Qing Xiang Xiong 
email: qingxiang.xiong@insa-rennes.fr
  
Fekri Meftah 
  
Determination on pore size distribution by a probabilistic porous network subjected to salt precipitation and dissolution

Keywords: pore size distribution, waterfront, probabilistic method, transformation laws, salt precipitation, salt dissolution

Pore system strongly affects durability of building materials. Therefore, representative models for pore system and evolution of the pore system during aging are important for understanding physical processes that affect durability of building materials. In this study, a porous network model was developed based on a probabilistic method to describe pore size distribution, and three transformation laws were employed to establish relationship between the initial pore sizes and modified pore sizes (after salt precipitation and dissolution) regarding the waterfront. Proposed model illustrated evolution of pore size distribution due to salt precipitation and dissolution based on overall porosity and water saturation degree. Moreover, the model can be used to implement the filling/emptying ratio of pores at vicinity of waterfront. Successive transformations were introduced into the model to illustrate evolution of pore size distribution due to long-term salt intrusion. Lastly, parametric studies on the model were performed to further elucidate the modifications on pore size distribution due to salt precipitation and dissolution.

Introduction

Pore structure of a construction material is an intrinsic property which is closely related to durability and service life of building structures. Salt precipitation and dissolution are notorious deteriorating factors of construction materials, particularly the materials with highly interconnected pores which facilitate transport of moisture and aggressive chemical species [START_REF] Huang | Numerical simulation of moisture transport in concrete based on a pore size distribution model[END_REF][START_REF] Ahl | Salt diffusion in brick structures Part II The effect of temperature, concentration and salt[END_REF]. Salt precipitation and dissolution critically alter microstructure of porous materials [START_REF] Gentilini | Effect of salt crystallisation on the shear behaviour of masonry walls: An experimental study[END_REF][START_REF] Veran-Tissoires | Discrete Salt Crystallization at the Surface of a Porous Medium[END_REF]. Nucleation and propagation of salt in pore space during salt precipitation generate pressure on the pore wall, which produces fractures on or through the pores [START_REF] Feraille-Fresnet | Thermo-hydro-chemical modelling of a porous medium submitted to high temperature: An application to an axisymmetrical structure[END_REF]. Subsequent salt dissolution increases porosity and accelerates penetration of fluid through the pores, which ultimately reduces durability of construction materials [START_REF] Fenaux | Modelling the transport of chloride and other ions in cement-based materials[END_REF][START_REF] Kumar | Porosity, pore size distribution and in situ strength of concrete[END_REF]. As suggested by George et al. [START_REF] Scherer | Crystallization in pores[END_REF] and Coussy et al. [START_REF] Coussy | Deformation and stress from in-pore drying-induced crystallization of salt[END_REF], salt precipitation and dissolution are generally unavoidable. Thus, understanding the mechanisms by which salt deteriorates construction materials is the key to ascertain durability of these materials. Evaluating modifications on pore structure due to salt precipitation and dissolution is the first step towards attaining such understanding.

Porosity is an overall measure of pore structure, which gives ratio of pore volume to total volume of a porous material. However, porosity does not give any information about pore structure: pore size, shape or distribution [START_REF] Day | Measurement of porosity in blended cement pastes[END_REF]. Two porous materials with similar porosity may have entirely different pore structures [START_REF] Dimri | Fractal Models in Exploration Geophysics: Applications to Hydrocarbon Reservoirs[END_REF]. Thus, pore size distribution needs to be considered when investing phenomena that modify the pore structure [START_REF] Benavente | Role of pore structure in salt crystallisation in unsaturated porous stone[END_REF].

Salt precipitation and dissolution are strongly affected by water content of porous material [START_REF] Castellazzi | A coupled multiphase model for hygrothermal analysis of masonry structures and prediction of stress induced by salt crystallization[END_REF]. At macroscopic scale, precipitated salt can be observed at the vicinity of drying front (i.e., boundary between saturated and non-saturated zones) inside porous material when specimen subjected to subjected to up-taking and drying cycles of saline solution [START_REF] Scherer | Stress from crystallization of salt[END_REF]. Even if no explicit experimental evidence exists to the authors' knowledge, the same schema can be adopted at pore scale. Indeed, a given degree of water saturation corresponds to the location of waterfront at a pore size that coincides with the radius of water capillary meniscus [START_REF] Huang | Numerical simulation of moisture transport in concrete based on a pore size distribution model[END_REF]. Therefore, one may extrapolate that salt precipitation and dissolution occur at the vicinity of waterfront within pore structure [START_REF] Benavente | Role of pore structure in salt crystallisation in unsaturated porous stone[END_REF]. On the basis of this inference, precipitation and dissolution mainly affect pores at close proximity to waterfront. Thus, modifications of pore size may predominantly restrict to a certain pore population with size close to the radius of capillary meniscus. In this case, overall porosity is not sufficient to describe elaborated modifications occurring near the waterfront at pore scale. Thus, detailed evolution of pore size distribution needs to be considered together with overall porosity and water saturation degree.

From experimental point of view, there are several experimental methods dedicated to characterize both overall porosity and pore size distribution [START_REF] Diamond | A critical comparison of mercury porosimetry and capillary condensation pore size distributions of portland cement pastes[END_REF][START_REF] Roels | Characterisation of pore structure by combining mercury porosimetry and micrography[END_REF][START_REF] Gallucci | 3D Experimental Investigation of the Microstructure of Cement Paste Using Synchrotron X-Ray Microtomography (mu CT)[END_REF]. However, sample pre-treatments such as sample drying are generally required prior to analysis of pore size distribution when adopting experimental methods [START_REF] Aligizaki | Pore Structure of Cement-Based Materials: Testing, Interpretation and Requirements[END_REF], which may alter water profile of pore structure. Moreover, some experimental methods are destructive that may damage pore structure of the investigated material [START_REF] Shi | Contact angle and damage during mercury intrusion into cement paste[END_REF]. Thus, experimental methods face the dilemma that how to characterize pore size distribution and at the same time allow water-dependent evolution of pore size distribution within porous material. Indeed, no convincing and experimentally verified answer yet exists on quantitative measurement of pore size distribution in the course of salt precipitation and dissolution. For instance, some consider only the behavior of crystallization relevant to solution properties [START_REF] Rodriguez-Navarro | Salt weathering: influence of evaporation rate, supersaturation and crystallization pattern[END_REF], while others still focus on the study of weight loss and degradation of visual appearance due to salt precipitation [START_REF] Benavente | Quantification of salt weathering in porous stones using an experimental continuous partial immersion method[END_REF]. Such studies may generate results that cannot readily be compared with our lack of knowledge concerning quantitative measurement of pore size distribution in the course of salt precipitation and dissolution. Moreover, experimental methods are indeed out of the scope of this paper. This paper is aiming at proposes a modeling approach in order to describe elaborated evolution of pore size distribution of porous material when subjected to salt precipitation and dissolution. Pore size distribution is a complex property that encompasses pore size with several orders of magnitude. Fig. 1 illustrates that there are three classes of pores in cement-based material based on the pore radius: gel pores (0.25 nm -5 nm ), capillary pores (2.5 nm -5 μm), and air voids (> 5 µm) [START_REF] Gong | Empirical Estimation of Pore Size Distribution in Cement, Mortar, and Concrete[END_REF]. Gel pores are generally detected by nitrogen or water adsorption method. Capillary pores and air voids are evaluated by mercury intrusion porosimetry and image analysis, respectively. Fig. 1. Classification of pore sizes in cement-based material. [START_REF] Scherer | Stress from crystallization of salt[END_REF] In spite of heterogeneities in pore size, pore size distribution obeys a statistical behavior [START_REF] Brutsaert | PROBABILITY LAWS FOR PORE-SIZE DISTRIBUTIONS[END_REF], which indicates that shape of pore size vs. pore size-frequency curve follows a probabilistic model such as Raleigh-Ritz (R-R) distribution [START_REF] Maekawa | Multi-scale Modeling of Concrete Performance[END_REF], Weibull distribution [START_REF] Lu | Fracture statistics of brittle materials: Weibull or normal distribution[END_REF], normal distribution [START_REF] Lu | Fracture statistics of brittle materials: Weibull or normal distribution[END_REF], or lognormal distribution [START_REF] Shi | Lognormal Simulation of Pore Size Distributions in Cementitious Materials[END_REF]. Among these models, lognormal distribution was reported to yield the most accurate estimation on pore size distribution of cementitious materials [START_REF] Hou | Statistical modelling of compressive strength controlled by porosity and pore size distribution for cementitious materials[END_REF][START_REF] Chen | Influence of water-to-cement ratio and curing period on pore structure of cement mortar[END_REF].

The earliest work on fitting lognormal distribution into experimental pore size distribution was presented by Hatch et al. [START_REF] Hatch | Statistical description of the size properties of non uniform particulate substances[END_REF] and Austin [START_REF] Austin | Methods of representing distribution of particle size[END_REF]. In 1971, Diamond et al. [START_REF] Diamond | Generalized log-normal distribution of pore sizes in hydrated cement paste[END_REF] developed a generalized lognormal distribution to characterize pore size distribution of cement mortars. In 1991, Shi et al. [START_REF] Shi | Lognormal Simulation of Pore Size Distributions in Cementitious Materials[END_REF] proposed a multimodal lognormal distribution model to simulate pore size distribution of cement mortars. In 1992, Holly et al. [START_REF] Holly | Modelling relationships between permeability and cement paste pore microstructures[END_REF] established a porous network model based on multi-lognormal distribution to describe effect of alterations in microstructure on permeability of cement mortars. In 2013, Chen et al. [START_REF] Chen | Influence of water-to-cement ratio and curing period on pore structure of cement mortar[END_REF] demonstrated that compound lognormal distribution was the most effective among selected statistical models to characterize porous structure. Recently, Jiang et al. [START_REF] Jiang | Modelling of water vapour sorption hysteresis of cement-based materials based on pore size distribution[END_REF] adopted a triple-compounded lognormal distribution to predict hysteresis of water vapour sorption in cement-based materials. These literature reports support that lognormal distribution, which is applicable exclusively for positive pore radius, is powerful to model pore size distribution of cement-based materials [START_REF] Zydney | Use of the log-normal probability density function to analyze membrane pore size distributions: functional forms and discrepancies[END_REF]. Therefore, in this study, we adopted lognormal distribution to describe initial pore size distribution prior to salt precipitation and dissolution.

Based on a premise that initial pore size distribution follows lognormal distribution, this research aims to develop a probabilistic method to describe modified pore size distribution concerning waterfront induced by salt precipitation and dissolution. The probabilistic method is achieved by accomplishing the transformation models between pore radius before and after salt precipitation and dissolution. On the basis of the proposed method, modifications of pore size distribution induced by the alterations of water saturation degree and porosity are investigated. Most importantly, the proposed method is able to describe the successive transformations of pore size distribution and filling/emptying ratio due to the long-term salt precipitation and dissolution. These merits are rarely reported in literature. This paper is organized as follows. Section 2 introduces probabilistic approach for pore size distribution and three transformation models for pore radius. Initial pore size distribution data derived MIP analysis and subsequent simulation of the experimental data by lognormal distribution are given in Section 3. Section 4 provides examples for application of the probabilistic method and transformation models. Comparisons among transformation models are available in this section. Some conclusions and discussions end the paper in the last section.

Probabilistic porous network

Porous material is regarded as a heterogeneous, multi-phase material (Fig. 2). Solid phase is composed of solid matrix and precipitated salt. Liquid phase is constituted of saline solution with water as the solvent and ionic species as the solute. Meanwhile, dry air and water vapour make up the gaseous phase. In most porous materials, especially cement-based materials, gel pores filled with water constitute a small proportion of pore population [START_REF] Holly | Modelling relationships between permeability and cement paste pore microstructures[END_REF]. Large pores exist as isolated cavities, and contribute little to fluid transport and chemical reactions [START_REF] Castellazzi | A coupled multiphase model for hygrothermal analysis of masonry structures and prediction of stress induced by salt crystallization[END_REF][START_REF] Zhang | Transport properties in unsaturated cement-based materials -A review[END_REF]. While interconnected capillary pores partially filled with water determine permeability and transport property of porous materials [START_REF] Holly | Modelling relationships between permeability and cement paste pore microstructures[END_REF]. Capillary interface (i.e., waterfront) which is often located at capillary pores, separates the liquid from gaseous phase. As suggested by Yokoyama et al. [START_REF] Yokoyama | The effects of pore size distribution and working techniques on the absorption and water content of concrete floor slab surfaces[END_REF], quantity of pores exceeding 100 nm in diameter strongly affects the water absorbency, while number of pores smaller than10 nm in diameter governs moisture content of a porous material, which verifies our hypothesis that liquid-gas interface is located at capillary pores. The capillary pores dominate the water saturation degree in our proposed model. Salt precipitation and dissolution are one of the most important deteriorating factors of pore structure [START_REF] Gupta | Paradoxical drying of a fired-clay brick due to salt crystallization[END_REF]. Precipitation and dissolution are complex phenomena that involve physical and chemical processes [START_REF] Celia | Recent advances in pore scale models for multiphase flow in porous media[END_REF][START_REF] Dashtian | Pore-network model of evaporation-induced salt precipitation in porous media: The effect of correlations and heterogeneity[END_REF]. During exposure of porous materials to an aggressive (i.e., high salt concentration) environment (relative humidity or temperature), soluble salt continuously penetrates the materials [START_REF] Coussy | Deformation and stress from in-pore drying-induced crystallization of salt[END_REF]. Due to change in environmental condition, water evaporates, which increases concentration of salt near the waterfront beyond supersaturation threshold concentration for precipitation [START_REF] Benavente | Role of pore structure in salt crystallisation in unsaturated porous stone[END_REF][START_REF] Benavente | Quantification of salt weathering in porous stones using an experimental continuous partial immersion method[END_REF]. Consequently, salt precipitates out of saline solution, nucleates, and grows on surface of pore wall near waterfront [START_REF] Scherer | Crystallization in pores[END_REF][START_REF] Scherer | Stress from crystallization of salt[END_REF]. Further change in environmental condition induces condensation of water vapour inside pores which dissolves precipitated salt and decreases salt concentration [START_REF] Coussy | Deformation and stress from in-pore drying-induced crystallization of salt[END_REF]. Therefore, salt precipitation and dissolution are a reversible process which repeated occurrence influences integrity and durability of pore structure.

The primary aim of this study is to develop a model for the water-dependent evolution of pore size distribution in the course of salt precipitation and dissolution. We substantially focus on the development of pore structure itself, chemical reactions and environmental conditions are not involved in this research.

Probabilistic method for pore size distribution

As suggested by Shi et al. [START_REF] Shi | Lognormal Simulation of Pore Size Distributions in Cementitious Materials[END_REF], initial pore size distribution of porous material is presented as a lognormal probability density function (PDF):

( ) ( ) 2 0 0 0 2 0 ln 1 ( ) exp 2 2 r r r r P r r µ σ σ π   -   = -     (1) 
Correspondingly, the cumulative distribution function (CDF) is given by: ( ) ( )

0 0 ln 1 1 2 2 2 r r r F r erf µ σ   - = +     (2) 
where is initial pore radius, is location parameter and is shape parameter.

The PDF must satisfy normalization conditions of probability theory:

0 0 0 0 ( ) 0 ( ) 1 P r P u du ∞ ≥    =   ∫ (3) 
The parameters of function ( ) are determined by MIP analysis. According to Washburn equation [START_REF] Washburn | Note on a Method of Determining the Distribution of Pore Sizes in a Porous Material[END_REF], larger pores are filled initially, followed by smaller pores at increasing pressures. Minimum pore radius is determined by maximum pressure imposed on porous materials: the higher is the imposed pressure, the smaller is the detected pore size, and the greater is the cumulated pore volume [START_REF] Schabowicz | Non-Destructive Testing of Materials in Civil Engineering[END_REF]. Function 1 -F( ) represents cumulative fraction of pore volume which is occupied by pores with pore radius greater than .

Initial pore volume fraction of pores with radius ranges from zero to is expressed with the following function:

0 0 0 0 0 0 ( ) ( ) r r P u du φ φ = ∫ (4) 
where is initial porosity of a representative porous medium. The porosity is defined as a ratio of total pore volume to bulk volume :

0 P V V φ = (5) 
In this study, the pores were assumed cylindrical and interconnected. Hence, initial volume of pore with radius is calculated by:

0 2 0 P v r L π = ( 6 
)
where L is pore length, and L keeps constant because salt precipitation and dissolution affect pore radius rather than pore length.

Due to salt precipitation and dissolution, pore radius changes and we assumed that initial pore radius undergoes erosion on a distance of ( ), as shown in Fig.

3 [START_REF] Feraille-Fresnet | Thermo-hydro-chemical modelling of a porous medium submitted to high temperature: An application to an axisymmetrical structure[END_REF]. Accordingly, the relationship between initial pore radius and modified pore radius is represented by transformation function T:

1 0 0 0 ( ) ( ) T r f r r r ε → = = + (7)
where is modified pore radius after salt precipitation and dissolution, ( ) is the eroded size of pore, when salt precipitation occurs, ( ) < 0; when salt dissolution occurs, ( ) > 0. ( 0 ) is the transformation function, which will be illustrated in Subsection 2.2. Correspondingly, when salt precipitation and dissolution transform porosity from to , the pore with radius of belonging to initial probability density function becomes the pore with radius of belonging to modified probability density function (Fig. 4). Therefore, pore volume fraction of modified pores with radius ranges from zero to is expressed as:

1 1 1 1 1 0 ( ) ( ) r r P u du φ φ = ∫ (9)
Meanwhile, modified volume of pore with radius is defined by:

1 2 1 P v r L π = (10) 
A probabilistic method can be derived by assuming that ratio of porosity before and after salt precipitation and dissolution is equal to ratio of volume for pores with radius and :

1 1 1 0 0 0 d r dr d r dr φ φ = (11) 
Modified probability density function after salt precipitation and dissolution is derived by substituting Eq. 4 and Eq. 9 into Eq. 11:

0 0 1 1 0 0 1 0 ( ) ( ) ( ) f r P r P r r φ φ = (12) 
Substituting Eq. 12 to Eq. 9 gives:

1 0 0 0 ( ) ( ) ( ) f u df u P u du u du φ φ ∞   =     ∫ (13) 
By adopting the probabilistic method, probability density function ( ) is derived after successive transformations of pore radius (n is the transformation number), of which the details on the successive transformations are provided in Appendix C.

Heretofore, we have developed a probabilistic method describing probability density functions for initial pore radius and modified pore radius after salt precipitation and dissolution. The next section defines linear and non-linear transformation models for Eq. 7.

Transformation models for pore radius

Linear transformation model. This model assumes that incremental function ( ) is proportional to initial pore radius, which indicates that salt precipitation and dissolution modify entire range of pore size. The incremental function ( ) is defined as:

0 0 0 ( ) 0 L r r r ε ε = ⋅ ≤ ≤ ∞ (14) 
Accordingly, linear transformation for pore radius is expressed as:

1 0 0 0 ( ) L L T r f r r r ε → = = + (15) 
where is a constant which denotes the magnitude of variation in pore radius, and it is obtained by substituting Eq. 15 into Eq. 13:

1 0 1 L φ ε φ = - (16) 
Under linear transformation model, magnitude of variation in pore size is influenced particularly by porosity, at which pores are uniformly filled/emptied irrespective of location of waterfront.

Non-linear transformation models. Non-linear transformation models account for location of waterfront. In non-linear transformation models, saline solution partially fills pore space and forms waterfront, which separates saturated pores from the unsaturated pore counterparts. Assuming that the waterfront is located in pores with radius , opening zone towards the waterfront is denoted as β. The incremental function ( ) is given by: 0

0 ( ) ( ) r S r ε ε = ⋅ (17)
where ( ) is a sigmoidal function (0 ≤ ( ) ≤ 1), which can be defined by two transformation models: monotonic and non-monotonic transformation models.

Monotonic transformation model (MT). Fig. 5a shows that in monotonic transformation model, function ( ) assumes an S-shape. Modification on pore size distribution affects pore which radius is larger than -. More precisely, modification gradually increases in pores which radius is between and + . At pores with radius greater than + , the modification is regarded as homogeneous increment constant

. Thus monotonic transformation model is expressed as:

1 0 0 0 ( ) ( ) MT MT MT T r f r r S r ε → = = + (18) 
Details on function ( ) and constant are provided in Appendix A and B, respectively. Details on transformation function " and parameter " are available in Appendix A and B, respectively. 

Non-monotonic transformation model (NMT)

Water saturation degree

Water condensation occurs in pores with radius smaller than , therefore, water saturation degree where ' represents probabilistic density function before or after salt precipitation and dissolution. Eq. 20 shows a direct relationship between water saturation degree and waterfront. Based on Fig. 6, it is apparent that water saturation degree increases as waterfront moves to larger pores. 

Experimental data for initial pore size distribution

Initial pore size distribution incorporated in models described in previous section is derived from experimental data of cumulative volume fraction and incremental pore volume distribution of masonry cement measured by MIP analysis. (Table 1) are obtained for deriving probability density function of initial pore distribution (Fig. 8).

Parametric investigation

Fig. 8 shows that the size of pores in masonry cement ranges from 0.0015 μm to 160.2 μm. As previously mentioned, the size of capillary pores ranges from 0.0025 μm to 5 μm (Fig. 1), which allows waterfront moves within the pores with radius in the range of [0.0025μm, 5 μm]. Correspondingly, the opening zone β should be satisfied within -≥ )' and + ≤ )*+ . For simplifying proposed model, a constant value of = 0.1μm was selected. In addition, it should be emphasized that the presented transformation models cannot yield negative pore radius value. Negative pore radius value indicates that pores are completely filled by excess amount of precipitated salt which may eventually induce fractures within porous material [START_REF] Koniorczyk | Numerical Modeling of Salt Transport and Precipitation in Non-Isothermal Partially Saturated Porous Media Considering Kinetics of Salt Phase Changes[END_REF][START_REF] Koniorczyk | Experimental and numerical investigation of sodium sulphate crystallization in porous materials[END_REF][START_REF] Benavente | Thermodynamic modelling of changes induced by salt pressure crystallisation in porous media of stone[END_REF].

Linear transformation

During salt precipitation and dissolution, pore size undergoes series of transformation in porosity that → → ⋯ → ' → .

Fig. 9a-b show linear transformation from initial pore size distribution. Salt precipitation induces a reduction in porosity from 0.20 to 0.05, which shifts initial probability density and cumulative volume fraction curve towards lower range of pore radius, and increases the probability density. This indicates that salt precipitation generates smaller pores and reduces larger pores. In contrast, an increase in porosity from 0.2 to 0.9 induced by salt dissolution shifts initial probability density and cumulative volume fraction curve towards higher range of pore radius, and increases the width of probability density curve, hence promoting formation of larger pores. In addition, probability density decreases with the increase in porosity. Linear transformation model considers modifications on every pore size, of which a higher alteration from initial porosity produces a more significant change in pore radius.

Although linear transformation model provides simplified understanding and good representation of salt precipitation and dissolution, this model is not an accurate representation of actual condition because it does not consider the dependence of salt precipitation and dissolution on waterfront. 

Non-linear transformation

In contrast to linear transformation model which simultaneously affects all pore size, non-linear transformation models aim to represent water-dependent transformation of pore size. The non-linear transformation models involve single transformation and successive transformations of pore size distribution.

Single transformation of pore size distribution

We considered a generalized situation at which drying of a porous material shifts waterfront towards smaller pores. Salt crystals are stabilized in pore space close to waterfront and modify pores around the waterfront. On the other hand, when a porous material is wetted, waterfront moves towards larger pores and the precipitated salt near the waterfront is re-dissolved in saline solution. The water-dependent transformation models predict evolution of pore size distribution due to salt precipitation and dissolution. Fig. 10 and 11 illustrate monotonic and non-monotonic transformation of pore size distribution due to single occurrence of salt precipitation and dissolution. By substituting Eq. 12 into Eq. 20, the location of waterfront is deduced at given porosity and water saturation degree. Salt precipitation promotes decreasing porosity, which shifts waterfront towards lower range of pore radius. Simultaneously, probability density increases and number of small pores increases for both monotonic and non-monotonic transformation. In contrast, due to salt dissolution, waterfront moves towards larger pores as a consequence of increasing porosity and water saturation degree. Probability density decreases and amount of larger pores increases for both monotonic and non-monotonic transformation. The modifications on porosity also alter pore volume fraction (determined by Eq. 9), as illustrated in Fig. 12, the area denotes the integration of pore volume fraction. The more significant is the deviation from initial porosity, the larger is the filled/emptied area being created, particularly under non-monotonic transformation. Fig. 13 suggests that non-monotonic transformation generates higher filling/emptying ratio than monotonic transformation at similar water saturation degree and porosity during salt precipitation and dissolution. Due to salt precipitation (Fig. 13a), non-monotonic transformation generates a filling ratio of 61.6% when porosity decreases from 0.20 to 0.15. Comparatively, monotonic transformation produces a filling ratio of 24.9%. Similarly, due to salt dissolution (Fig. 13b), emptying ratio implemented by non-monotonic transformation is higher than that resulted from monotonic transformation counterpart (45.6% vs. 23% at 0.25 porosity). Non-monotonic transformation model simulates pore filling/emptying accounting for highly-localized (i.e., at vicinity of waterfront) occurrence of salt precipitation and dissolution, which provides a more favorable representation of actual pore clog due to salt precipitation.

Non-linear transformation models indicate that the pores affected by the homogeneous effect make a substantial contribution. Non-linear transformation of pore size distribution considers localization of salt precipitation and dissolution at vicinity of waterfront, and indicates higher filling/emptying ratio than linear transformation counterpart which generates a uniform distribution of salt precipitation and dissolution. Due to salt precipitation and dissolution, non-monotonic transformation model modifies pore size distribution from unimodal to bimodal for large deviation in porosity because pore filling/emptying introduces a new peak in probability density function curve, which consequently alters pore population structure (i.e., proportion of small and large pores). Modifications on pore size distribution from unimodal to bimodal and multi-modal have been systematically introduced by Shi et al. [START_REF] Shi | Lognormal Simulation of Pore Size Distributions in Cementitious Materials[END_REF] and Holly et al. [START_REF] Holly | Modelling relationships between permeability and cement paste pore microstructures[END_REF]. In conclusion, non-linear transformation models more accurately represent the actual salt precipitation and dissolution which occur at close proximity to waterfront.

Successive transformations of pore size distribution

Under successive transformations, modifications on pore size distribution are generated by several occurrences of salt precipitation and dissolution (please refer to Appendix C for expressions of successive transformations). The modifications on pore size distribution are cumulative, of which existing pore size distribution is determined by preceding pore size distribution. Two examples were considered (Table 2): salt precipitation which decreases porosity from 0.20 to 0.15 after 30 successive transformations, and salt dissolution which increases porosity from 0.20 to 0.25 after 30 successive transformations. 

a. Parameter 0 versus porosity

Constant denotes a magnitude of change in pore radius. Detailed definition on ε in successive transformations is available in Appendix C. When is less than zero, salt precipitation occurs. On the other hand, when is greater than zero, precipitated salt is re-dissolved. The higher is the value of | |, the more significant is the modification on pore radius.

During salt precipitation (Fig. 14a), decrease in porosity reduces value of . On the other hand, during salt dissolution (Fig. 14b), increase in porosity initially increases value of significantly. However, the value of progressively decreases before stabilizes. During salt precipitation at water saturation degree of 0.4, waterfront is located in small capillary pores, and there is small difference in value of for monotonic and non-monotonic transformation models. Increase in water saturation degree to 0.5 shifts waterfront to larger pores. Value of derived from non-monotonic transformation differs greatly from that derived from monotonic transformation. These results reveal that modification on pore radius is affected by water saturation degree. However, it should be pointed out that the values of calculated by proposed models are applicable to porosity which generates positive pore radius. Negative pore radius indicates completely filled pores, which produces localized damage near waterfront. 

b. Evolution of pore size distribution

This section compares modifications of pore size distribution due to single transformation (where porosity increases/decreases in one-step) and 30 successive transformations (where porosity gradually increases/decreases by several steps) induced by salt precipitation and dissolution.

The comparisons between single transformation and successive transformations are shown in Fig. 15a-d. Under monotonic transformation, it is not surprising that there is no significant difference in modification on pore size distribution due to single transformation and successive transformations. Similarly, water saturation degree does not have noticeable influence on pore size distribution. Under non-monotonic transformation, single transformation generates bimodal distribution. On the other hand, successive transformations display a prominent increase in probability density near waterfront. Consequently, filling/emptying ratio generated from successive transformations is higher than that generated from single transformation for both monotonic and non-monotonic transformation, except for salt dissolution under non-monotonic transformation. Overall, these findings suggest that cumulative modifications on pore size due to successive salt precipitation should not be overlooked. Successive transformation model illustrates evolution of pore size distribution due to long-term exposure of porous material to saline solution. Salt precipitation and dissolution do not alter range of pore size, but change the proportion of small and large pores. Successive transformation model illustrates modifications on pore size distribution due to actual non-homogeneous salt precipitation and dissolution, which predominantly occur at close vicinity of waterfront and influenced by porosity and water saturation degree.

c. Evolution of water saturation degree due to successive transformations.

Under successive transformations, although waterfront is supposed to be in equilibrium, water saturation degree is affected by cumulative effects of successive transformations due to salt precipitation and dissolution. As shown in Fig. 16, due to salt precipitation (Fig. 16a), water saturation degree derived from successive monotonic transformation progressively increases, while water saturation degree derived from successive non-monotonic transformations decreases with decreasing porosity. On the other hand, due to salt dissolution (Fig. 16b), water saturation degree derived from successive monotonic transformation reduces slightly while successive non-monotonic transformation gradually increases water saturation degree with increasing porosity.

It is worth noting that this research assumes that liquid-vapor interface (i.e., waterfront) remains in equilibrium state in spite of the variations in porosity. Nevertheless, salt precipitation and dissolution are complex phenomena involving mass transfers and chemical reactions. Formation of salt crystals generally accompanies alterations in environmental conditions (salt concentration, pressure, relative humidity, and atmospheric temperature) [START_REF] Zhang | Multiscale lattice Boltzmann-finite element modelling of chloride diffusivity in cementitious materials. Part II: Simulation results and validation[END_REF][START_REF] Benavente | Salt influence on evaporation from porous building rocks[END_REF]. Changes in these environmental factors easily disturb the equilibrium state at waterfront [START_REF] Guimarães | Determination of chloride diffusivity through partially saturated Portland cement concrete by a simplified procedure[END_REF]. Hence, dynamic effects in environmental factors should be accounted for to consistently estimate water saturation degree at different porosity in future. 

Conclusions

By studying water-dependent evolution of pore size distribution induced by salt precipitation (pore filling) and dissolution (pore emptying), a probabilistic method is established regarding the probability density functions for initial and modified pore-size distributions. This method is achieved by accomplishing the transformation models that determine a magnitude of change in pore radius, namely the parameter ε. One linear transformation model and two non-linear transformation models are constructed as a bridge connecting the initial pore radius and modified pore radius during salt precipitation and dissolution. Linear transformation model does not adequately characterize modifications on pore size distribution due to salt precipitation and dissolution. In comparison, non-linear transformation models (monotonic transformation model and non-monotonic transformation model) allow estimation on water-dependent modifications of pore size. Monotonic transformation model permits the modifications to occur in all unsaturated pores. While non-monotonic transformation model restricts the modifications to pores at close proximity to waterfront. Furthermore, non-monotonic transformation leads to bimodal pore size distribution and higher filling/emptying ratio than the monotonic transformation counterpart, suggesting that non-monotonic transformation model more favorably represents pore clog due to salt precipitation and dissolution.

Successive transformations of pore size distribution are developed to describe the evolution of pore size distribution due to long-term exposure of porous materials to saline solution. The results suggest 
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The symmetric S-shape function "

for non-monotonic transformation law is given by:

( ) ( ) ( ) ( ) ( ) 0 3 0 0 0 0 3 0 3 0 0 0 0 3 0 0 0 2 2 2 2 3 1 4 3 2 2 2 2 2 3 1 4 3 2 0 c c c c c NMT c c c c c r r r r r r G r r r r S r r r r r K r r r r r r β β β β β β β β β β β β ≤ ≤ -     + - + -  = - + -< ≤        =    -- --  = - - + < ≤ +         + < < ∞  (A.2)

Appendix B. Calculation of parameter 0

For linear transformation, the modified pore size distribution is deduced as:

( )

0 1 1 0 0 1 ( ) 1 ( ) L P r P r φ ε φ = + (B.1)
Then the porosity fraction function yields:

( )

2 1 0 0 0 0 ( ) 1 ( ) L r P u du φ φ ε ∞ = + ∫ (B.2)
As to the fact that 2 (3)4u 6 = 1 , thusly, equation (B2) can be solved to determine the parameter for linear transformation model:

0 1 1 L φ ε φ = - (B.3)
For non-linear transformations, modified pore volume fraction function (B2) can be rewritten by definite integral:

( )

2 1 0 1 2 1 I I φ φ ε ε = + + (B.4)
Solving equation (B4) could obtain the expression of parameter :

2 1 1 1 2 0 2 4 1 2 
I I I I φ φ ε   -± - -     = (B.5)
where 7 , 7 8 are definite integrals which are determined respectivily according to monotonic transformation law and non-monotonic transformation law. For monotonic transformation law, we have: 

Appendix C. Pore size distribution for successive transformations

According to equation [START_REF] Benavente | Role of pore structure in salt crystallisation in unsaturated porous stone[END_REF], we can also deduce the pore size distribution after n+1 times of successive transformations by adopting successive monotonic transformation law and non-monotonic transformation law, respectively: For the monotonic transformation, the probability density function can be written as follows: 

+ = + + + + = +    ≤ ≤ -  + ⋅  = -< ≤ +    +  + < < ∞   ∏ ∏ (C.1)
where is the pore radius after n times of transformation, defining as: The pore size distribution implement by the non-monotonic transformation is given by: 

( ) ( ) ( ) ( ) 0 1 0 0 1 0 1 1 1 0 0 1 0 ( ) 0 ( ) ( ) ( ) ( ) ( ) 
+ + + = + ≤ ≤ -   + ⋅  -< ≤   =  + ⋅  < ≤ +    + < < ∞  ∏ ∏ (C.3)
The global porosity fraction function ( ) after successive transformations is defined as: It can be reorganized as: So that parameter can be calculated by the equation: in which 9 , 9 8 and 9 : are definite integrations, which are calculated according to monotonic transformation law and non-monotonic transformation law, respectively: For monotonic transformation law, we have: 

Fig. 2 .
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 34 Fig. 3. Modification of pore radius due to salt precipitation and dissolution. = initial pore radius, = modified pore radius after salt precipitation and dissolution, = capillary pore radius at which waterfront is located, ( )= eroded size of pore.

  Fig.5billustrates non-monotonic transformation model whereby " ( ) is symmetrical S-shape function. Non-monotonic transformation restricts occurrence of salt precipitation and dissolution near waterfront in pores with radius betweenand + . Within the range of [ -, + ], modification on the pore radius increases from zero to maximum value, and reverts to zero. Pores located far from waterfront are barely affected by salt precipitation and dissolution such that modifications on these pores are disregarded. Therefore, non-monotonic transformation model is expressed as:
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 5 Fig. 5. Non-linear transformation models. (a) Monotonic transformation model and (b) Non-monotonic transformation model.
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  is derived by integrating volume of pores with radius smaller than [
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 6 Fig. 6. Relationship between water saturation degree and location of waterfront.
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 7 Fig. 7. Pore size distribution of masonry cement. (a) Experimental and simulated cumulative volume fraction and (b) Incremental pore volume distribution.
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 8 Fig. 8. Profile for probability density curve of initial pore size distribution fitted by lognormal distribution.
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 9 Fig. 9. Linear transformation model of pore size distribution. (a) Probability density curve and (b) Cumulative volume fraction curve.

Fig. 10 .

 10 Fig. 10. Pore size distribution after single occurrence of salt precipitation. The initial porosity of 0.20 decreases to five degrees of porosity (0.19, 0.18, 0.17, 0.16, and 0.15) which corresponds to reductions in water saturation degree from 0.50 to five degrees (0.48, 0.46, 0.44, 0.42, 0.40).

Fig. 11 .

 11 Fig. 11. Pore size distribution after single occurrence of salt dissolution. The initial porosity of 0.20 increases to five degrees of porosity (0.21, 0.22, 0.23, 0.24, and 0.25) which corresponds to increases in water saturation degree from 0.40 to five degrees (0.42, 0.44, 0.46, 0.48, 0.50).
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 12 Fig. 12. Evolution of pore volume fraction due to salt precipitation and dissolution.
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 13 Fig. 13. Filling and emptying ratio after single salt precipitation and dissolution.
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 14 Fig. 14. Parameter ε against porosity for successive transformations.

Fig. 15 .

 15 Fig. 15. Effect of single and successive transformations on pore size distribution and filling/emptying ratio. Gradient color represents change in the pore size distribution and filling/emptying ratio.
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 16 Fig. 16. Evolution of water saturation degree due to successive transformations.

7 )

 7 For non-monotonic transformation law, 7 , 7 8 are defined as:

Table 1

 1 Analyzed properties of masonry cement and fitting values for parameters of lognormal distribution model.

	Matrix properties	Masonry cement
	Porosity	0.2029
	Cumulative pore volume (mL/g)	0.0971
	Specimen's diameter (mm)	35
	Specimen's thickness (mm)	11.10
	Mimimum radius (μm)	0.0015
	Maximum radius (μm)	160.2297
	Simulated	1.2
	Simulated	-1.8788
	Initial pore size distribution	See Fig.8

Table 2

 2 Values of parameters for successive transformations of pore size distribution.

	Chemical Reactions	Water Saturation Degree	Opening Zone	(μm)	Porosity
	Salt precipitation	0.4	0.1		0.20→0.15
		0.5			
	Salt dissolution	0.4	0.1		0.20→0.25
		0.5			
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that the cumulative effects of successive transformations on pore size distribution should not be overlooked.

The proposed probabilistic model provides a reasonable interpretation on physical parameters and water-dependent evolution of pore size distribution. However, it is still not capable of accurately quantifying pore structure development in the course of salt precipitation and dissolution. The authors intend to study the proposed model by considering unstable waterfront and the environmental conditions that influence the waterfront. Most importantly, the model presented in this paper is purely theoretical. Although no appropriate experiments are available for the validation of the proposed model at present, it is necessary to make efforts to find out feasible experimental methods to validate the modeling results and further understand the mechanisms suggested by the proposed model.

Appendix A. Non-linear transformation models

The S-shape function for monotonic transformation law is expressed as: 

For non-monotonic transformation law, we have:

G r J P r dr P r dr r r K r P r dr P r dr r