temperature range [+5°C;
+20°C], the material undergoes a linear thermal contraction since no phase change of water is occurring.
Calculations were limited at 5°C for the highest positive temperature in calculations at cement paste, mortar
and concrete scales. So, it was assumed an initial uniform temperature T;, = 5°C. Dirichlet-type boundary
conditions corresponding to the freeze-thaw cycles are applied on the outer boundary of the REV (Figure 3)
with temperature cycles ranging from 5°C to —20°C (Figure 4). The theta-method, implemented in the
TRANSNON [46] procedure in the finite element software Cast3M, is used for the numerical resolution of
the heat equations. At each step, displacements are smaller than the mesh size, so the effect of the depth in
deformation can be considered negligible for this problem; therefore all simulations were performed in 2D. At

cement sale, a squared REV of 200 um is used.

Capillary porosity
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Figure 2. Pore size distribution curve ¢ (r) (dotted), normalized cumulated pore volume curve Vy(r) (dashed line) and corrected
curve Vy(r) for the capillary porosity (solid line), for two different w/c ratios.
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Figure 3. Thermo-mechanical boundary conditions imposed on
the cement paste volume (red color represents CSH phase, blue for
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Figure 4. Applied thermal cycle +5/-20°C in the
numerical simulations.
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4.2. Digital representation of mortar and concrete samples

For concrete and mortar scales, the mesh generation was conducted with the algorithm developed by
Mounajed [47], [48] and used in [49]. It consists of generating a volume by introducing a random distribution
of the various inclusions of different sizes in a solid matrix. The distribution algorithm generates random
positions of the inclusion gravity centers in the interested area of the volume. At each step of the algorithm,
an inclusion i is added. The unit volume of this inclusion of type i is calculated as follows:

Vinctusion = 7TRi2 (51)

where R; is the inclusion radius. A test is conducted to check that no two inclusions overlap. The distance
between the gravity center of an existing inclusion with a radius of R; and that of a candidate inclusion with a

radius of R, should be higher than the distance dmin defined as:

dmin=R1 + R, (52)

After the validation of the inclusions' positions, the elements were assigned with material characteristics.
First, all the elements were defined as having the matrix properties. Then, the model assigned different
material properties to the elements by checking the distance d between the gravity center of the element and
that of the inclusion. If d < R; the inclusions properties are used; else it is the matrix properties that are
applied. Note that the interfacial zone between the matrix and the aggregates was not considered in this study.
An example of a mortar generated mesh is given in (Figure 5). It is often recommended to take a REV size
that is 3 to 4 times larger than the diameter of the largest inclusion [50]. Therefore, at mortar scale for sand
inclusions with a maximum diameter of 4 mm, a REV of 1.5 cm is used. At concrete scale, aggregates 4/16

mm are used and the squared REV is size is equal to 5 cm.

Figure 5. Example of a mortar microstructure

4.3 Strain curves calculations at different scales under freeze and thaw cycles
Figures 6 and 7 show the calculated total strain evolution as a function of time and temperature during 10

freeze-thaw cycles for a W/C = 0.5 and fully saturated cement paste. The total macroscopic strain curves

16



445
446
447
448
449
450
451
452
453
454
455

456

457
458
459
460
461
462
463
464

represent the average strain along the longitudinal and transversal directions calculated over the total surface
of the REV, which differ by less than 5%. The upscaling was done using eq. (46) that gives the mean value of
a'; from the calculated mean strain value and the mean temperature of the system at each time step 7. The
presence of salt increases the degradation of the material which can be expressed by increased strain
amplitude; damage evolution is illustrated in Figure 8. The presence of salt also delays the ice formation due
to supercooling induced by the salt presence. Nucleation starts at -1°C in absence of salts. This temperature
drops to -2°C in the case with 3% NaCl.

After these calculations, homogenized parameters of the cement pastes have been calculated to use for the
mortar’s matrix. These properties, along with the aggregates' properties, are given in Tables 2 and 3. Figures
9 and 10 show the strain evolutions calculated at mortar scales, respectively for 0% NaCl and 3% NaCl.
Comparisons with strain curves between cement paste and mortar are also shown on these figures.
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Figure 8. Evolution of damage after 5 cycles in cement paste for different mass fractions of NaCl.
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Table 2. Properties of the mortar’s components.

Matrix properties (Homogenized cement paste) Siliceous sand inclusions properties

(0/4 mm)

E=17.2 (GPa) E=78 (GPa)

v =0.227 v=02

fi=4 (MPa) ft=8 (MPa)

p=1911 (kg.m3) p = 2600 (kg.m™3)

A=12(W.m 1 K1 A=375(W. m1. K1)

C,=1647,5 —0,017T — 232 (1kg . K™ C, =740 (Jkg™. K™*)

a, calculated from eq. (42) a,=15x 107° (/K)
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i
———Mortar(0% NaCl)
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Figure 9 Mortar vs heterogeneous cement paste strains as a Figure 10 Mortar vs heterogeneous cement paste strains as a
Sfunction of temperature in case of 0% salt concentration Sfunction of temperature in case of 3% salt concentration

As observed, the presence of inclusions leads to a decrease in the maximal and residual strain amplitudes.
In fact, the presence of aggregates in the cementitious material gives more rigidity to the resulting two-phase
mix due to the rigidity of the aggregates. The result is a denser and stiffer material which can be expressed by
lower strain amplitude compared to the cement paste scale. After one freeze-thaw cycle, the strain amplitude
reached at -20°C is decreased from 4687um/m at cement paste scale to 2616pum/m at mortar scale in case of
0% NaCl. When the NaCl concentration was equal to 3% the strain amplitude at -20°C decreases from
5391um/m for the cement paste to 3033pum/m for the mortar. Moreover, the repetition of freeze-thaw cycles
leads to cumulative residual deformations that persist but decrease rapidly, more than in the case of
heterogeneous cement paste. In the same way, the expansion rate, after reaching the nucleation point,
decreases due to the contribution of aggregates in the thermal contraction of the bi-phasic material when the
temperature decreases. Therefore, the beginning of hydraulic expansion is delayed and begins at -1.95°C in
mortar while it starts at around -1°C in the cement paste, in case of 0% NaCl. It is also the same situation for
cement paste with 3% NaCl, where the nucleation starts at around -2°C due to the presence of salts in the
interstitial solution that delays the ice formation. At the corresponding mortar scale, nucleation starts at -

2.9°C.
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Table 3. Properties of the concrete’s components.

Matrix properties (Homogenized mortar) Gravels inclusions' properties
E =30 (GPa) E =85 (GPa)
v =02 v=02
f,=4 (MPa) f.=8 (MPa)
p =2218 (kg.m3) p =2800 (kg.m™3)
A=1.63(W.m 1 K1 A=35W.m 1K1
C, =880 (Jkg'*. K™ Cp, = 1000 (J.kg~*. K1)
«,, calculated from the eq. (42) ap=10x 107¢ (/K)

4.4 Experimental testing

Concrete mixture was prepared with Portland CEM II type cement, whose mineral composition is listed in
Table 4, and with sand aggregates of 0/4 mm and gravels of 4/20 mm. The water-to-cement ratio was taken

equal to 0.5.

Table 4. Mineral composition of CEM II (CEM II/A-LL 42,5N CE NF).
(Qualitative analysis by X-ray diffraction).

. . Secondary
o 3z Primary constituents .

E S constituents
E g Clinker phase Gypsum | Calcite | Slag
TS| CS | CA| CLAF CSH, cC -

1.1]12.
CEM ] > > 2.9%| 9.6% 1.1% 13.8% 0%
% | %

After mixing, concrete specimens were cast into cubic molds of size 15X 15%x15cm? for 24h. After
demolding they were kept into lime saturated water during 7 days, and then specimens were stored until age of
28 days in 65% RH and 20°C. At the age of 28 days, concrete specimens were configured according to the
slab test of the CEN/TS 12390-9 [51] (which is a normative document recognized at the European level) and
saturated by maintaining 3mm layer of demineralized water for 72 hours. The concrete specimens were tested
during 56 freeze-thaw cycles with thermal amplitude equal to 40°C, ranging from +20 to -20°C, with each
cycle lasting 24 hours according to the slab test. The thermal cycle imposed by the technical specification
report is shown in Figure 11 with the corresponding spindle. The temperature was recorded on the top of the
testing surfaces. The specimens are considered at complete saturation state since the saline solution is
maintained on the surface of the specimen throughout the test.

Specimens were placed on different shelves in the climatic chamber Binder MKF-240 at GeM laboratory
of Centrale Nantes. A good simulation of complex phenomena needs precise data of the boundary conditions.
In most cases, the comparison between experimental measurements and simulations considers applied loading
conditions, but not the real loading values which can be different due to several variables. Indeed, in the case
of freeze-thaw tests the applied temperature condition inside the climatic chamber is not really the same as the
one measured on the surface of the specimens. Figure 12 shows the measured temperature in the saline
solution of different specimens placed at different locations in the chamber and the maximum and minimum
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516  temperature of the spindle of the CEN/TS 12390-9 normative cycle. The clear discrepancy could have an
517  effect on the heat flux into the specimen, and therefore an effect on the mechanical response. That is why the
518  simulations performed in this study have considered the thermal loading issued from the measurements given

519  in Figure 12.

520
30 30
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CEN/TS 12390-9 Tnominal —(s2)
20 ——— CEN/TS 12390-9 Tmax 20 a—T(s3)
CEN/TS 12390-9 Tmin —T(s4)
e N\
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Figure 11. Thermal cycle control spindle according to the slab test of Figure 12. Temperature cycles registered in the saline solution
the TS report 12390-9 of each specimen (code input)
521
522 4.5 Simulation of the deformation of concrete specimen inside a climatic chamber
523

524  Simulations were run at concrete scale on a REV of 5x5 cm? with sand aggregates of 0/4 mm and gravels of
525  4/16 mm. The matrix properties were calculated by homogenization of the mortar properties at the above scale
526  (Table 3). The results of numerical modeling of the total macroscopic strains of concrete specimens exposed
527  to temperature cycles (given in Figure 12) are presented in Figure 13. Only the first cycle is shown here, as the
528  most of the residual strain is developed during this cycle. The total deformation quickly reaches its highest
529  amplitude, and stabilizes for the rest of the freeze-thaw cycles (true for both cement paste and mortar).

530  The numerical results highlight a good correlation to be made between the amplitude of the deformation
531  simulated by the model, and the level of degradation to which a surface is exposed to. Figure 14 shows the
532 deformed concrete surfaces noted (S1-S5). A correlation between the degradation level of the test surface and
533 the strain amplitude reached at the minimum temperature can be extrapolated. The most degraded specimen is
534  (S2) that the strain curve shows the maximum amplitude at Tpin. This could reach 3.27 mm/m at the minimum
535  temperature of -21.23°C. Moreover, the residual deformation observed for this same specimen after thawing is
536  the largest, equal to 3 mm/m. This residual deformation appears as a result of damage (microcracks) in the
537  material. However, for the least degraded specimen (S5), the temperature cycle recorded in the brine of this
538  specimen is the smallest in amplitude, going from 10°C to -18°C. This result in a strain curve whose
539  maximum amplitudes at -18°C (2.3 mm/m) and residual after thawing (1.8 mm/m) are small compared to the
540  strain curves of other specimens whose thermal cycles reach lower temperatures. This difference in strains
541  according to the thermal loading cycle imposed in the code could be explained by the Gibbs-Thomson

542 equation which links the freezing temperature to the threshold gel pore radius. As the temperature decreases,
20
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the finer radius pore freezes, which causes higher pressures and thus greater damage. This, in turn, results in
maximum strains and significant residual strains. Based on this study, it is possible to say that the cycle that
causes significant deformation in the simulation results may cause pronounced surface deformation in the
experimental tests. Figures 15 (a and b) shows 3D surface profiles of 2 specimens, S1 and S5 respectively.
The depth of degradation can reach 2.5 mm and form a cavity in the surface. This is the case of specimen S1
presented in Figure 15-a, as shown in its 3D cartography where an aggregate is detached from the surface
under freeze and thaw cycles. The roughness of the surface is also highly affected after degradation. Figure 16
shows the pore structure in different sections of a concrete specimen of the same formulation presented in this
article after being subjected to 56 [+20/-20°C] freeze and thaw cycles. These images are obtained using X-ray
microtomography, which is a non-destructive 3D imaging technique that allows reconstructing in 3
dimensions the volume of a sample. An X-ray passes through the sample and is more or less absorbed
depending on the density of the material. A series of images is taken under different angles. The system used
is an XRadia Micro XCT-400 tomograph equipped with a Hamamatsu 150kV X-ray source and is located in
Ecole Centrale de Nantes. A resolution of 8.77 um is used. Images where then treated using ImageJ. From
these sections, the damage of the upper surface can be clearly seen. Moreover, some cracks can be visualized
far away from the exposed surface. These cracks are generated because of the movement of water inside the
paste inducing pressure development that will damage the material. After exposure to freeze-thaw, the
porosity of the concrete becomes connected due to the opening of some new pores and the increase in volume
of some others due to ice crystallization and induced water movements. The result is cracks and deformation
of the material because of the developed strains, which is very visible in the sections presented in Figure 16.

The interesting point of this numerical model lies in its representativeness of the complex phenomena
involved in the material subjected to freezing, but also in the possibility of quickly predicting the damage of

the exposed material.

Total strains(um/m)

Temperature (°C)

Figure 13. Total strain of concrete specimens subjected to the freeze-thaw cycles.
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Figure 14. Deformed concrete surfaces (S1-S5) after 56 [+20/-20°C] F/T cycles.

(a) (b)
Figure 15. 3D cartographies of concrete specimens (a) for Sland (b) S5 after 56 [+20/-20°C] F/T
cycles.
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Figure 16. X-ray microtomography of a concrete specimen after 56 [+20/-20°C] F/T cycles.

5. Discussion

Numerical results at the mortar and concrete scales show that inclusions only act as restraint or
reinforcement and do not influence the poro-chemical behaviour of the material. This was also seen in the
experimental measurements of strains in concrete [20], [52] where the specimen continue to shrink until the
nucleation point is reached. This model can be a useful tool for predicting strains of concrete under freeze and
thaw cycles. The effect of delayed ice formation due to supercooling in case of saturation with 3% NaCl salt
solution was observed. A slight difference in the strain amplitude at minimum temperature is observed as well
between concrete and mortars saturated with pure water and others saturated with a 3% NaCl salt solution.

This was also found in experimental measurements in previous works [27]. However, it is not possible to
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analyze the salt saturation effect at concrete scale. This is because the phenomenon takes place in the pore
solution, so at the cement paste scale. An in-depth study is presented in authors’ previous publication [18]. In
fact, at the nucleation point (-1.79 °C) the hydrostatic pressure increases quickly in the porosity of the cement
paste from zero to 17.8 MPa in presence of salt and 14 % of ice are approximately formed, while the osmotic
pressure effect increases very slightly from O to -0.16 MPa only (the negative sign represents a contracting
pressure). At the minimum temperature of -20 °C the hydrostatic pressure rises rapidly and conquers the
osmotic pressure; which explains the global and continuous expansion of the paste. The maximum pressure is
reached at -20°C.

Figure 17 shows the evolution of the maximum internal pressures (hydrostatic and osmotic pressures) during
each cycle of the freeze-thaw process in the presence of 3% NaCl de-icing salts, over 50 cycles. We can notice
that the hydrostatic pressure stands initially higher than the osmotic pressure. However, the osmotic pressure
undergoes a slight linear increase during freeze-thaw cycles. This increase could be explained by the decrease
in the molality of the ions present in the solution of the capillary pores, where the hydrostatic pressure
develops and causes pores expansion. Maximum hydrostatic pressure, on the other hand, stands constant for
few cycles, until the pores are large enough to contain more water, and then gradually decreases. The

magnitude of the hydrostatic pressure only gradually decreases and never reaches zero before 50 cycles.
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Figure 17. Evolution of the maximum internal pressures during each cycle of the freeze-thaw process in the presence of de-icing
salts over 50 cycles

A slight variation in the saturation state of the specimen can highly affect the strain amplitude, as shown in the
previous authors’ article [18].

On the other part, a lack of reproducibility and repeatability of frost tests on concrete are noticed due to
complexity of the material and many mechanisms that may be dependent on the experimental conditions. As
observed in this work, the imposed cycle is not applied exactly with the same amplitude and freezing and
thawing rates in all the positions inside the climatic chamber. The position of the specimen in the chamber
determines the thermal cycle that it is in fact undergoing, which can be largely different from the imposed
one, such as the normative cycle. This experimental condition can possibly explain the discrepancy that is

found in the different literature studies. Another important point to mention here is that the applied thermal
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cycles imposed according to the standardized methods are in fact questionable whether they are
representative of real exposure conditions or not. An in-depth study of the real temperature evolutions in
reputedly severe climates is presented authors’ previous publication [53]. This latter calls into question the

reliability of laboratory tests for the characterization of the resistance of concrete to freeze and thaw.

6. Conclusions

In this work, a numerical study of the effect of minimum temperature, saturation degree and de-icing salt
concentration on cement-based material under freeze and thaw cycles was done using a micro-mechanical
approach developed by [54]. This approach takes basic variables involved in freeze and thaw mechanisms:
temperature, internal developed pressure, saturation degree curve which is a governing parameter, pore size
distribution calculated according to water content of the microstructure used in the study. An upscaling
approach was also performed, where the deformations as well as all the mechanical and thermal properties of
the heterogeneous cement paste, then mortar, were homogenized for the upper scales.

An application of this tool in modeling the deformation of concrete specimens subjected to real freeze-thaw
cycles inside a climatic chamber showed very good correlation between the degradation level of the real
concrete test surface and the amplitudes of maximum and residual deformations. The most deteriorated
specimens showed a curve of deformation with the highest amplitude and the highest value of residual
deformations. The effect of the presence of aggregates was noticeable. The maximum amplitude was reduced
as well as the velocity of increment of the residual deformation since the aggregates restrict the strains and
stiffens the matrix. Many interesting issues were obtained by isolating each parameter involved in the freeze
and thaw action, which is not always possible to accomplish in the laboratory experiments because of the
complexity of the involved mechanisms. The effect of important parameters such as the initial saturation
degree was previously examined by the authors in a previous study, and its major influence on the global
freeze-thaw behaviour was noticeable. The authors confirmed the existence of a critical saturation degree
already found by Fagerlund, above which an important expansion of the material is observed that leads to
damage.

Therefore, we can see how this numerical model offers a reliable tool for predicting the deformation of
concrete exposed to freeze-thaw by taking into account the effects of pressures in the porosity developing at
the microscopic scale by involving the properties of all phases of the cement paste. The different laboratory
exposure parameters can be taken into account into the model and representative results can be obtained
without any need of calibration.

This model is developed with the objective to be used to drive and control frost tests in view of the
discrepancies that are found in the existing experimental methods for testing concrete resistance to freeze-
thaw. Significant differences in the thermal conditions applied to the specimens placed at different positions in
the chamber during a freeze-thaw test were noticed. The temperatures in the brines of the tested specimens are

not uniform. The modeling of the strains of the concrete REVs subjected to these different thermal loadings
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643 also shows a difference in the order of magnitude of the reached modeled strains. This model is used within
644  the framework of the proposition of a new protocol for predicting the degradation of concrete in the winter
645  period by replacing the existing standardized cycle of [+20/-20°C] and improving the existing testing method.
646  This further development will be the topic for a forthcoming paper. Finally, in a future work a statistical study
647  using this model will be done to assess the scaling risk in comparison with experiments.
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652 8. Appendix
653 Table 5. Mechanical and thermal properties of cement phases used in this study. This tables is taken from [43].
Young's modulus Poisson’s Tensile strength Fracture Thermal expansion coefficients Densit Thermal Specific heat capacity
Cement phases e s e ratio . b. energy a a a ,1‘y conductivity Cp1 c,, (107 Jkg 'K !
P @Pa) © (MPa) amey | a0k [aokny | @ %™ Wik | akeky |3 &3 (10° ke 1K)
- Alite CsS 137.4 0.299 430.7 65.8 6.2 0.8 0 32 3.4 710 0 0
E Belite C,S 135.5 0.297 396.0 56.3 15.3 0 -0.4 33 35 720 0 0
& Celite CA 145.2 0.278 534.6 94.3 8.5 0.3 -0.3 3 3.5 720 0 0
.34: Ferrite C,AF 150.8 0.318 470.3 72.5 8.2 0.1 -0. 3.7 35 720 0 0
6 Arcanite KS 44.2 0.269 29.7 1.0 10.8 6.6 0 2.7 1 754 0 0
Thenardite NS 57.1 0.281 62.9 33 10.8 6.6 0 2.7 1 741 815 -72.4
= Gypsum CSH, 44.5 0.33 29.6 1.0 51.3 -3.4 0.7 2.3 3 1081 0 0
é & | Bassanite |CSH,s 132.0 0.25 61.7 1.4 51.3 -34 0.7 2.7 4.3 823 0 0
o Anhydrite cS 88.8 0.233 93.6 4.6 51.3 -3.4 0.7 3 5.7 753 462 -131
Slags § 137.4 0.299 430.7 65.8 6.2 0.8 0 2-3 3.4 710 0 0
g Silica fume § 7.7 0.169 346.5 73.4 6 0.8 -0.1 2.2 1.4 754 218 318
=
,5 AS glass | C,SyA, 71.7 0.169 346.5 73.4 - 33 0.1 730 0 0
<
Inert § 71.0 0.296 69.3 33 7.1 3.4 -1.2 32 3.4 996 269 -216
Portlandite CH 435 0.294 73.8 6.1 20 1.1 0 22 1.3 1205 447 -140
C-S-H C,,SH, 23.8% 0.24%* 55.0 5.9 15 0 0 2.1 1 930 0 0
% |Hydro-garnet | C;AH, 93.8 0.32 324.7 55.6 6.5 0.3 -0.2 2.5 5.5 772 1483 0
-E Ettringite  |C;AS; H. 24.1 0.321 39.6 32 353 0 0 1.8 1 1545 629 0
": Monosulfate [C,ASH, 43.2 0.292 262.4 7.3 35.3 0 0 2 1 954 1876 0
‘= Iron
= hydroxide FH, 22.4 0.25 292.1 178.5 20 1.1 0 3.1 1 951 0 0
Calcite cC 97.0 0.296 69.3 2.4 2.4 1.1 -0.4 2.7 34 996 269 -216
Limestone c 183.9 0.21 111.2 3.1 10.1 0.3 0 3.4 2.6 750 0 0
fron-rich -\ ) 24.1 0.321 39.6 32 353 0 0 18 1 1545 629 0
ettringite
Pozzolanic / N
4 slag C-S-H § 23.8 0.24 55.0 59 15 0 0 2.1 1 930 0 0
-§ Friedel’s salt |C;A(Ca 22.4 0.25 76.2 12.2 15 0 0 1.9 1 930 0 0
Ev Stritlingite (C,ASHg 22.4 0.25 328.2 225.4 7.7 0.09 0 1.9 1 1274 0 0
2 Calcium
S mono- C,ACH, 79.0 0.25 262.3 40.9 - 2.1 1 1299 0 0
(}30 carbonate
Brucite MH 83.3 0.183 49.5 1.3 26.7 0 0 2.4 1 1752 259 -449
Magnesium |-, o 105 0.1 416 6.8 513 34 0.6 27 1 799 0 0
sulphate
. 0.0017 ~07
Porosity (wet)] H 1.9%:* 0.499%** 0A017; 0.0211%
g Porosity (dry)| @ 1.9%* 0.001%* 0.001 ~0
=W
Porosity (ice) - yI:tals 947 0.427 -

*  Elastic properties of C-S-H are homogenized, assuming that C-S-H at the microscale is a mixture of 70% LD C-S-H and 30% HD C-S-H

#* Calibrated using the experimentally-measured Young’s modulus and Poisson’s ratio of cement paste CP1-0.45 as a basis for numerical simulations of elastic behaviour.
1 Calibrated value for tension simulations using the experimentally-determined tensile strength as a basis for calibration.

1 Calibrated value for compression simulations using the experimentally-determined compressive strength as a basis for calibration.

i Values given at 0°C and atmospheric pressure.
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