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ABSTRACT: 20 

 21 
Due to the complexity of the problem, experimental studies on the frost action in concrete cannot be validated 22 

directly, since the major challenge of such a complex phenomenon is to be able to isolate the influence of each parameter 23 

involved in freezing and thawing processes. Therefore, the development of numerical tools offers an opportunity to 24 

represent the complexity of the material under study and to investigate as closely as possible the local phenomena at 25 

small scales. In this work, we adopt a micromechanical approach aiming to integrate the effect of each parameter 26 

defining laboratory exposure conditions of concrete. A multiscale approach originating from the hydration products and 27 

goes up to concrete was presented and results are compared with the experimental measurements. The results show that 28 

this numerical approach offers a satisfactory tool to predict concrete strains when exposed to freeze and thaw damage, 29 

without any calibration, by taking into account the effects of the developed pressures in pores at the microscale. An 30 

application of the model is presented to predict the strains of concrete specimens exposed to freeze and thaw cycles 31 

placed at different positions inside a climatic chamber. The temperature was recorded at different specimens’ positions 32 

inside the climatic chamber and these temperatures were applied as thermal loadings in the model. A clear correlation 33 

between the experimental degraded surfaces and the strain amplitudes recorded for each specimen is found. The study 34 

also found an inconsistency in the recorded temperature evolutions and deformation levels among the concrete specimens 35 

placed at different positions inside the climatic chamber, which calls into question the reliability of the existing 36 

normative methods in order to characterize concrete resistance to freeze and thaw. 37 

 38 
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1. Introduction 42 

 43 

Concrete infrastructures, notably highways, bridges and dams, located in cold climates suffer from the effect 44 

of frost action during winter, where under extreme cold environments salts are also regularly used to de-ice 45 

surfaces and roads. Under these conditions, a superficial scaling of concrete can result from the freezing of the 46 

saline solution on the surface and an internal cracking caused by cyclic freezing/thawing cycles resulting in a 47 

reduction of strength may occurs. However, these two types of degradation may not occur at the same time. 48 

According to [1], scaling damage is observed without a significant loss of strength. It is dependent on the 49 

existence of a frozen saline solution on the surface. This can be seen in experimental measurements when no 50 

scaling is identified if the saline solution is evaporated from the surface during freeze-thaw tests. The main 51 

parameters influencing the deterioration of concrete under freeze and thaw laboratory cycles are the minimum 52 

temperature, the salt and moisture content, the freezing rate, and the time duration at minimum temperature 53 

[2]. Under the action of freeze and thaw cycles, water phase transformations and thermal dilation of solid 54 

phases within the heterogeneous and porous cement paste contribute to the gradual degradation of concrete, as 55 

these physical processes induce pressure build-up in the pore network. 56 

There are numerous theories as well as models that can describe the effect of freeze-thaw cycles on damage in 57 

cementitious materials. None of them fully explain the problem, because of the coupling of different thermo-58 

hydro-chemo-mechanical phenomena. But each one covers at least one area of this vast problem, so that by 59 

their complementarity, certain phenomena can be interpreted. Indeed, due to the complexity of the problem, 60 

experimental studies on frost action in concrete cannot be validated directly since the major challenge of such 61 

a complex phenomenon is to be able to isolate and understand the influence of each parameter. 62 

The phase change of water into ice is accompanied with a volume expansion of 9%. Due to this 63 

transformation, water is expelled from frozen  to unfrozen pores; a hydraulic pressure is therefore developed 64 

[3]. Furthermore, when ice forms, it releases the ions dissolved in the interstitial solution, originating from the 65 

de-icing salts. Therefore a gradient of concentration is formed that causes the development of osmotic 66 

pressure [4]. The third type of pressures developed is the crystallization pressure. This is the result of the 67 

repulsive forces between the formed ice crystal and the pore walls, these pressures causes tension that can 68 

reach 10 MPa [5].  69 

Under cold exposure, as a consequence of the cited mechanisms and others, the exposed concrete may 70 

undergo two types of degradation: internal damage and surface scaling. Internal damage displays as an 71 

important micro-cracking that degrades the coupling of the cement paste with the aggregates. Pigeon and 72 

Regourd [6] showed that since the calcium hydroxide and the sulfoaluminates are dissolved under low 73 

temperature, their recrystallization in the form of fibrous secondary hydrates in the air voids weakens the 74 

concrete by increasing its capillary porosity. It results a loss in the tensile strength and in the Young’s 75 

modulus as well as an increase in the permeability of the material to aggressive agents such as chloride ions. 76 

[6]–[8]. 77 
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As its name suggests, surface scaling is a mode of degradation that only affects concrete surfaces exposed 78 

to an external environment with freeze-thaw cycles and de-icing salts. Scaling is manifested by the 79 

progressive detachment of small fragments or flakes of paste or mortar whose thickness does not exceed few 80 

millimeters.  Consequently, not only an aesthetic problem is caused to concrete under scaling effect, but also a 81 

loss of concrete cover as well as an increase of permeability and porosity of the surface which can have great 82 

influence on the durability of the structure when exposed to aggressive agents. This type of degradation might 83 

be related to the local variability in the superficial concrete properties such as the air void system and its 84 

connectivity,  surface finishing, and mostly depending on the exposure conditions as well such as factors 85 

related to the de-icing salts concentration, water saturation level, etc. [1], [9]. Even if scaling is measured by 86 

the mass of separated cement paste particles, after damage, it is difficult to define its origin. Due to the 87 

multiple causes of degradation, the development of numerical tools offers an opportunity to represent the 88 

complexity of the material under study and to investigate as closely as possible the local phenomena at small 89 

scales. In this study, a damage model is proposed to first of all link the thermo-chemical effects to damage. At 90 

this step it is too early to simulate the scaling which needs more statistical studies on the relationships between 91 

the local physical phenomena and the local separation of material.  92 

Quantitative modeling of freeze-thaw mechanisms is relatively recent due to the latest theoretical 93 

developments and the development of sophisticated numerical tools. Based on the work elaborated by Coussy 94 

[10]–[12], poromechanical models are by far the most widely used. However, the classical poromechanical 95 

approach considers a homogeneous medium equivalent to the material studied and does not allow studying the 96 

effect of heterogeneities. Moreover, it seems interesting to make an explicit representation of the porous 97 

network by using virtual microstructures of the hydrated cement paste to model explicitly the freeze-thaw 98 

mechanisms in the porosity. Liu et al  [13] have used HYMOSTRUC3D to simulate internal damage in a 99 

virtual hydrated cement paste. Internal cracks could be visualized as well as the ice propagation process in the 100 

porous network. However, an overestimation of the deformation and the ice saturation was observed. Several 101 

models are available for modeling the degradation of cement-based materials exposed to freeze-thaw, at meso 102 

or macroscopic scales. Each model is based on a different method, such as the discrete element method used 103 

in the work carried out by Si et al. [14] to simulate internal cracking, and the fractal method used by Jin et al. 104 

[15], for a quantitative analysis of the concrete pore size distribution.  A damage model based on the variation 105 

of the pore structure on the microscale of concrete is then used to determine the freeze-thaw resistance of 106 

concrete. Another constitutive model formulated within the framework of continuum damage mechanics is 107 

presented in [16]. However these damage models do not take into account the different mechanical behaviour 108 

between the various hydrates and cement paste phases. Moreover, the different pressures induced by freeze 109 

action must be taken explicitly into account in a model that allows studying their effect locally at cement paste 110 

scale. On the other hand, an in-depth study of the parameters involved in the modelling of these mechanisms 111 

is absent in the literature and, to our knowledge, no study has exploited this type of modelling to study the 112 

effect of the saturation degree, the minimum temperature, the water-to-cement (w/c) ratio and the effect of 113 

supercooling on the deformation of the paste. These parameters define the concrete exposure to freeze-thaw 114 
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conditions. Therefore, this study proposes a multi-scale model in which the mechanisms attributed to freeze-115 

thaw are explicitly modeled and applied on a virtual microstructure through a micromechanical approach 116 

developed in [17]. A specific attention has been given to the cross-effects between the salt presence and the 117 

water saturation degree on the frost degradation of cementitious materials. The first part of this study on the 118 

effect of each frost parameter only at the cement paste scale has already been done by the authors and details 119 

are given in a previous article by the same authors [18]. This paper, however, presents the development of a 120 

comprehensive model to consider all types of pressures observed during freezing, the thermal dilation of all 121 

phases, in particular that of water, and a mechanical damage model. The up-scaling was performed 122 

considering three scales: the cement paste scale, called the microscopic scale; the mortar scale, called the 123 

mesoscopic scale; the concrete scale, called the macroscopic scale. At the macroscopic scale, concrete is 124 

assumed to be constituted of two homogenous components: a solid matrix (mortar) surrounding the inclusions 125 

(aggregates).  The same assumption is considered at the mesoscopic scale with a solid matrix (representing 126 

homogeneous cement paste) surrounding inclusions that are sand grains. At these two scales, thermo-127 

mechanical behaviour laws are relevant to calculate strain and damage of the material under frost action [19]. 128 

However, since the input data at these two scales is related to the chemical changes and pressure effects which 129 

occur at the cement paste scale, an explicit representation of pores was necessary at the microscopic scale to 130 

distinguish all types of pressures, the mechanical behaviour of the different phases as well as their chemical 131 

reactions. In this study, an upgrade of the micromechanical approach was done aiming to model the strain at 132 

concrete and mortar scales under freeze-thaw cycles. 133 

In the following, some remarks on different measurement setups and discrepancies in the previous studies are 134 

first provided, which motivates the present numerical study. Then the main mechanisms related to freezing as 135 

well as the micro-mechanical approach are recalled from the previous paper [18] to model the thermo-poro-136 

mechanical behavior of cement paste under freeze-thaw cycles. The multi-scale approach is then given in 137 

details to simulate the behaviour of concrete based on simulations at the cement paste scale. The numerical 138 

results are compared to experimental measurements. These results show that numerical strain curves are in 139 

good agreement with strain obtained from experimental measurements. Also, an application of the developed 140 

model is presented to predict the strain amplitudes that concrete specimens will develop under freeze-thaw 141 

cycles placed at different positions inside a climate chamber. Here, a good correlation was also found between 142 

the levels of surface degradation detected in the test for the different specimens and the strain amplitudes 143 

given by the simulation results. 144 

 145 

2. Some remarks on previous studies 146 

 147 

In order to test the validity of the model, comparisons have been made with experiments on freeze-thaw of 148 

concrete and mortar found in literature. The expansion was measured using strain gauges in some researches  149 

[20], [21], [22], by means of length change measurement tools such as LVDT [23], [24] or using differential 150 

mechanical analyzers (DMA) as in [25]. Peak strains at -20°C of different literature studies are reported in 151 
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Table 1. An important discrepancy is noticed between the different peak strain values that may be first related 152 

to experimental arrangements that are different. Using strain gauges to measure displacement is one of the 153 

most commonly used methods. However, the results may not be representative of the overall expansion of the 154 

material and might not be very precise. This is because the gauge gives local strain measurements, and 155 

therefore cannot represent global concrete strain since the deformation of this latter happens in all directions 156 

under freeze and thaw cycles. Moreover, the gauge could be placed parallel to an aggregate which can 157 

significantly alter the results. Using LVDT might be a better choice for length change measurements.  158 

 159 

Table 1. Peak strains from different works in the literature. 160 

Reference Material Size (mm) Peak strain (μm/m) 

Johannesson [24] 
Concrete  

Dmax = 8mm 
20×20×160 650 

Sun and Scherer [25] Mortar 5×5×15 900 

Kaufmann [27] 
Concrete  

Dmax = 32 mm 
200×200×50 450 

Gong et al. [22] Mortar 40×40×2 
750 

1000  

 161 

Other reasons behind the discrepancy of the experimental strain measurements might be related to material 162 

properties and differences in composition (cf. [26], [22], [21]). In [22] for example, the maximum strain 163 

amplitude reached after one freeze-thaw cycle was about 1000 μm/m for a W/C =0.5 mortar with 1090 kg/m3 164 

fine aggregates, and about 750 μm/m for a W/C =0.5 mortar with 754 kg/m3 fine aggregates. As for 165 

experiments run on concrete specimens, the peak strain at -20°C is equal to 450 μm/m in [27]  for a concrete 166 

with maximum aggregate diameter Dmax= 32 mm and 750 μm/m in [24] measured on concrete prisms with 167 

Dmax=8 mm. More values are reported in [22].  168 

Other reasons behind these large scattered experimental values might be related to test conditions: e.g. age of 169 

specimen during the test, storing and curing conditions as well as the risk of carbonation that concrete may 170 

undergo during the preconditioning phase which can greatly affect the results by modifying the composition 171 

of the exposed testing face. Furthermore, experimental devices and procedures used for measuring strain can 172 

greatly affect the results. The measured strains depend strongly on the experimental conditions and the 173 

physical problem that was considered by each researcher. In Kaufmann’s experiments for example [100], [27], 174 

the displacement of concrete specimens was measured between the centers of two steel plates fixed to the 175 

specimen by means of two inductive transducers. In the experiment one steel plate was kept fixed to the invar 176 

frame, and the corresponding displacement transducer was used for control purpose only. The opposite 177 

concrete side was allowed to move freely so that the expansion of the whole plate was actually measured by 178 

one displacement transducer only [27]. However in [22], strain gauges were glued on different sides of the 179 

specimen. [21] showed that there is strain gradient along the height of the specimen due to the differences in 180 
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moisture at different heights; strain measured in the middle part of the prism was quite higher than the upper 181 

part. Therefore, the strain gauge measurement is a local measurement that depends on the differences in 182 

moisture along the height of the specimen and therefore, cannot be considered as a relevant parameter to 183 

evaluate the overall deformation of the specimen. 184 

 185 

3. Problem formulation  186 

 187 

3.1. Coupled nonlinear thermo-poro-mechanical model at the cement paste scale 188 

 189 

At the cement paste scale, we consider a representative elementary volume ���� consisting of the volumes of 190 

the pore network �� and the one of the solid cementitious matrix���. ���	is the binding of ��
� (the volume 191 

of the calcium silicate hydrates (C-S-H) phase) and �
� which is the volume of the other separated constituents 192 

of the cement matrix. The solution of the below described thermo-mechanical problem (eqs.(1)-(7)) gives the 193 

local displacement field ��� : 194 

 195 ��. ��Ⅰ��� � 0															�� ∈ ���� (1) 

�Ⅰ̿��� � 12 ��� Ⅰ���!"�� Ⅰ���#															�� ∈ ���� (2) 

��Ⅰ��� � $%Ⅰ&�,� �̿���( ∶ *�Ⅰ̿��� + ,�
���, -�Δ-/															�� ∈ �
�					 (3) 

��Ⅰ��� � $%Ⅰ&�,� �̿���( ∶ ��Ⅰ̿��� + ,��
���, -�Δ- + 0123-, 4��5#̿														�� ∈ ��
�	 (4) 

��Ⅰ��� � $6Ⅰ&�,� �̿���( ∶ 7�Ⅰ̿��� + ,����, -�Δ- + �84 + 1�09:; !81 + 4�0<=>#5?̿														�� ∈ ��					 (5) 

@Ⅰ��, -�A>Ⅰ��, -� B-BC ��, C� ! DEⅠ��, -� � F��, C�																�� ∈ ���� (6) 

EⅠ��, -� � +GⅠ��, -�. H-��, C�										�� ∈ ���� (7) 

-�y�� � 		 -�JKL															�� ∈ B�					 (8) 

 �Ⅰy�� � U�JKL,Ⅰ																	�� ∈ ΓO					 (9) 

‖ �Ⅰy��‖ � 0�																	�� ∈ Γ�					 (10) 

‖��Ⅰ���‖ � 0�																			�� ∈ Γ�					 (11) 

 196 

where ,�
�, ,��
� and ,�� are the thermal expansion coefficient (TEC) of the cement solid phases i (without C-197 

S-H), C-S-H, and the porosity, respectively. Γ� represents the interface between two different components and 198 

the brackets ‖. ‖ the continuity condition of the field. The index “Ⅰ” used in the above equations refers to the 199 

cement paste scale.  The capillary pressure is activated when the pore is not totally saturated with water (S<1) 200 
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and in case S=1 the hydrostatic pressure is activated. This is done by introducing the Heaviside function 8. 201 

The boundary conditions (8) and (9) describe respectively the imposed temperature and the restrained 202 

displacement in the middle of the volume. Damaged and undamaged elastic stiffness tensors $; and $6  are 203 

linked by the scalar damage value D (considering isotropic materials) as follows: 204 $% � R + DR�$6 (12) 

The loading surface	f is given by following where only the tensile eigenvalues of the strain tensor are 205 

considered:  206 

fn�� � ϵVW + κ6 �	Y〈ϵ[[〉]̂ ! 〈ϵ^^〉]̂ ! 〈ϵ__〉]̂ + κ6 (13) 

Where κ6 represents the strain damage threshold, ϵVW the equivalent strain and 〈∙〉] the Macaulay brackets. 207 

The following exponential form gives the damage law evolution due to tensile microcracking in an isotropic 208 

model: 209 

af � 0	and	ϵdVW > 0 → Dd � κ61 ! BhϵVW�ϵVW^ exp�+Bh&ϵVW + κ6(#f < 0	or	ϵdVW � 0 → Dd � 0																																																																					 (14) 

with Bh the strain softening slope parameter. Using the below equations, κ6 and Bh	can be determined from 210 

mechanical properties of cement paste that can be measured: 211 

κ6 � foE																											Bh � foGrh + foκ62  
(15) 

where E, fo and Gr represent respectively the Young’s modulus, tensile strength and fracture energy of the 212 

cement paste’s phase. By introducing the characteristic size h, the energy dissipation in the finite element 213 

during damage becomes independent of the mesh, this can be seen in the equation of Bh.  214 

Eq. (6) describes the thermal problem formulation, where transient heat conduction is considered, for any 215 

point �� inside the volume of the material, at any scale. Note that A> is the specific heat capacity, C the time, E 216 

the heat flux given by eq. (7), Fthe heat source and G the heat conductivity coefficient. We consider a 217 

stationary fluid inside the porosity of the cement paste. The heat transport mechanisms in porous materials 218 

such as concrete are complex. Thermal radiation between particles can be involved, as well as convective 219 

exchange inside the porosity. However, simulations performed in the representative elementary volume 220 

consider it in the middle of the structure far away from the boundary where radiative effect can occurs. Also, 221 

internal convective transfer is supposed negligible due to the low size of pores.   222 

The heat flow problem is coupled with the mechanical problem to have explicit interactions between 223 

phenomena. At the upper scales, the heat flow is considered to calculate the thermo-mechanical coupling. And 224 

the pressure effects are implicitly taken into account via numerical homogenization.  225 
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 226 

3.2. Calculation of the pore pressures at the cement paste scale 227 

 228 

Under normal conditions of temperature and pressure (atmospheric pressure 06 � 1tCu, fusion temperature 229 -6 � 273.15y at 06), the thermodynamic equilibrium of the porosity is established when equation (16) is 230 

satisfied.  231 

z{-, 0{ , t{� � z�-, 0�� � z�-, 0��        

(16) 

The liquid, ice crystal and vapor phases are designated by the subscripts L, C and V respectively. We can 232 

write the chemical potential of water vapor in function of the relative humidity |} as following:  233 z�-� � |-~�|}� (17) 

where |} takes the following pore size-dependent form [28]:  234 

|}�, -� � exp �+2�A���� + � �{|-� (18) 

where � represents the pore radius, � the liquid water angle (the contact angle of the water surface with the 235 

pore walls, assumed to be zero), γ the interface energy between vapor and liquid and � the thickness of the 236 

film of adsorbed water, also called the liquid-like layer (LLL), near the pore boundary, given by [28], [29]: 237 

�-� � t ! �|}-� ! A1.105 + |}-� (19) 

with t � 0.0626�u, � � 0.834�u and A � 0.02309�u.  238 

Under -25°C, the freezing process is significantly affected by the LLL[30].In fact, in addition to the water 239 

content, the amount of the frozen water in a cement paste is determined by the structure of the pore network 240 

(size and shape distributions). Moreover, an interface with a curvature �{�maintains the equilibrium between 241 

the frozen and unfrozen sites. The curvature of this interface depends on the capillary pressure expressed as a 242 

pressure gradient 0<=> � 0� + 0{. We can write this gradient in two forms:  243 0� + 0{ � ��&-� + -( (20) 

0� + 0{ � �{� ��{���{ � �{���  
(21) 

The first one is linked to the change in temperature, with �� � 1.2	��t/y	representing the molar fusion 244 

entropy per unit volume of crystal [31]	and -� the fusion temperature. 245 

The second one is the Laplace-Young equation and corresponds to the local equilibrium at the interface [31], 246 

[32], where �{� is the liquid-crystal interface area, �{� � 40.9 × 10�_�/u^ the liquid-crystal interface 247 

energy [33] and �� the hydraulic radius of the interface.  248 

These two relations lead to the equality: 249 

�� � �{���&-� + -( (22) 
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�� can be also linked to �� (known as the ice front) via a shape factor G (in case of an hemispherical ice front 250 G � 0.5, and it is equal to 1 for a spherical one [34]) as follows: 251 �� � G�� � G� + �� (23) 

Assuming hemispherical pore shapes, equations (22) and (23) give the Gibbs-Thomson equation linking the 252 

threshold radius of frozen sites � � ��	to the frozen temperature	-�: 253 

��-� � + 2�{���&- + -�( ! �-� (24) 

The partial volume	��&��( of frozen sites with pore radius greater than �� and smaller than the maximum 254 

capillary pore radius �3=� (also called crystal saturation) can be determined from the pore size distribution: 255 

��&��( � � ������ ¡¢
�£  (25) 

where ��� represents the pore sizes distribution in cement paste. 256 

The normalized cumulative porosity volume with pore radii bigger than �6 has been calculated using the 257 

Brunauer-Skalny-Bodor (BSB) adsorption model [28], [29]: 258 

��� ¤ �6� � 1 + ¥�¦1 + ¥ ∙ exp �+2�A����6 + � �{|-�§ ×
*1 ! ¨ + 1�¥/ exp �+2�A����6 + � �{|-�¦1 + ¨ + 1�¥ ∙ exp �+2�A����6 + � �{|-�§ (26) 

where ¨ and ¥ are the parameters of the BSB model. These parameters depend on the w/c ratio, the cement 259 

type, the temperature and the hydration age of the cement paste [35]. According to that, the pore size 260 

distribution function ��6� can be deduced as:  261 

��6� � ���� ¤ �6���  (27) 

Consequently, the degree of liquid water saturation	4{ can be calculated as follows: 262 

4{-� � �{�� ! �{ � 1 + 4�-� � 1 + ©�� ª�� � + 2�{���&- + -�( ! �«¬ (28) 

where �{ represents the amount of unfrozen water and �� the amount of crystal and 4�	the ice crystal 263 

saturation.   264 

The liquid water saturation 4{ as well as the ice crystal saturation 4� control the pressure applied on the 265 

pore walls. When the volume of the porosity is fulfilled, especially after the 9% increase in ice crystal volume 266 

during the water phase change, the excess water exert a hydrostatic pressure on the capillary walls, this causes 267 

the cement paste to expand. On the other hand, when a space is still available in the pore, a contracting 268 

pressure is developed that contributes to the overall shrinkage of the cement paste.  The model takes into 269 

account the case of an air entrained concrete. The entrained air voids are connected to capillary pores, 270 

therefore, hydrostatic pressure cannot be imposed in these latters since are able to contain more water in their 271 
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volumes. This reduces the total expansion of the cement paste. An algorithm of the numerical calculations of 272 

the pressures is presented in  authors’ other publication [18]. 273 

 274 

The other internal pressure is the osmotic pressure that is developed in the presence of ion concentration 275 

differences. When water freezes, it rejects the ions it originally contained, thus locally increasing the 276 

concentration of unfrozen water [9]. However, the free energy of the solvent in solution is lower than that of 277 

pure solvent. Thus, the solvent passes from the medium where its free energy is high to the medium where its 278 

free energy is low and thus to the solvent in solution. The unfrozen water in the pores of the gel is therefore 279 

more energetic than the water frozen in the capillary pores. The concentration gradient creates a diffusive 280 

transport of the water molecules. To this mechanism is added the existence of a chemical potential gradient 281 

between, on the one hand, the water in equilibrium with the ice in the large pores affected by the frost front 282 

and, on the other hand, the water in the small pores (gel pores). Thermodynamic equilibrium is only restored 283 

by the migration of water from the gel pores to the gel formation site through semipermeable canals of 284 

nanopores of C-S-H. In this case, the chemical potentials are written at the interface between the capillary 285 

pores and the C-S-H nanoporosity as follows: 286 

z{<=>&-, 0{ , t{<=>( � z{6-, 0{� ! |-~�&t{<=>(																														z{�
�-, 0{ ! 0123, t{� � z{6-, 0{� ! �{0123 ! |-~�&t{�
�( (29) 

where | is the gas constant, 0 the pressure, t{ the water activity and 0123 the osmotic pressure. 287 

Under the assumption of a thermodynamic equilibrium, chemical potential are equals, therefore the osmotic 288 

pressure can be written as following:  289 

0123 � |-�{ ln ªt{<=>t{�
�« (30) 

In C-S-H gel and capillary pores, the activity of a solvent (here liquid water) in the presence of an electrolyte 290 

is given according to an osmotic coefficient Φ:  291 lnt{� � Φ�°�{ (31) 

where �{ � 18.015±/u�~ is the molar mass of water and �° the total molality of ions: 292 

bh �³��J �³ ��u{J  (32) 

where �� is the amount of substance of the ion ´	and u{ the mass of the solvent. In the case of a 1:1 type 293 

electrolyte such as NaCl, we can determine the molality from the mass fraction µ2=¶" of the salt: 294 

bJ � �2=¶" µ2=¶"1 + µ2=¶" (33) 

The osmotic coefficient is given by the semi-empirical model of Lin and Lee [36]:  295 

Φ � 1 + A¸ ¹³µ�º�̂� » √51 ! ½�√5 ! ,5¾, ! 1�5 ¹³ �̈µ�º�̂� »	 (34) 
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where µ� and º� are the molar fraction and the absolute charge of the ion ´ (for NaCl, µ�=¿ � µ�¶À � 0.5 and 296 º�=¿ � º�¶À � !1). The parameters ,, ½� and �̈ depend on the nature of the electrolyte, [36] gives the values 297 

of these parameters for several types of electrolytes. A¸ is the Debye-Hückel constant (full expression is 298 

given in [36]) and 5 is the ionic strength given as follow for a non-ideal solution as: 299 

I � 12³��º�̂J  (35) 

3.3. Coupled non-linear thermo-mechanical model at the mortar and concrete scales 300 

 301 

Moving to the mortar and concrete scales, the cementitious material can be simulated using the thermo-302 

mechanical behavior law while considering homogenous non-porous components: 303 ��. σ�Ⅱy�� � 0															y� ∈ VÄVÅ (36) 

ϵ�Ⅱy�� � 12 ���uⅡy��!o��uⅡy��#															y� ∈ VÄVÅ 
(37) 

σ�Ⅱy�� � $%Ⅱ&y,� ϵ�y��( ∶ *ϵ�Ⅱy�� + α�Jy�, T�ΔT/															y� ∈ VJ					 (38) 

@Ⅱ��, -�A>Ⅱ��, -� B-BC ��, C� ! �EⅡ��, -� � F��, C�																�� ∈ ���� 
(39) 

EⅡ��, -� � +GⅡ��, -�. �-��, C�										�� ∈ ���� (40) -�y�� � 		-�JKL										y� ∈ ∂V					 (41) 

*σ�Ⅱy��. n�/. n� � 0															y� ∈ ∂V					 (42)  �Ⅱy�� � U�JKL,Ⅱ															y� ∈ ΓÊ					 (43) 

                                                                                                 ‖ �ⅠËy��‖ � 0�																	�� ∈ Γ� (44) 

   ‖��ⅠË���‖ � 0�																			�� ∈ Γ�					 (45) 

The index Ⅱ used in the above equations refers to mortar and concrete scales. The thermal problem is given in 304 

equations (39)-(40). Equation (38) considers damage as formulated in the section 3.1. VÄVÅ	= VÌ ∪ VK, where 305 VÌ	is the aggregates volume and VK is the volume of the matrix (homogeneous paste/mortar). When talking 306 

about aggregates (sand or gravel) VJ=VÌ otherwise VJ=VK. The thermal dilation tensors of sand grains and 307 

aggregates, in mortar and concrete respectively, are found in the literature. That of the matrix is obtained from 308 

the calculation at the lower scale. The thermal dilation of the mortar’s matrix is deduced from the calculation 309 

at the cement paste scale, and that of the concrete’s matrix is then obtained from the calculation at the mortar 310 

scale.  Because different values of strain are obtained at one temperature reached at each cycles (due to the 311 

freeze/thaw hysteresis), a function for the thermal dilation has been suggested, deduced from the total strain 312 

equation: 313 

,′� � �	,6���	-6 !	��̿-��  (46) 
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where ,6��� represents the initial thermal dilation at the initial temperature -6	, ��̿ tensor is the total strain 314 

calculated at the temperature -��.  315 

The elastic properties of the matrix are obtained from the calculation at the lower scale as follows: the 316 

homogenized Young modulus and the Poisson’s ratio are calculated from the slope of the linear part of the 317 

curve (�-�) obtained by simulating the mechanical response of the heterogeneous matrix under compressive 318 

(or tensile) loading at the lower scale.  319 

The thermal problem formulation is the same as described at micro-scale, as seen in equations (39) and 320 

(40). However, the thermal properties of the matrix (@Ⅱ, ALⅡ and GⅡ� are calculated by homogenization 321 

methods as follows: 322 

- At mortar scale, the homogenized density of the cement paste is calculated by ρÐÑK�= ∑ ρJ. fJÓÔ[  where 323 ρJ [kg/m_/	is the density of the cement paste’s phase i (i=1... 56, where 56 is the total number of 324 

phases in the microstructure generated by VCCTL (cf. section 4.1): hydrates and unhydrated cement 325 

phases) and fJ the volume fraction of each phase. The same equation is used to calculate the 326 

homogenized properties of the mortar matrix considered at the concrete scale, considering only two 327 

components: cement paste and sand grains.  328 

- The homogenized heat capacity is obtained from the following equation: 329 

¨ÖÐÑK�= 
∑ ×Ø.ÙØ.rØÚÛÜ×ÝÞß� + 

∑ ×Ø.àØ.rØÚÛÜ×ÝÞß� . T	+ 
∑ ×Ø.áØ.rØÚÛÜ×ÝÞß� . [hâ (47) 

- The thermal conductivity is determined by inverse analysis as follows. First, a transient heat transfer 330 

simulation is conducted on the heterogeneous REV by imposing different temperatures on two 331 

opposite boundaries so as to simulate unidirectional flow. Second, the heat flow curve is obtained and 332 

is used as input for the inverse analysis. Third, a simulation with the same conditions is performed on a 333 

homogenous REV with the same size as the heterogeneous volume, giving an initial value for the 334 

thermal conductivity. This last value is optimized using the Levenberg-Marquardt method in order to 335 

reproduce the same heat curve obtained for the heterogeneous volume.  336 

 337 

3.4. Thermal properties of the cementitious materials at different scales 338 

 339 

The assigned values of the thermal properties (density, thermal conductivity and specific heat capacity) of 340 

the cement paste phases are taken from the literature. All the properties are considered as temperature 341 

dependent only; the dependency to relative humidity is neglected since, to our knowledge, a thorough study of 342 

the influence of relative humidity of most of the cement phases on the thermal properties is currently 343 

unavailable. As for the cement phases’ thermal conductivity, scalar values are assigned by considering all of 344 

them homogeneous and isotropic. Table 5 summarizes the assigned values of the thermal properties of the 345 

solid phases. For some phases, incomplete data are filled with those of the closet know mineral phase.  346 

As for the porosity phases (water and ice), there is a strong dependency of their thermal properties on 347 

temperature and this is partly the factor controlling freeze-thaw behaviour of cement paste saturated with 348 
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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 349 

from 1 kg/m3 to just 0.916 kg/m3, or about a 9% decrease. The thermal dilation coefficient of liquid water 350 

presents an ‘anomaly’, as it changes sign at 4°C (Figure 1-d). On the other hand, both liquid and solid water 351 

phases show contrasting trends regarding their thermal conductivity and capacity (Figure 1-b, c). The thermal 352 

conductivity of water is low, it varies between 0.2 and 0.6 W.m-1.K-1[37]. As for ice, it is almost four times the 353 

conductivity of water (~2.5W.m-1.K-1), and decreases slightly with temperature [38]. Regarding the thermal 354 

capacity, for water it is high and equal to 4200 J.kg-1.K-1 and increases sharply at the temperature of 355 

homogeneous nucleation in the case of supercooled water [39]. While the ice has a thermal capacity of around 356 

2000 J.kg-1.K-1 and increases linearly with temperature [40] (Figure 1-c). 357 

The homogenized thermal properties of the equivalent fluid (the homogenized density @913, and specific 358 

thermal capacity A>,913�	are given as following according to the volume fraction of solid ice crystal and liquid 359 

water: 360 @913-� � 4{-�@{-� ! 4�-�@�-� (48) @913-�A>,913-� � 4{-�@{-�A>,{-� ! 4�-�@�-�A>,�-� (49) 

As for the homogenized thermal conductivity G913, it is given using a spherical inclusion model [41], [42]: 361 

G913-� � G{-�ã1 ! 4�-�1 + 4�-�3 ! G{-�G�-� + G{-�ä (50) 

We neglect the conductivity of water in vapor state. 362 

 363 

At the upper scales, the thermal properties of the matrix are determined using homogenization from the lower 364 

scales, using the methodology described in section 3.3. The properties can therefore be completely predicted 365 

simply from the composition, as it is illustrated in the example studied in this work. Thermal properties are 366 

listed in Tables 2 and 3 for mortar and concrete scales respectively. 367 
 368 

 
(a) 

 
(b) 
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(c)  

(d) 
Figure 1. Temperature-dependence of the thermal properties of water and ice (solid curves are approximated from [37], [39]) 369 

(a,b,c) and Linear thermal expansion coefficient of liquid water and ice (d). 370 
 371 

3.5. Mechanical properties of cementitious materials at different scales  372 

We used the elastic moduli (å	and	æ), the tensile strength (F"), the fracture energy (ç�) and the linear thermal 373 

expansion coefficient (TEC designated by ,� as mechanical properties of the cement paste phases.  The linear 374 

TEC and thermal properties of the cement phases have been determined from the literature and are reported in 375 

Table 5 in appendix. Mainly nano-indentation and molecular dynamics tests were found in literature giving 376 

the elastic moduli. [43]. For the most cement paste phases, the values of the fracture properties, such as F" and 377 ç�, aremissing because of the difficulty to determine experimentally the exact values for individual phases. 378 

Table 5 contains the individual properties of the cement paste phases that are used in the model, this was 379 

found by reviewing the corresponding most recently published works found in [43].  380 

The mechanical properties at upper scales are determined by simulating simple tensile and compressive tests 381 

on representative volumes of the heterogeneous matrix. The global response is obtained and the homogenized 382 

properties are directly extracted from the results, without any inverse calibration. Mechanical properties are 383 

listed in Tables 2 and 3 for mortar and concrete scales respectively. 384 

 385 

4. Application of the model to predict the deformation of concrete specimen 386 

subjected to freeze-thaw cycles  387 

 388 

4.1. Digital representation of the cement paste microstructure 389 
 390 
In this study, we used the VCCTL [44] software based on the CEMHYD3D model because its explicit 391 

representation of cement hydrates as well as its pixel architecture can be easily integrated into the Cast3M 392 

software used for thermo-mechanical simulation. It is adapted to represent all the phases of cement and allows 393 

calculating some elastic properties of the cement paste. However, its limitation lies in the voxel size which is 394 

equal to 1 μm. Therefore, it does not allow including all pore size distributions. It is supposed that a 1µm3 395 

voxels of porosity represent a “homogenized” pore distribution. The pore size distribution is estimated using 396 

the model described in Section 3.2. This allows a precise estimation of the amount of ice in each voxel, since 397 
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the water and ice saturations in each voxel are representative of the water and ice saturations of all capillary 398 

pores around that voxel. Figure 2 shows the curves of the pore size distributions of two cement pastes with 399 

different w/c ratios (w/c = 0.4 and 0.5). We noticed that 40% of the pore volume is smaller than 2.5 µm. This 400 

is an approximate estimation of the existing limit between the strongly adsorbed-evaporable water in capillary 401 

pores and the non-evaporable water in the C-S-H gel pores [45] . While the water in the capillary pores is 402 

explicitly represented in the microstructure, the water in the C-S-H gel micropores is considered as a part of 403 

the homogenized C-S-H voxel. Therefore, in order to account only for the freezable water in the capillary 404 

porosity, the cumulated pore volume is adjusted as shown in Figure 2. In the temperature range [+5°C; 405 

+20°C], the material undergoes a linear thermal contraction since no phase change of water is occurring.  406 

Calculations were limited at 5°C for the highest positive temperature in calculations at cement paste, mortar 407 

and concrete scales. So, it was assumed an initial uniform temperature	TJè � 5°C. Dirichlet-type boundary 408 

conditions corresponding to the freeze-thaw cycles are applied on the outer boundary of the REV (Figure 3) 409 

with temperature cycles ranging from 5°C to +20°C (Figure 4). The theta-method, implemented in the 410 

TRANSNON  [46] procedure in the finite element software Cast3M, is used for the numerical resolution of 411 

the heat equations. At each step, displacements are smaller than the mesh size, so the effect of the depth in 412 

deformation can be considered negligible for this problem; therefore all simulations were performed in 2D. At 413 

cement sale, a squared REV of 200 µm is used. 414 

 415 
Figure 2. Pore size distribution curve ��� (dotted), normalized cumulated pore volume curve ���� (dashed line) and corrected 416 

curve ���� for the capillary porosity (solid line), for two different w/c ratios. 417 
 418 

 
 

Figure 3. Thermo-mechanical boundary conditions imposed on 

the cement paste volume (red color represents CSH phase, blue for 

porosity, white for other phases) 

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 419 

 420 

 For concrete and mortar scales, the mesh generation was conducted with the algorithm developed by 421 

Mounajed [47], [48] and used in [49]. It consists of generating a volume by introducing a random distribution 422 

of the various inclusions of different sizes in a solid matrix. The distribution algorithm generates random 423 

positions of the inclusion gravity centers in the interested area of the volume. At each step of the algorithm, 424 

an inclusion i is added. The unit volume of this inclusion of type i is calculated as follows: 425 ��ë<¶O2�1ë � ì|�̂  (51) 

 426 

where Ri is the inclusion radius. A test is conducted to check that no two inclusions overlap. The distance 427 

between the gravity center of an existing inclusion with a radius of R1 and that of a candidate inclusion with a 428 

radius of R2 should be higher than the distance dmin defined as: 429 

 430 �3�ë=|[ ! |^ (52) 
 431 

After the validation of the inclusions' positions, the elements were assigned with material characteristics. 432 

First, all the elements were defined as having the matrix properties. Then, the model assigned different 433 

material properties to the elements by checking the distance d between the gravity center of the element and 434 

that of the inclusion. If d í	Ri the inclusions properties are used; else it is the matrix properties that are 435 

applied. Note that the interfacial zone between the matrix and the aggregates was not considered in this study. 436 

An example of a mortar generated mesh is given in (Figure 5). It is often recommended to take a REV size 437 

that is 3 to 4 times larger than the diameter of the largest inclusion [50]. Therefore, at mortar scale for sand 438 

inclusions with a maximum diameter of 4 mm, a REV of 1.5 cm is used. At concrete scale, aggregates 4/16 439 

mm are used and the squared REV is size is equal to 5 cm. 440 

 

Figure 5. Example of a mortar microstructure 

      441 

4.3  Strain curves calculations at different scales under freeze and thaw cycles 442 

Figures 6 and 7 show the calculated total strain evolution as a function of time and temperature during 10 443 

freeze-thaw cycles for a W/C = 0.5 and fully saturated cement paste. The total macroscopic strain curves 444 
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represent the average strain along the longitudinal and transversal directions calculated over the total surface 445 

of the REV, which differ by less than 5%. The upscaling was done using eq. (46) that gives the mean value of 446 ,′�	from the calculated mean strain value and the mean temperature of the system at each time step t. The 447 

presence of salt increases the degradation of the material which can be expressed by increased strain 448 

amplitude; damage evolution is illustrated in Figure 8. The presence of salt also delays the ice formation due 449 

to supercooling induced by the salt presence. Nucleation starts at -1°C in absence of salts. This temperature 450 

drops to -2°C in the case with 3% NaCl.  451 

After these calculations, homogenized parameters of the cement pastes have been calculated to use for the 452 

mortar’s matrix. These properties, along with the aggregates' properties, are given in Tables 2 and 3. Figures 453 

9 and 10 show the strain evolutions calculated at mortar scales, respectively for 0% NaCl and 3% NaCl. 454 

Comparisons with strain curves between cement paste and mortar are also shown on these figures.   455 

  
Figure 6. Evolution of strain in cement paste after 10 freeze-

thaw cycles, with 0% NaCl  
Figure 7. Evolution of strain in cement paste after 10 freeze-

thaw cycles, with 3% NaCl  

 456 

  457 
Figure 8. Evolution of damage after 5 cycles in cement paste for different mass fractions of NaCl. 458 

 459 
 460 
 461 
 462 
 463 
 464 
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Table 2. Properties of the mortar’s components. 465 

Matrix properties (Homogenized cement paste) Siliceous sand inclusions properties 
(0/4 mm) 

E = 17.2  (GPa) E= 78  (GPa) î � 0.227 æ � 0.2 ïð= 4  (MPa) F"= 8  (MPa) ñ � òóòò		ôõ.ö�÷) @ � 2600		¥±.u�_) ø = 1.2 (W. ö�ò. ù�ò) G = 3.75 (W.  u�[. y�[) úû � òüýþ,�	 + �,�òþ	�	 + �ýý����	
��

  (J.ôõ�ò. ù�ò� ¨> � 740  (J.¥±�[. y�[� 
�û calculated from eq. (42) α>= 15x 10�Ô (/K) 

 466 

  

Figure 9 Mortar vs heterogeneous cement paste strains as a 

function of temperature in case of 0% salt concentration 
Figure 10  Mortar vs heterogeneous cement paste strains as a 

function of temperature in case of 3% salt concentration 

 467 

As observed, the presence of inclusions leads to a decrease in the maximal and residual strain amplitudes. 468 

In fact, the presence of aggregates in the cementitious material gives more rigidity to the resulting two-phase 469 

mix due to the rigidity of the aggregates. The result is a denser and stiffer material which can be expressed by 470 

lower strain amplitude compared to the cement paste scale. After one freeze-thaw cycle, the strain amplitude 471 

reached at -20°C is decreased from 4687μm/m at cement paste scale to 2616μm/m at mortar scale in case of 472 

0% NaCl. When the NaCl concentration was equal to 3% the strain amplitude at -20°C decreases from 473 

5391μm/m for the cement paste to 3033μm/m for the mortar. Moreover, the repetition of freeze-thaw cycles 474 

leads to cumulative residual deformations that persist but decrease rapidly, more than in the case of 475 

heterogeneous cement paste. In the same way, the expansion rate, after reaching the nucleation point, 476 

decreases due to the contribution of aggregates in the thermal contraction of the bi-phasic material when the 477 

temperature decreases. Therefore, the beginning of hydraulic expansion is delayed and begins at -1.95°C in 478 

mortar while it starts at around -1°C in the cement paste, in case of 0% NaCl. It is also the same situation for 479 

cement paste with 3% NaCl, where the nucleation starts at around -2°C due to the presence of salts in the 480 

interstitial solution that delays the ice formation. At the corresponding mortar scale, nucleation starts at -481 

2.9°C.   482 

 483 

 484 
 485 
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Table 3. Properties of the concrete’s components. 486 

Matrix properties (Homogenized mortar) Gravels inclusions' properties  
E = 30  (GPa) E = 85  (GPa) 
� � 0,2 ν � 0,2 
�		= 4  (MPa) fo	= 8  (MPa) 

 � ��ò�		�.��÷) ρ � 2800		kg. m�_) 	ø = 1.63 (W. ��ò. ��ò) 	G = 3.5 (W. m�[. K�[) 
�� � ���  (J.��ò. ��ò� CL � 1000 (J.kg�[. K�[� 
�� calculated from the eq. (42) αL= 10x 10�Ô (/K) 

 487 
 488 

4.4  Experimental testing 489 

 490 

Concrete mixture was prepared with Portland CEM II type cement, whose mineral composition is listed in 491 

Table 4, and with sand aggregates of 0/4 mm and gravels of 4/20 mm. The water-to-cement ratio was taken 492 

equal to 0.5.  493 

 494 

Table 4. Mineral composition of CEM II (CEM II/A-LL 42,5N CE NF). 495 
(Qualitative analysis by X-ray diffraction). 496 

V
ol

um
e 

fr
ac

ti
on

s Primary constituents 
Secondary 

constituents 

Clinker phase Gypsum Calcite Slag ¨_4 ¨^4 ¨_� ¨��� ¨4 ̅}^ ¨¨ ̅ - 

CEM II 
51.1
% 

12.5
% 

2.9% 9.6% 1.1% 13.8% 0% 

 497 
 498 

After mixing, concrete specimens were cast into cubic molds of size 15× 15×15cm3 for 24h. After 499 

demolding they were kept into lime saturated water during 7 days, and then specimens were stored until age of 500 

28 days in 65% RH and 20°C. At the age of 28 days, concrete specimens were configured according to the 501 

slab test of the CEN/TS 12390-9 [51] (which is a normative document recognized at the European level) and 502 

saturated by maintaining 3mm layer of demineralized water for 72 hours. The concrete specimens were tested 503 

during 56 freeze-thaw cycles with thermal amplitude equal to 40°C, ranging from +20 to -20°C, with each 504 

cycle lasting 24 hours according to the slab test. The thermal cycle imposed by the technical specification 505 

report is shown in Figure 11 with the corresponding spindle. The temperature was recorded on the top of the 506 

testing surfaces. The specimens are considered at complete saturation state since the saline solution is 507 

maintained on the surface of the specimen throughout the test.  508 

Specimens were placed on different shelves in the climatic chamber Binder MKF-240 at GeM laboratory 509 

of Centrale Nantes. A good simulation of complex phenomena needs precise data of the boundary conditions. 510 

In most cases, the comparison between experimental measurements and simulations considers applied loading 511 

conditions, but not the real loading values which can be different due to several variables. Indeed, in the case 512 

of freeze-thaw tests the applied temperature condition inside the climatic chamber is not really the same as the 513 

one measured on the surface of the specimens. Figure 12 shows the measured temperature in the saline 514 

solution of different specimens placed at different locations in the chamber and the maximum and minimum 515 
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temperature of the spindle of the CEN/TS 12390-9 normative cycle. The clear discrepancy could have an 516 

effect on the heat flux into the specimen, and therefore an effect on the mechanical response. That is why the 517 

simulations performed in this study have considered the thermal loading issued from the measurements given 518 

in Figure 12. 519 

 520 

  
Figure 11. Thermal cycle control spindle according to the slab test of 

the TS report 12390-9 
Figure 12. Temperature cycles registered in the saline solution 

of each specimen (code input) 
 521 

4.5 Simulation of the deformation of concrete specimen inside a climatic chamber  522 

 523 

Simulations were run at concrete scale on a REV of 5×5 cm2 with sand aggregates of 0/4 mm and gravels of 524 

4/16 mm. The matrix properties were calculated by homogenization of the mortar properties at the above scale 525 

(Table 3). The results of numerical modeling of the total macroscopic strains of concrete specimens exposed 526 

to temperature cycles (given in Figure 12) are presented in Figure 13. Only the first cycle is shown here, as the 527 

most of the residual strain is developed during this cycle. The total deformation quickly reaches its highest 528 

amplitude, and stabilizes for the rest of the freeze-thaw cycles (true for both cement paste and mortar).  529 

The numerical results highlight a good correlation to be made between the amplitude of the deformation 530 

simulated by the model, and the level of degradation to which a surface is exposed to. Figure 14 shows the 531 

deformed concrete surfaces noted (S1-S5). A correlation between the degradation level of the test surface and 532 

the strain amplitude reached at the minimum temperature can be extrapolated. The most degraded specimen is 533 

(S2) that the strain curve shows the maximum amplitude at Tmin. This could reach 3.27 mm/m at the minimum 534 

temperature of -21.23°C. Moreover, the residual deformation observed for this same specimen after thawing is 535 

the largest, equal to 3 mm/m. This residual deformation appears as a result of damage (microcracks) in the 536 

material. However, for the least degraded specimen (S5), the temperature cycle recorded in the brine of this 537 

specimen is the smallest in amplitude, going from 10°C to -18°C. This result in a strain curve whose 538 

maximum amplitudes at -18°C (2.3 mm/m) and residual after thawing (1.8 mm/m) are small compared to the 539 

strain curves of other specimens whose thermal cycles reach lower temperatures. This difference in strains 540 

according to the thermal loading cycle imposed in the code could be explained by the Gibbs-Thomson 541 

equation which links the freezing temperature to the threshold gel pore radius. As the temperature decreases, 542 
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the finer radius pore freezes, which causes higher pressures and thus greater damage. This, in turn, results in 543 

maximum strains and significant residual strains. Based on this study, it is possible to say that the cycle that 544 

causes significant deformation in the simulation results may cause pronounced surface deformation in the 545 

experimental tests.  Figures 15 (a and b) shows 3D surface profiles of 2 specimens, S1 and S5 respectively. 546 

The depth of degradation can reach 2.5 mm and form a cavity in the surface. This is the case of specimen S1 547 

presented in Figure 15-a, as shown in its 3D cartography where an aggregate is detached from the surface 548 

under freeze and thaw cycles. The roughness of the surface is also highly affected after degradation. Figure 16 549 

shows the pore structure in different sections of a concrete specimen of the same formulation presented in this 550 

article after being subjected to 56 [+20/-20°C] freeze and thaw cycles. These images are obtained using X-ray 551 

microtomography, which is a non-destructive 3D imaging technique that allows reconstructing in 3 552 

dimensions the volume of a sample. An X-ray passes through the sample and is more or less absorbed 553 

depending on the density of the material. A series of images is taken under different angles. The system used 554 

is an XRadia Micro XCT-400 tomograph equipped with a Hamamatsu 150kV X-ray source and is located in 555 

Ecole Centrale de Nantes. A resolution of 8.77 µm is used. Images where then treated using ImageJ. From 556 

these sections, the damage of the upper surface can be clearly seen. Moreover, some cracks can be visualized 557 

far away from the exposed surface. These cracks are generated because of the movement of water inside the 558 

paste inducing pressure development that will damage the material. After exposure to freeze-thaw, the 559 

porosity of the concrete becomes connected due to the opening of some new pores and the increase in volume 560 

of some others due to ice crystallization and induced water movements. The result is cracks and deformation 561 

of the material because of the developed strains, which is very visible in the sections presented in Figure 16. 562 

The interesting point of this numerical model lies in its representativeness of the complex phenomena 563 

involved in the material subjected to freezing, but also in the possibility of quickly predicting the damage of 564 

the exposed material.  565 

 
Figure 13. Total strain of concrete specimens subjected to the freeze-thaw cycles. 

 566 
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 S1 

 
S2 

 
S3 

 
                                             S4 

 

 
               S5 

 
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 S1and (b) S5 after 56 [+20/-20°C] F/T 

cycles.   

 

 
 

 
 

 

Figure 16. X-ray microtomography of a concrete specimen after 56 [+20/-20°C] F/T cycles.   

 

5. Discussion 567 

Numerical results at the mortar and concrete scales show that inclusions only act as restraint or 568 

reinforcement and do not influence the poro-chemical behaviour of the material. This was also seen in the 569 

experimental measurements of strains in concrete [20], [52] where the specimen continue to shrink until the 570 

nucleation point is reached. This model can be a useful tool for predicting strains of concrete under freeze and 571 

thaw cycles. The effect of delayed ice formation due to supercooling in case of saturation with 3% NaCl salt 572 

solution was observed. A slight difference in the strain amplitude at minimum temperature is observed as well 573 

between concrete and mortars saturated with pure water and others saturated with a 3% NaCl salt solution. 574 

This was also found in experimental measurements in previous works [27]. However, it is not possible to 575 
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analyze the salt saturation effect at concrete scale. This is because the phenomenon takes place in the pore 576 

solution, so at the cement paste scale. An in-depth study is presented in authors’ previous publication [18]. In 577 

fact, at the nucleation point (-1.79 °C) the hydrostatic pressure increases quickly in the porosity of the cement 578 

paste from zero to 17.8 MPa in presence of salt and 14 % of ice are approximately formed, while the osmotic 579 

pressure effect increases very slightly from 0 to -0.16 MPa only (the negative sign represents a contracting 580 

pressure). At the minimum temperature of -20 °C the hydrostatic pressure rises rapidly and conquers the 581 

osmotic pressure; which explains the global and continuous expansion of the paste. The maximum pressure is 582 

reached at -20°C. 583 

Figure 17 shows the evolution of the maximum internal pressures (hydrostatic and osmotic pressures) during 584 

each cycle of the freeze-thaw process in the presence of 3% NaCl de-icing salts, over 50 cycles. We can notice 585 

that the hydrostatic pressure stands initially higher than the osmotic pressure. However, the osmotic pressure 586 

undergoes a slight linear increase during freeze-thaw cycles. This increase could be explained by the decrease 587 

in the molality of the ions present in the solution of the capillary pores, where the hydrostatic pressure 588 

develops and causes pores expansion. Maximum hydrostatic pressure, on the other hand, stands constant for 589 

few cycles, until the pores are large enough to contain more water, and then gradually decreases. The 590 

magnitude of the hydrostatic pressure only gradually decreases and never reaches zero before 50 cycles. 591 

 592 

 593 
Figure 17. Evolution of the maximum internal pressures during each cycle of the freeze-thaw process in the presence of de-icing 594 

salts over 50 cycles 595 
 596 

A slight variation in the saturation state of the specimen can highly affect the strain amplitude, as shown in the 597 

previous authors’ article [18].  598 

On the other part, a lack of reproducibility and repeatability of frost tests on concrete are noticed due to 599 

complexity of the material and many mechanisms that may be dependent on the experimental conditions. As 600 

observed in this work, the imposed cycle is not applied exactly with the same amplitude and freezing and 601 

thawing rates in all the positions inside the climatic chamber. The position of the specimen in the chamber 602 

determines the thermal cycle that it is in fact undergoing, which can be largely different from the imposed 603 

one, such as the normative cycle. This experimental condition can possibly explain the discrepancy that is 604 

found in the different literature studies. Another important point to mention here is that the applied thermal 605 
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cycles imposed according to the standardized methods are in fact questionable whether they are 606 

representative of real exposure conditions or not. An in-depth study of the real temperature evolutions in 607 

reputedly severe climates is presented authors’ previous publication [53]. This latter calls into question the 608 

reliability of laboratory tests for the characterization of the resistance of concrete to freeze and thaw.  609 

 610 

6. Conclusions 611 

 612 

In this work, a numerical study of the effect of minimum temperature, saturation degree and de-icing salt 613 

concentration on cement-based material under freeze and thaw cycles was done using a micro-mechanical 614 

approach developed by [54]. This approach takes basic variables involved in freeze and thaw mechanisms: 615 

temperature, internal developed pressure, saturation degree curve which is a governing parameter, pore size 616 

distribution calculated according to water content of the microstructure used in the study. An upscaling 617 

approach was also performed, where the deformations as well as all the mechanical and thermal properties of 618 

the heterogeneous cement paste, then mortar, were homogenized for the upper scales.  619 

An application of this tool in modeling the deformation of concrete specimens subjected to real freeze-thaw 620 

cycles inside a climatic chamber showed very good correlation between the degradation level of the real 621 

concrete test surface and the amplitudes of maximum and residual deformations. The most deteriorated 622 

specimens showed a curve of deformation with the highest amplitude and the highest value of residual 623 

deformations. The effect of the presence of aggregates was noticeable. The maximum amplitude was reduced 624 

as well as the velocity of increment of the residual deformation since the aggregates restrict the strains and 625 

stiffens the matrix. Many interesting issues were obtained by isolating each parameter involved in the freeze 626 

and thaw action, which is not always possible to accomplish in the laboratory experiments because of the 627 

complexity of the involved mechanisms. The effect of important parameters such as the initial saturation 628 

degree was previously examined by the authors in a previous study, and its major influence on the global 629 

freeze-thaw behaviour was noticeable. The authors confirmed the existence of a critical saturation degree 630 

already found by Fagerlund, above which an important expansion of the material is observed that leads to 631 

damage.  632 

Therefore, we can see how this numerical model offers a reliable tool for predicting the deformation of 633 

concrete exposed to freeze-thaw by taking into account the effects of pressures in the porosity developing at 634 

the microscopic scale by involving the properties of all phases of the cement paste. The different laboratory 635 

exposure parameters can be taken into account into the model and representative results can be obtained 636 

without any need of calibration. 637 

This model is developed with the objective to be used to drive and control frost tests in view of the 638 

discrepancies that are found in the existing experimental methods for testing concrete resistance to freeze-639 

thaw. Significant differences in the thermal conditions applied to the specimens placed at different positions in 640 

the chamber during a freeze-thaw test were noticed. The temperatures in the brines of the tested specimens are 641 

not uniform. The modeling of the strains of the concrete REVs subjected to these different thermal loadings 642 
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also shows a difference in the order of magnitude of the reached modeled strains. This model is used within 643 

the framework of the proposition of a new protocol for predicting the degradation of concrete in the winter 644 

period by replacing the existing standardized cycle of [+20/-20°C] and improving the existing testing method. 645 

This further development will be the topic for a forthcoming paper. Finally, in a future work a statistical study 646 

using this model will be done to assess the scaling risk in comparison with experiments. 647 
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8. Appendix 652 

Table 5. Mechanical and thermal properties of cement phases used in this study. This tables is taken from [43]. 653 

Cement phases Young’s modulus 
(GPa) 

Poisson’s 
ratio 
(-) 

Tensile strength 
(MPa) 

Fracture 
energy 
(J/m²) 

Thermal expansion coefficients 
Density 
(kg/m3) 

Thermal 
conductivity 
(Wm-1K-1) 

Specific heat capacity ,6 
(10-6K-1) 

,[ 
(10-8K-2) 

,^ 
(K) 

A>[ 

(Jkg-1K-1) 

A>^ (10-3 Jkg-1K-

2) 
A>_ (105 Jkg-1K) 

C
lin

ke
r 

ph
as

es
 Alite ¨_4 137.4 0.299 430.7 65.8 6.2 0.8 0 3.2 3.4 710 0 0 

Belite ¨^4 135.5 0.297 396.0 56.3 15.3 0 -0.4 3.3 3.5 720 0 0 

Celite ¨_� 145.2 0.278 534.6 94.3 8.5 0.3 -0.3 3 3.5 720 0 0 

Ferrite ¨��� 150.8 0.318 470.3 72.5 8.2 0.1 -0. 3.7 3.5 720 0 0 

Arcanite y4 ̅ 44.2 0.269 29.7 1.0 10.8 6.6 0 2.7 1 754 0 0 

Thenardite �4 ̅ 57.1 0.281 62.9 3.3 10.8 6.6 0 2.7 1 741 815 -72.4 

G
yp

su
m

 

Gypsum ¨4 ̅}^ 44.5 0.33 29.6 1.0 51.3 -3.4 0.7 2.3 3 1081 0 0 

Bassanite ¨4 ̅}6.Ó 132.0 0.25 61.7 1.4 51.3 -3.4 0.7 2.7 4.3 823 0 0 

Anhydrite ¨4 ̅ 88.8 0.233 93.6 4.6 51.3 -3.4 0.7 3 5.7 753 462 -131 

A
dm

ix
tu

re
s 

Slags § 137.4 0.299 430.7 65.8 6.2 0.8 0 2-3 3.4 710 0 0 

Silica fume § 71.7 0.169 346.5 73.4 6 0.8 -0.1 2.2 1.4 754 218 318 

AS glass ¨�4:�� 71.7 0.169 346.5 73.4 - - - 3.3 0.1 730 0 0 

Inert § 71.0 0.296 69.3 3.3 7.1 3.4 -1.2 3.2 3.4 996 269 -216 

M
ai

n 
hy

dr
at

es
 

Portlandite ¨} 43.5 0.294 73.8 6.1 20 1.1 0 2.2 1.3 1205 447 -140 

C-S-H [̈.�4}�  23.8* 0.24* 55.0 5.9 15 0 0 2.1 1 930 0 0 

Hydro-garnet ¨_�}Ô 93.8 0.32 324.7 55.6 6.5 0.3 -0.2 2.5 5.5 772 1483 0 

Ettringite ¨Ô�4_̅}_^ 24.1 0.321 39.6 3.2 35.3 0 0 1.8 1 1545 629 0 

Monosulfate ¨��4 ̅}[^ 43.2 0.292 262.4 77.3 35.3 0 0 2 1 954 1876 0 

Iron 
hydroxide 

�}_ 22.4 0.25 292.1 178.5 20 1.1 0 3.1 1 951 0 0 

Calcite ¨¨ ̅ 97.0 0.296 69.3 2.4 2.4 1.1 -0.4 2.7 3.4 996 269 -216 

Limestone ¨ 183.9 0.21 111.2 3.1 10.1 0.3 0 3.4 2.6 750 0 0 

Se
co

nd
ar

y 
hy

dr
at

es
 

Iron-rich 
ettringite 

¨Ô�.�� 24.1 0.321 39.6 3.2 35.3 0 0 1.8 1 1545 629 0 

Pozzolanic / 
slag C-S-H 

§ 23.8 0.24 55.0 5.9 15 0 0 2.1 1 930 0 0 

Friedel’s salt ¨_�¨t¨ 22.4 0.25 76.2 12.2 15 0 0 1.9 1 930 0 0 

Strätlingite ¨^�4}� 22.4 0.25 328.2 225.4 7.7 0.09 0 1.9 1 1274 0 0 

Calcium 
mono-

carbonate 
¨��¨ ̅}[[ 79.0 0.25 262.3 40.9 - - - 2.1 1 1299 0 0 

Brucite �} 83.3 0.183 49.5 1.3 26.7 0 0 2.4 1 1752 259 -449 

Magnesium 
sulphate 

�4 ̅ 10.5 0.1 41.6 6.8 51.3 -3.4 0.6 2.7 1 799 0 0 

Po
re

s 

Porosity (wet) } 1.9** 0.499** 
0.001† 
0.017‡ 

~0† 
0.02‡ 

Porosity (dry) Ø 1.9** 0.001** 0.001 ~0 

Porosity (ice) 
59 

Crystals 
9.4‡ 0.42‡ - - 

 654 
*    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  655 
**  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.  656 
†    Calibrated value for tension simulations using the experimentally-determined tensile strength as a basis for calibration. 657 
††  Calibrated value for compression simulations using the experimentally-determined compressive strength as a basis for calibration. 658 
‡    Values given at 0°C and atmospheric pressure. 659 
 660 
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