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Abstract. Saline intrusion is a critical issue in building material because of the severe damages caused 
by the salt precipitation/dissolution process, especially for the porous material, which has good 
connectivity. When porous material is exposed to aggressive ambient, the pore structure, not only 
porosity but also pore size distribution, will be altered by salt precipitation/dissolution. As one of the 
most significant characteristics in the porous material, pore size distribution is always paid much 
attention in many literatures. However, a quantitative and practical determination method is still absent. 
This work aims to establish a probabilistic model to investigate the pore size distribution induced by 
solid-phase precipitation/dissolution. First, a lognormal distribution is proposed for the simulation of 
initial pore size distribution tested by the MIP method. Then we develop a probabilistic-based porous 
network to represent the evolution of microstructure due to precipitation/dissolution. To this end, two 
different transformation models are constructed to interpret the relation between initial pore radius and 
modified pore radius before and after precipitation/dissolution. With this probabilistic-based porous 
network, we could illustrate the precipitated profiles that evolve near the capillary interface during the 
salt precipitation/dissolution process for a given porosity and water saturation degree. Such a method 
could be used to interpret the mechanism of the local precipitation/dissolution process in pore scales, 
which cannot be implemented by experimental measurements. 

Keywords: Pore Size Distribution, Precipitation/dissolution, Capillary Interface, Probabilistic 
Methods, Transformation Models. 

1 Introduction 

The durability of construction material is always prevalently focused research since it is strictly 
relevant to the long and durable service life of building structures. As is generally accepted, salt 
precipitation/dissolution is one of the main factors for the deterioration of construction material, 
especially for the porous construction material, which has highly connected cavity facilitating 
the transport of moisture, ions, and chemical fluxes (Huang et al., 2015). Salt 
precipitation/dissolution strongly influences the pore structure, which governs the most 
important properties of porous material, notably compressive strength for cement-based media 
(Cristina et al., 2012). For example, salt dissolution induces high porosity, which accelerates 
the permeability of gases and liquids within the pore structure, thus affects the compatibility 
and durability of the construction materials. As a result, it brings about high maintenance and 
repair costs. (Fenaux et al., 2019; Kumar et al., 2003). Therefore, the porous structure directly 
impacts the durability and resistance of construction material and components. More 
specifically speaking, research on the processes involved in salt-induced corrosion is of utmost 
benefit for assessing the durability of construction material. 

Apart from the porosity, the pore size distribution (PSD) also plays a vital role in 
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characterizing pore structure within porous media (Aligizaki et al., 2005). However, the 
porosity does not give any information about pore size, shape, distribution, and connectivity; 
thus, the PSD should be employed to give a precise depiction of pore structure. The PSD, which 
is so complicated that covers several orders of magnitude of pore size, is principally influenced 
by several aspects, for instance, water, air, chemical reactions, and other fluids. (JR Nimmo, 
2013) It is essential to recognize that many efforts of experimental measurements have been 
devoted to the description of PSD by previous researchers (D.N. Winslow, 1968; S. Roels et 
al., 2001; E.Gallucci et al., 2007; Yanbin Yao et al., 2012; Gong Fuyuan et al., 2014). However, 
a quantitative and practical determination method is still absent. Since the pore structure is 
heterogeneous and anomalous morphology in pore sizes, it is hard to describe it in full detail 
by experimental measurements. Therefore, the most reasonable method is to assess it by 
probabilistic models. 

In this work, we adopted a lognormal distribution to approach the initial PSD before solid-
phase precipitation occurred. Two representative models for pore radius were constructed by 
employing a monotonic transformation model and a non-monotonic transformation model.  
After several times of solid-phase precipitation, the new PSD was described by two different 
probabilistic methods. According to the comparison and parametric investigations, the 
proposed methods could provide us with an estimated prediction of the modified PSD, filling 
rate, and water saturation degree. 

2 Methodologies 

2.1 Transformation Models for Pore Radius 

During the process of solid-phase precipitation/dissolution, the initial pore radius goes through 
a multi-step of transformation with the evolution  �� → �� → ⋯ → �� → ���� , which is 
corresponding to the evolution of total porosity �� → �� → ⋯ → �� → ����. According to the 

superposition principle, the new pore radius ����is the superimposed of the current pore radius 
��  and the increment term denoted as ����(��) , which is expressed as equation (1). As is 
mentioned above, precipitation/dissolution occurs near the capillary interface. Thus, the 
waterfront �� is introduced into the transformation models of the pore radius. For the sake of 
simplification, it is assumed that the waterfront keeps constant as the evolution of pore structure. 
That is to say, the proposed pore system is open to the atmosphere to induce the water to 
evaporate into the ambient, which makes the waterfront be equilibrium. In this way, the 
capillary interface keeps constant for each time of transformation. 

���� = ����(��) = �� + ����(��) (1) 

Let us consider two different cases for the increment function ����(��). For the monotonic 
model (see Figure 1a), water is filled in all the pores with the radius less than ��. Solid-phase 
condenses inside the pores with the radius ranging from �� − � to �� + �. When pore radius is 
large enough (i.e., more than �� + �), the accumulated solid-phase is assumed to be constant 
as ��̅��. For the non-monotonic model (see Figure 1b), the precipitated solid only occurs near 
the waterfront with the range from�� − � to �� + �; for large pores with radius more than �� +
�, solid mass is supposed to be small enough to be neglected when compared to the large pore 
space. 
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Figure 1. Schematic of the porous model for one single transformation ( ��  is the maximum aperture filled with 
water, the so-called waterfront or capillary interface; � is the opening zone, indicating the range of solid 

precipitation/dissolution, �(��) is the increment term for the first time of transformation.). 

      Table 1. The monotonic transformation model and non-monotonic transformation model for new pore 
radius. 

Function Monotonic transformation model  Non-monotonic transformation model 
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Remarks 

The derived function should 
satisfy  ��(��) > 0  in the case of salt 
precipitation, that is,  ��̅��  is 
constrained in the range of [0, −4/3�] 

  

Table 1 shows the details of two different transformation functions. It should be noted if 
parameter  ��̅�� > 0, salt dissolution occurs; if ��̅�� < 0, salt precipitation occurs. For the 
monotonic transformation model, the derived function ��(��) should be positive to make sure 
the transformation function is one-to-one.  
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2.2 Probabilistic Methods for Modified Pore Size Distribution 

The initial PSD for gel pores and capillary pores is presented in the form of lognormal 
probability density function that is expressed as: 

��(��) =
1

��√2� ��

exp �−
(ln �� − ��)�

2��
�

� (2) 

where ��, the location parameter, is the arithmetic mean of the representative pore size and 
��, the standard deviation, is a measure of the dispersion of these pore size.  

The total porosity for n+1th transformation is defined as: 

����(����) = ���� � ����(�)��
����

�

 (3) 

As we have the initial PDF  ��(��) and two transformation models for pore radius, the new 
probability density function ����(����) for n+1th transformation could be determined by the 
following two methods, which are presented in Table 2.  

Table 2. Two probabilistic methods and their properties. 

 Method one Method two 

Theoretical 
foundation 

It is based on the assumption that 
porosity is proportionally 
distributed to each pore, the ratio 
of local porosity before and after 
transformation is equal to that of 
the ratio of global porosity: 

����

��

=
�����

���

 

 

Let us consider the cylindrical form of 
the pores as to the end that the ratio of 
local porosity before and after 
transformation is equal to the ratio of 
pore volume, which could be 
represented by the following equation: 

�����

���

=
���������

�����
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�����(��)
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�
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����
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According to Figure 1, the capillary condensation occurs in pores with radii smaller than ��, 
thus the water saturation degree �� (SD) can be obtained by the integration of the volume pores 
with sizes smaller than ��. 

�� = � �������

��

�

 (4) 

3   Implementation and Parametric Study 

The inputs parameters of initial pore size distribution were completed by experimental test 
mercury intrusion porosimetry (MIP) on masonry cement (see in Table 3 for more properties).  

As the limitation of space, only the process of solid precipitation (��̅�� < 0 ) will be 
discussed in this work. The waterfront could occur in any position of capillary pores, ranging 
from 0.0025�� to 5�� (Huang et al., 2015), thus, the opening zone � could be any value that 
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is smaller than ��. 

Table 3. Characteristic parameters of lognormal distribution for the initial pore radius. 

Initial porosity �� Standard deviation �� Mean Value �� ���� (��) ���� (��) 

0.20 1.2 -1.8788 0.0015 165 

3.1 One Transformation for the Monotonic Model 

Let us study one monotonic transformation of PSD evolves with four different capillary 
interfaces both by method one and method two. When solid-phase precipitation occurs, the 
porosity is assumed to decrease from 0.2 to 0.18, and the opening zone is fixed at 0.05μm. Then 
we can get the new PSD for the single transformation according to the equations in Table 1 and 
Table 2. 

Figure 2 indicates that significant and sharp salt precipitation occurs near the waterfront for 
method one (see in Figure 2a). For method two (see in Figure 2b), the variation of pore radius 
is much smoother than method one. Moreover, the modification was distributed evenly to the 
whole range of pore size in method two. Thus, it can be concluded that for the porous materials 
sensitive to the capillary effect, such as the porous material with a large number of fine pores 
and high permeability, method one is more appropriate to describe the slight salt deposition 
process than method two. Of course, the extent of salt precipitation also depends on the type of 
salts, temperature, concentration, and saturation degree of salt solution. 

            

Figure 2. Pore size distribution with different waterfront for single transformation. 

3.2 Successive Transformations for the Non-Monotonic Model 

For the case of non-monotonic transformation models, we focus on five times of successive 
transformations with the porosity decreasing from 0.20 to 0.18 in the step of 0.004. The 
waterfront is fixed at 0.1 μm, and the opening zone is valued at 0.08μm. For non-monotonic 
transformation, there is no constraint to new porosity, and all we should concern about is that 
the critical parameter ��̅��cannot make the new pore radius negative. 

From Figure 3, we can find that both method one and method two generate a bimodal 
probability density as the porosity decreasing to a specific value. As is similar to the single 
transformation, the probability density presented by method one shows a noticeable increment 
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of the peak value. In contrast, the probability density curve implemented by method two shows 
a slight shift to the left side, indicating produced more fine pores with the effect of precipitation. 

As to the filling rate of pore radius due to the solid-phase precipitation presented in Figure 
4, by dividing ����(��) with ��,  after one time of transformation, that of the method one is up 
to 30% while that of the method two accomplishes around 10%. After five times of 
transformation, when the porosity decreases to 0.18, the porous material described by method 
one has the filling rate of almost reaching 70%, while method two only achieves over 30%. 
Thus, at the same porosity, method one presents a more efficient filling rate of pore radius than 
method two.  

         
Figure 3.  Pore size distribution for successive non-monotonic transformations by two different methods 

(According to Table 2, method one is related to the reciprocal of the derivative function of the non-monotonic 
transformation model, which induces the singularity points at the positions where the derivative function is equal 

to zero. As a result, the PDF tends to infinity at these singularity points. Herein the unbounded PDF is allowed 
because the integral of the modified PDF from 0 to ∞ is equal to 1.). 

            

             Figure 4.  Filling rate of pore radius by two different methods during the process of salt precipitation. 

To investigate the evolution of water saturation degree for successive transformations, we 
consider a case that porosity decreases from 0.2 to 0.185 by 30 steps, as is shown in Table 4.  
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Table 4. Parameter configurations for the investigation of the water saturation degree in non-monotonic 
successive transformations. 

Initial 
porosity 

�� 

Final 
porosity 

��� 

Transformation 
Times 

Transformation 
Steps of Porosity 

Waterfront  
�� (��) 

Opening 
Zone 

β (��) 

0.2 0.185 30 0.0005 0.1 0.08 

Figure 5 shows the evolution of the water saturation degree with the porosity. It is observed 
that the water saturation degree calculated by method one shows a slight reduction while that 
is described by method two increases tremendously with the porosity decreasing. Besides, the 
incremental trend is more and more evident as the decreased porosity. It may be ascribed to the 
different filling rates of the two methods. For method two, the reduction rate of the pore volume 
is lower than that of water volume, leading to the increment of the water saturation degree. 
However, for method one, the reduction rate of the pore volume is fast enough to catch that of 
the water volume, and the two rates are almost the same. Consequently, the water saturation 
degree by method two almost keeps constant. 

 

Figure 5.  Water saturation degree implemented by two methods in the case of salt precipitation. 

4 Conclusions 

- When the waterfront moves to large pores, method one shows more evident 
modification than method two for PSD in the process of salt precipitation. Moreover, 
method one is more appropriate to the porous material that is sensitive to the capillary 
effect than method two. Besides, the monotonic model is very limited used, which is 
only applicable to the slight salt precipitation. 

- The existing two probabilistic methods could estimate the filling rate caused by salt 
precipitation. According to the simulated results of non-monotonic transformation 
models after five times of transformations, method one has a higher filling rate than 
method two, which indirectly leads to the stable water saturation degree in method one. 
Such an approach of method one allows the water condensation in the open system that 
does not depend on the evolution of the pore structure.  

- For further investigation, proper consideration for the mobilization of waterfront in a 
closed system should be taken into account to fully understand the evolution of 
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microstructure in the durability research for a porous material. 
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