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Abstract 
This study aims at validating an easily implementable and effective methodology to simulate the capillary 
imbibition rate of porous building materials, with special attention to stones employed in historical 
architecture. Two models selected from the literature are discussed from both a theoretical and practical 
viewpoint and their effectiveness in describing the imbibition process is evaluated on a large set of water 
absorption data of four different natural stones. It is shown that these models can be used in a predictive way 
to calculate the sorptivity of stones with fairly good approximation. Furthermore, they may represent a useful 
tool for the study of porous materials of built heritage, since, contrary to standard tests for sorptivity 
determination, they only require small samples to determine the pore size distribution and the maximum 
water saturation of the investigated materials. Finally, it is shown that the same models can also be used to 
simulate the reduction in water absorption after the application of water-repellent products, affording some 
insight into the protection mechanism and the criteria that determine the performance of protective 
treatments. 
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Highlights 
• A modelling approach for predicting the sorptivity of porous stones from microstructure is validated on 

a large set of water absorption data of different natural stones. 
• The proposed methodology only requires minimal sampling of the investigated materials, being tailored 

for the study of porous building materials used in architectural heritage.  
• A mechanistic model of pore hydrophobization simulates the effect of protective treatments on the 

capillary absorption of stones. 
 
 
1. Introduction 

For porous building materials, such as stone, mortar, brick and concrete, capillary imbibition phenomena 
are relevant in many respects. Several weathering processes that affect these materials, such as salt-
crystallization [1], freezing-thawing cycles [2], dissolution of soluble fractions [3], and swelling of clays [4] 
owe their onset to liquid water penetration, either in the form of meteoric precipitation or groundwater 
moisture infiltration. Moreover, as a consequence of microstructural modifications induced by the above 
mentioned processes, increasing weathering levels often result in increasing imbibition rates [5]. Capillary 
absorption measurements not only provide a fundamental indication for monitoring the progress of materials 
degradation but also critical parameters for evaluating the efficacy of protective treatments applied to stone 
materials with the aim of preventing or reducing water penetration [6].  

According to European Standard EN 15801 [7], laboratory measurements of capillary absorption must be 
performed on samples with a regular geometry (prisms or cylinders), which represents a considerable 
limitation in the study of heritage materials. Indeed, whilst these tests are quite easy to perform on freshly 
quarried specimens, they can hardly be carried out on samples collected from buildings, subjected to specific 
regulations for cultural heritage safeguard [8]. Another limitation is encountered in the testing of protective 
treatments. Experience in the field of building materials indicates that the protective performance cannot be 
explained unless the complex system resulting from the interaction of stones with treatments is taken into 
account [9]. Water-repellent products, particularly if relying on a sol-gel reaction to create an effective 
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barrier against water penetration, have a complex interaction with porous materials, which determines, e.g., 
their penetration, reactivity and, ultimately, ability to ensure a homogeneous pore hydrophobization [6,10]. 
Due to this fact, the laboratory evaluation of protective performance, which includes, among other tests, the 
measurement of water absorption before and after the application of the treatments, often requires that a 
considerable number of products should be tested in order to select the most appropriate one [9], thus 
involving time and material-consuming experimental procedures. In both these regards, predictive models of 
capillary imbibition would be particularly helpful to simulate laboratory tests, not only giving responses 
about the hydric behaviour of weathered stones in heritage buildings but also rationalizing their interaction 
with protective treatments and indicating which products, among the many available, may be best suited to 
the protection of a given substrate.   

Several works over the last 40 years have pursued, for a variety of interests and applications, the aim of 
modelling the imbibition of fluids into different porous media. Theoretical interest in capillary phenomena, 
originating from research fields such as soil science, hydrogeology and petroleum engineering, led to 
formulate the continuum-based theory of unsaturated flow, on which the modelling of fluid dynamics in 
large domains such as aquifers is based [11,12]. Later on, the topic of capillary imbibition also became of 
interest to materials science, where however a fundamentally different modelling approach was adopted with 
respect to the above-mentioned fields. Materials science is generally concerned with small material domains 
and regards them as systems with a discrete internal structure rather than continua. Accordingly, many 
models describing capillary imbibition or physical properties in rocks and other porous materials use 
microstructural data to make assumptions on the structure and topology of the pore space [13-15] and then 
adopt a suitable mathematical description of the flow or other properties of interest inside this space. The 
simplest and oldest of such models is no doubt the so-called “capillary bundle model” of fluid flow, which is 
based on the assumption that porous solids may be described as an ensemble of parallel cylindrical 
capillaries [16]. More complex instances include pore network models of capillary pressure and fluid flow 
[17,18] and fractal models describing properties such as pore shape and tortuosity [19,20] or simulating the 
pore size distribution [8,21]. The development of digital tools during the last 20 years has substantially 
widened the perspectives of computation, also opening the way to advanced imaging techniques of the 
internal structure of porous materials such as Computed Tomography (CT) [22,23].  

Nevertheless, given the high complexity and heterogeneity of porous materials, models developed for a 
specific class of materials are often found to be ineffective on others. Moreover, not all modelling procedures 
comply with the specific needs of cultural heritage research. First, they should rely on characterization 
techniques that are non-invasive or only require the sampling of small fragments to acquire the necessary 
preliminary information on the materials microstructure [8,22]. Secondly, they should be easily 
implementable, helping to understand phenomena and providing support to the experimental work, while 
remaining accessible to people with no strong background in computational tools.    

Another challenge is posed by the prediction of the effect of water-repellent treatments on the water 
absorption behaviour of stones. These treatments, which nowadays mainly consist of silicon-based 
compounds, i.e., alkylsilanes or siloxanes, penetrate into the pores of stone materials, covering grain 
boundaries with a thin protective layer that is able to hydrophobize the stone pores up to few millimetres 
from the surface [24,25] without causing relevant alterations of the deeper microstructure. Most of the 
protective performance relies on the efficiency by which treatments modify the water/stone interface, 
adhering to the stone grains and adapting to their surface morphology, while the penetration depth was 
shown to have a looser correlation to the performance [9]. However, acquiring direct evidence of the 
modification of this interface is a difficult task. Contact angle measurements are generally used with this 
aim, yet the information they provide is more related to an instantaneous water-repellent effect, which also 
depends on intrinsic textural parameters such as surface roughness. Mercury Intrusion Porosimetry (MIP) 
has been used in some cases to quantify the changes in pore size distribution due to consolidant and 
protective treatments with good penetration ability [26] and, accordingly, to predict the decrease in stone 
permeability [27], but the results of this analysis alone can be misleading [28] and the suitability of the 
technique to describe changes in porosity due to consolidation has been questioned [29]. As regards 
microscopy techniques, scanning electron microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy 
(EDS) can be used to characterize, morphologically and chemically, the modification of the stone surface, 
but they are much less effective in detecting the product distribution inside pores from the analysis of stone 
cross sections, while the potential of μ-CT scanning, which is able to visualize the 3D structure of the pore 
network, is limited by spatial resolution and low contrast between silicon-based products and stone minerals 
[24].    
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In this research, the issue of modelling the water absorption rate in porous materials of historical 
architecture was handled by selecting, upon a survey of literature, two existing models of capillary 
imbibition, and, after a theoretical discussion, evaluating their effectiveness against a large set of data of four 
different porous rocks, chosen as reference substrates and characterized by different petrological features. 
These models are based on two alternative configurations of the pore space, namely the capillary bundle and 
the pore network model. Both of them use MIP to gain knowledge of the stone microstructure and are 
potentially of great interest for heritage materials, as the mercury intrusion technique only requires very 
small samples (about 1 cm3), which can easily be collected from historical buildings and monuments. 

Then, a simple mechanistic model of pore hydrophobization was devised with the aim of simulating the 
effect of protective treatments and its validity was checked by adapting the two models of capillary 
imbibition and using them to describe the reduction in water absorption in the four stones after the 
application of two silicon-based water repellent treatments.  

The aims of the research are, therefore: (i) to discuss from a theoretical viewpoint two different literature 
models that describe spontaneous imbibition in porous materials; (ii) to evaluate these models in order to 
validate an easily implementable and effective methodology to simulate the capillary imbibition rate of 
building materials, with possible application to heritage stones; (iii) to extend such methodology in order to 
simulate the effect of protective treatments, providing some insight into the protection mechanism and the 
criteria that determine the performance of these treatments.   

The research framework was provided by the EU H2020 Nano-Cathedral project [30], which concerned 
the development and testing of innovative consolidant and protective treatments, both on laboratory scale 
and in situ, on a variety of stone substrates employed in European Middle-Age cathedrals. 
 
 
2. Modelling approach 
 
2.1. Modelling of capillary imbibition       

The kinetics of capillary imbibition was described within the theoretical framework given by Lucas- 
Washburn (L-W) equation [16,31]  

 

𝐿𝐿(𝑡𝑡) = �𝑑𝑑𝑑𝑑 cos𝜃𝜃
4𝜇𝜇

𝑡𝑡�
1/2

     (1) 
 
where L(t) indicates the position of the liquid meniscus at elapsed time t along the pore path, d is capillary 
diameter, γ and μ are the surface tension and viscosity of the liquid, respectively, and θ is the contact angle 
formed between the liquid meniscus and the capillary wall, which was set equal to 0 in agreement with 
literature [14]. The approximations made by eq. 1, including the disregard of inertia and gravity 
contributions to the flow dynamics, have been shown to involve no significant loss of predictive accuracy if 
the capillary size is in the order of 100 μm or less [32,33] (as it is the case of pores practically contributing to 
the process of spontaneous imbibition in porous rocks [34] and if its length is small compared to the 
equilibrium height reached by the fluid [35], which is by far verified by stone specimens with 2 cm height. 
Also, the possible effects deriving from the use of static instead of dynamic contact angles were shown to be 
negligible for liquids having the viscosity and surface tension of water [36]. The effect of the air co-current 
flow in single open capillaries was overlooked [37], because air and water viscosity differ by nearly two 
orders of magnitude. However, the presence of air in the pore space resulting in incomplete saturation of the 
medium was taken into account by measuring maximum water saturation (Swf) and, in accordance with 
literature [38-40], this parameter was included in the modelling of the imbibition rate. 

L-W equation was applied to two different pore space configurations: (i) capillary bundle model and (ii) 
pore network model. 
 
2.1.1. Capillary bundle model 

The capillary bundle model [16] was set up assuming independent pores with an upright orientation and a 
circular cross section (supposed to be constant over the entire pore length). As unique deviation from 
geometrical ideality, pores were allowed to display non-straight paths and tortuosity factors were accordingly 
introduced. For all pores of a given diameter di, tortuosity (τi) is defined by 
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𝜏𝜏𝑖𝑖 = 𝐿𝐿𝑖𝑖
𝐿𝐿0

       (2) 
 
where Li is the linearized pore length and L0 is the minimum distance between its ends. In the case of stone 
specimens such as are those used in water absorption measurements, this distance can be set equal to the 
macroscopic height of the specimens.  

Supposing that pores have an average length Lav, eq. 2 can also be used to define an average tortuosity 
(τav). Several empirical relationships between the latter and the open porosity (ϕ) have been proposed for 
porous materials [59-61]. In the present study, the widely accepted equation by Comiti and Renaud [45]  
 

𝜏𝜏𝑎𝑎𝑎𝑎 = 1 − 𝐹𝐹 ln𝜙𝜙      (3) 
 
was used, where F is an empirical constant with values usually falling in the range between 0.5 and 1 [46]. A 
recent study where tortuosity data of a wide range of porous materials with different porosity were fitted to 
eq. 3 found that a value of 0.60 yields the best regression [46], hence this was the value adopted by Cai et al. 
[40] and used in the present research.  

Tortuosity factors τi were calculated by using the model proposed by Yu et al. [20,41-44], which involves 
fractal-geometry considerations. The main assumption of the model is that tortuosity can be described 
through a self-similarity relationship, the scale thereof being dictated by the pore size: smaller pores are 
supposed to display greater tortuosity and so to be longer than larger pores. In particular, the fractal scaling 
law  

 
𝐿𝐿𝑖𝑖 = 𝑑𝑑𝑖𝑖

1−𝐷𝐷𝑇𝑇𝐿𝐿0𝐷𝐷𝑇𝑇       (4) 
 
is used to correlate the pore length Li to the diameter di. DT in eq. 4 is the fractal dimension of tortuosity, 
which can be expressed as [20] 
 

𝐷𝐷𝑇𝑇 = 1 + 𝑙𝑙𝑙𝑙 𝜏𝜏𝑎𝑎𝑎𝑎
𝑙𝑙𝑙𝑙 𝐿𝐿0

𝑑𝑑𝑎𝑎𝑎𝑎

      (5) 

 
by combining eqs. 2 and 4 and substituting τav for τi and dav (i.e., average pore diameter) for di. Yu’s model 
also describes the pore size distribution under fractal terms. Without entering too many details, the model 
correlates the 𝐿𝐿0 𝑑𝑑𝑎𝑎𝑎𝑎⁄  term in eq. 5 to the fractal dimension of the pores (Df), which in turn depends on the 
open porosity and the pore size range of the material, i.e., the maximum and minimum pore diameters [20]. 
As regards Df, it is worth remembering that in a capillary bundle configuration, where pores have constant 
cross section and share the same orientation in space, its values can range between 1 and 2. 

The multiplicity ni of the i-th pore size class, i.e., the number of pores having the same diameter di , can 
be obtained from the specific volume Vi (measured through mercury porosimetry) by applying the simple 
identity 
 

𝑛𝑛𝑖𝑖 = 4𝑉𝑉𝑖𝑖
π𝑑𝑑𝑖𝑖2𝐿𝐿𝑖𝑖

· 𝑉𝑉𝐴𝐴·𝜙𝜙
∑𝑉𝑉𝑖𝑖

      (6) 
 
where 𝑉𝑉𝐴𝐴·𝜙𝜙

∑𝑉𝑉𝑖𝑖
 is the scale factor to convert Vi into its corresponding value relative to the specimen (with volume 

VA) used in the capillary imbibition experiment (see §3.3). 
 
A. Multiple imbibition fronts 

The application of L-W equation to the capillary bundle configuration defined above gives for the amount 
of water absorbed per unit area (Wt, kg/m2) the expression 
 

𝑊𝑊𝑡𝑡(𝑡𝑡) = 𝜌𝜌𝑤𝑤
4𝐴𝐴
∑ 𝑛𝑛𝑖𝑖𝜋𝜋𝜋𝜋𝑖𝑖2𝐿𝐿𝑖𝑖(𝑡𝑡)𝑁𝑁
𝑖𝑖=1     (7) 

 
where ρw is the density of water at 23 °C, A is the specimen area and Li(t) is given by eq. 1 with d=di. 
Formally, eq. 7 is a summation (performed over the N pore size classes) of the amounts of water present in 
the different pores at each time t. The no-flow boundary condition derived from eq. 4 is also set in the 
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calculation, requiring that the capillary flow in each pore should stop once it has travelled through the entire 
pore length, that is, when 𝐿𝐿𝑖𝑖(𝑡𝑡) = 𝑑𝑑𝑖𝑖

1−𝐷𝐷𝑇𝑇𝐿𝐿0𝐷𝐷𝑇𝑇 .  
It is important to stress that this approach, adopted by Pia et al. in their modelling of capillary imbibition 

[8], comes out straightforwardly from choosing the said capillary bundle configuration. Indeed, in an 
ensemble of independent capillary tubes, the imbibition rate of each pore scales as �𝑑𝑑𝑖𝑖 (eq. 1), hence the 
water uptake occurs with multiple imbibition fronts and the timescale of the process ends up being 
dominated by the largest pores.    

 
B. Single imbibition front 

Within a capillary bundle configuration, the only way of describing the water uptake through a single 
imbibition front is to define a single “average” pore diameter representing the entire microstructure. In the 
literature, there have been attempts to address this issue by using the average or median pore diameters 
obtained from MIP or other porosimetry techniques [58,62]. However, this approach showed poor agreement 
with experimental results, requiring the use of corrective factors to allow the fitting of eq. 1 to the 
experimental imbibition curves. More recently, starting from the capillary bundle configuration outlined in 
§2.1.1, Cai et al. calculated an ‘average effective pore diameter’ [40] by following a different approach. 
First, they expressed the imbibition rates v0i (m/s) of single capillary tubes as 
 

𝑣𝑣0𝑖𝑖(𝑡𝑡) = 𝛼𝛼3𝑑𝑑𝑖𝑖𝛾𝛾
4𝜇𝜇𝜏𝜏𝑖𝑖2

1
ℎ𝑖𝑖(𝑡𝑡)

      (8) 
 
which is only the non-integrated form of L-W equation, where τi is the tortuosity factor defined by eq. 2, hi(t) 
is the height reached by the liquid at time t and α is a geometrical factor (unique for all pores) representing 
the deviation of the pore cross-section from circularity [40], its value being equal to 1 for circular cross 
section and higher than 1 for other geometries [47]. Single imbibition rates v0i are then weighted by the 
respective multiplicities ni (eq. 6), yielding the average rate v0  
 

𝑣𝑣0(𝑡𝑡) = 𝑑𝑑ℎ(𝑡𝑡)
𝑑𝑑𝑑𝑑

= ∑ 𝑛𝑛𝑖𝑖𝑣𝑣0𝑖𝑖
𝑁𝑁
𝑖𝑖=1
∑ 𝑛𝑛𝑖𝑖𝑁𝑁
𝑖𝑖=1

= 𝛼𝛼3𝛾𝛾
4𝜇𝜇ℎ(𝑡𝑡)

𝑑𝑑𝑎𝑎𝑎𝑎
𝜏𝜏𝑎𝑎𝑎𝑎2

   (9) 

 
where h(t) is the height reached by the single front at time t, and dae and τae stand for ‘average effective 

pore diameter’ and ‘average effective tortuosity’, respectively. As shown by eq. 9, the dae/τae
2 ratio results 

from a weighted sum of the single di/τi2 terms occurring in eq. 8. Since small pores are numerically 
predominant in the microstructure of most porous materials, the value of dae obtained through this calculation 
turns out to be significantly smaller than the MIP-calculated average or median pore diameters. From a 
physical point of view, the meaning of the approach leading from eq. 8 to eq. 9 cannot be justified for a set of 
independent capillary tubes of different size. As discussed previously, the application of eq. 8 to such 
configuration would lead back to the known scenario of multiple imbibition fronts. However, based on the 
empirical observation that in real porous media this multiple-front dynamics tends to converge to a single 
front, Cai et al. made the approximation of defining an average imbibition rate as a weighted sum of the 
single pore rates. Albeit not formally stated, this choice may be related to the empirical evidence that 
capillary tubes do not have constant size over their entire length and that some connectivity exists between 
them, so that smaller and larger segments alternate along each tube and parallel tubes are to some extent 
connected to each other. Once the dae/τae

2 ratio has been calculated, the amount of water absorbed per unit 
area (Wt) is expressed by integrating eq. 9 in time, which leads to the expression 
   

𝑊𝑊𝑡𝑡(t) = �𝜌𝜌
2𝜙𝜙2𝑆𝑆𝑤𝑤𝑤𝑤2𝛼𝛼3𝛾𝛾𝑑𝑑𝑎𝑎𝑎𝑎

2𝜇𝜇𝜏𝜏𝑎𝑎𝑎𝑎2 𝑡𝑡�
1/2

    (10) 
 
When handling eq. 10, the no-flow boundary condition  

 
max[𝑊𝑊𝑡𝑡] = 𝜌𝜌𝜌𝜌0𝜙𝜙𝑆𝑆𝑤𝑤𝑤𝑤     (11) 

 
must be applied in order to take the height of the specimen L0 into account.  
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The additional term Swf in eq. 10 represents the maximum volume fraction occupied by water during the 
imbibition process, thus accounting for the possible incomplete saturation of the pores due to residual air. 
Such term is obtained by measuring the maximum amount of water absorbed by the specimens, which can be 
done through an immersion experiment (§3.4) as an alternative to the typical “bottom-up” imbibition test 
(§3.3). This fact has relevance for the practical application of the model. Indeed, since measurements by 
immersion have a less strict dependence on the specimen geometry, samples with a smaller size and non-
regular geometry may be potentially used, limiting materials consumption and posing this modelling 
procedure as a sustainable alternative to the experimental laboratory measurement of sorptivity on heritage 
materials.  
 
2.1.2. Pore network model 

The pore network model is based on a configuration where pores are regarded as nodes connected to each 
other by throat channels of different size [22]. The average number of channels meeting at each node defines 
the connectivity of the network, expressed by a coordination number z. While nodes make up the bulk of the 
pore space, channels are supposed to determine the hydraulic conductivity of the system. Pore diameters 
obtained from MIP measurements are used to determine the size (di) of the different throat channels [15].  

Then, by applying the Effective Medium Approximation [48], this heterogeneous network is reduced to 
an equivalent porous medium where throat channels are all the same size (deff) and their hydraulic 
conductance (geff) has the same value as in the real medium. Assuming straight cylindrical throat channels of 
length y [15], the individual hydraulic conductances gi and the effective conductance geff can be calculated 
through the formula 

 
𝑔𝑔𝑥𝑥 = 𝜋𝜋

128
𝑑𝑑𝑥𝑥4

𝑦𝑦
       (12) 

 
where the subscript x stands for “i” or “eff”. 

The effective diameter deff in the equivalent medium (also termed hydraulic diameter) is obtained by 
requiring that the incremental pressure changes induced when the individual conductances gi are replaced by 
geff should average to zero. That is tantamount to saying that both the real and the equivalent medium should 
experience the same net flow if subjected to the same boundary conditions. This self-consistency 
requirement is represented by the equation [48]  
 
∑ 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒−𝑔𝑔𝑖𝑖

𝑔𝑔𝑖𝑖+�
𝑧𝑧
2−1�𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒

= 0𝑁𝑁
𝑖𝑖=1      (13) 

 
where N is the number of pore size classes (provided by MIP) and z is the average coordination number 
characterizing the topology of the pore space, whose values can range from 2 up to infinity. When z=2, the 
channels are arranged in series and the conductivity reaches its lowest possible value. On the other hand, as 
the coordination number tends to infinity, the channels progressively switch to a parallel arrangement, and 
the conductivity reaches its maximum value. Eq. 13 can be solved for different values of z, yielding an 
effective conductance geff and a corresponding pore diameter deff for each z value.        

Within the equivalent pore space defined by deff, the capillary uptake can be described through the 
modified form of L-W equation   

      

𝑊𝑊𝑡𝑡(t) = �𝜌𝜌
2𝜙𝜙2𝑆𝑆𝑤𝑤𝑤𝑤2𝛿𝛿𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒𝛾𝛾

4𝜇𝜇𝜏𝜏𝑎𝑎𝑎𝑎
𝑡𝑡�
1/2

    (14) 
 

where δ is a pore shape factor accounting for the deviation from circularity of the cross section of deff. More 
specifically, this factor is defined as the ratio between deff and the hydraulic diameter of the smallest pore 
with circular cross section that can be circumscribed to it [15,49]: accordingly, its values can range between 
1 and 0 (δ=1 for a perfectly circular pore and δ<1 for other geometries). Together with the no-flow boundary 
condition represented by eq. 11, eq. 14 describes a single-front imbibition process. As only difference from  
Benavente’s formula, the maximum saturation Swf (eq. 21) is introduced and the average tortuosity τav is 
calculated according to Comiti and Renaud’s equation (eq. 3).  
 
2.2. Modelling of protective performance 
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A mechanistic model of pore hydrophobization was proposed to describe the effect of protective 
treatments on capillary imbibition. This model was conceived starting from already established evidence 
about the behaviour of silicon-based treatments [9] and experimental observations here reported concerning 
the specific interaction between the treatments and stones under study. There is a long-standing literature 
attesting that silane and siloxane-based treatments behave as non-filming agents [6,9]. This means that their 
protective effect is not achieved through the formation of a continuous surface film but relies on the ability to 
penetrate up to some mm under the stone surface, settling on the pore walls and producing nm-thick deposits, 
which are able to protect pores from water ingress without occluding them. 

Some of the observations made on treated stone specimens during this research confirmed the above 
statements and provided the basis for the main assumptions of the model.  

First, MIP analysis conducted on cubic samples that had been treated on all six faces indicated that the 
application of the treatments did not result in either a visible reduction in the stone porosity or a significant 
modification of its pore size distribution, thus suggesting that the majority of the pores had not been 
occluded. Moreover, as far as it was possible to assess through the SEM technique, the treatments did not 
alter the stone surface morphology by concealing grain boundaries and clogging pore apertures, while vapour 
permeability measurements did not detect a significant reduction in the stone vapour diffusivity (indeed, this 
reduction was always less than 40%). At the same time, static contact angles on treated surfaces were 
steadily higher than 120 °C, hence the latter displayed a high degree of water repellency, indicating that the 
treatments produced a widespread, if very thin, coverage of the outermost pore surface.  

One further crucial observation, based on the testing of several different treatments, was that low-
molecular-weight compounds are apt to impart a greater and more persistent hydrophobizing effect. By 
suggesting that the size of product components may be a discriminating factor for the protective 
performance, this led to the general hypothesis that small-size treatments are more effective because they are 
able to penetrate into a wider range of pores or, seen from another perspective, the larger are the pores, the 
easier they allow the penetration of the treatments. Based on this hypothesis, two assumptions were made in 
the modelling of the stone-coating interaction.   

The first assumption is that large pores tend to be protected better than small pores owing to the fact that 
they allow for an easier penetration of the treatments. Besides that, having a lower specific surface area, they 
also require a lower amount of treatment at corresponding pore volume to achieve a complete surface 
coverage. According to this assumption, a greater number of pores with a large diameter are hydrophobized 
with respect to smaller pores (Figure 1c). Treatments comprising nanoscale aggregates (§3.5) should also 
behave according to this principle: indeed, the larger are the aggregates, the lower should be their probability 
of entering small pores. The second assumption is that hydrophobized pores reduce the rate of water 
absorption to an extent depending on the penetration of the treatments. 

 

 
Figure 1. Assumptions made for the modelling of pore hydrophobization: (a-b) hydrophobized pores reduce the 
rate of water absorption to an extent depending on the penetration of the treatments; (c) a greater number of 
large pores are hydrophobized compared to smaller pores (see arrow). 
 

According to the first assumption, it was expected that the water absorption rate (vi)t of each pore with 
diameter di after the application of the treatments  should be correlated to its respective value in the untreated 
stone (vi)nt (eq. 6) through some function f(di), with the obvious condition that 𝑓𝑓(𝑑𝑑𝑖𝑖) ≤ 1 for any value of di. 
From a physical point of view, f(di) is a damping factor that accounts for the effect of protective treatments 
on the capillary uptake.   
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In the framework of Cai’s model, this factor was introduced into the equation for the water absorption 
rate (eq. 9), leading  to the expression for the amount of water absorbed per unit area (Wt) 

 

𝑊𝑊𝑡𝑡(t) = �𝜌𝜌
2𝜙𝜙2𝑆𝑆𝑤𝑤𝑤𝑤2𝛼𝛼3𝛾𝛾

2𝜇𝜇

∑ 𝑛𝑛𝑖𝑖𝑓𝑓(𝑑𝑑𝑖𝑖)
𝑑𝑑𝑖𝑖
𝜏𝜏𝑖𝑖

2
𝑁𝑁
𝑖𝑖=1

∑ 𝑛𝑛𝑖𝑖𝑁𝑁
𝑖𝑖=1

𝑡𝑡�

1/2

   (15) 

 
Upon testing different one-parameter functions and fitting the corresponding forms of eq. 15 to the 
absorption curves of treated stones (all other parameters being kept constant), it was found that the 
exponential  
 

𝑓𝑓(𝑑𝑑𝑖𝑖) = 𝑒𝑒−�
𝑑𝑑𝑖𝑖

𝑑𝑑0� �      (16) 
 

was best suited to represent the water absorption reduction. Then, the parameter d0 was obtained through 
univariate regression.  

Regarding Benavente’s model, a similar approach was adopted to modify eq. 14. In this latter case, an 
exponential law analogous to eq. 16 was applied to the hydraulic conductivity gi (eq. 12), leading to the 
modified expression 
 

(𝑔𝑔𝑖𝑖)𝑡𝑡 = 𝜋𝜋
128

𝑑𝑑𝑖𝑖
4

𝑦𝑦
𝑒𝑒−�

𝑑𝑑𝑖𝑖
𝑑𝑑0� �      (17) 

 
Then, by solving eq. 13 with the modified conductivity (gi)t, a new value of the effective diameter deff was 
calculated, the new effective diameter being now a function of d0. Finally, the value of d0 was obtained by 
fitting the modified form of eq. 14 
 

𝑊𝑊𝑡𝑡(t) = �𝜌𝜌
2𝜙𝜙2𝑆𝑆𝑤𝑤𝑤𝑤2𝛿𝛿𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒(𝑑𝑑0)𝛾𝛾

4𝜇𝜇𝜏𝜏𝑎𝑎𝑎𝑎
𝑡𝑡�
1/2

    (18) 
 
to the experimental absorption curve of the treated stone.  
 
 
3.  Materials and methods 
 
3.1. Stone materials 

Four sedimentary rocks, characterized by different petrophysical and petrological properties [50], have 
been selected for this study. Lumaquela de Ajarte (from Treviño, Castile and León, Spain) is a biomicrite 
with creamy greyish colour, composed of shell fragments in a carbonate matrix consisting of recrystallized 
fossils (>99% calcite). Balegem stone (from Balegem, East Flanders, Belgium) is a fossil-rich siliceous 
clastic arenite (grain size of 0.1-0.2 mm with, occasionally, up to 7 mm large particles) of light greyish 
colour, composed of quartz (∼40%), feldspars (∼5%) and foraminifera set in a sparite cement (∼55% 
calcite). Obernkirchen stone (from Bückeberge, Lower Saxony, Germany) is a fine to medium-grained (0.04-
0.1 mm), well-sorted, porous quartz-arenite with colour ranging from white-grey to light orange. It is mainly 
composed of quartz grains (98%), along with small amounts of feldspars, dolomite and opaque minerals; the 
grain-supported texture is characterised by a kaolinite authigenic matrix, growing on grain surfaces, partly 
filling pores and forming bridges together with dolomite. Schlaitdorf stone (from Schlaitdorf, Baden-
Württemberg, Germany) is a whitish to yellowish coarse-grained quartz-arenite (grain size of about 1 mm), 
characterized by well-sorted quartz grains (∼70%) and, subordinately, altered feldspars (∼3%). This clastic 
fraction is dispersed in a matrix consisting of dolomite (∼9%), kaolinite (∼11%) and small amounts of illite.    

 
3.2. Mercury Intrusion Porosimetry 

Mercury Intrusion Porosimetry (MIP) measurements were performed on two specimens per stone (ca. 0.5 
cm3 in size) in the range from 150-0.001 μm, using a Pascal 140 Mercury Porosimeter (Thermo Fischer) 
equipped with a high pressure module to extend the porosity range of investigation, in compliance to the ISO 
standard 15901-1 [51]. 
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3.3. Determination of water absorption by capillarity 

Water absorption by capillarity was measured for 96 h on 30 specimens (5×5×2 cm3 prisms) per stone 
according to the European standard EN 15801 [7]. The direction of the flow was along the shortest axis, 
hence the specimen height (L0) and its cross-sectional area (A) were 2 cm and 25 cm2, respectively.  

All of the selected stones did not show any visible orientation of sedimentary planes, either by naked-eye 
or microscopy observation, hence a possible effect of material anisotropy relative to the sedimentary planes 
was ruled out and absorption measurements were performed along the privileged direction defined in the 
preparation of the specimens. This does not exclude the possibility that other anisotropy features, such as the 
crystallographic preferred orientation of mineral grains, may be present, although their impact on the 
directional dependence of sorptivity should be less significant. Of the four stones considered in the study, 
only Obernkirchen has been the subject of a considerable number of scientific publications. For this stone, an 
anisotropy of 9% was reported among the values of sorptivity in the X and Z directions [4], which is much 
lower than seen on other stones displaying a well visible orientation of sedimentary planes, where values of 
up to 70% have been observed [34]. Furthermore, as it will be appreciated (§4.1), this supposed anisotropy is 
smaller than the standard deviation of sorptivity measurements.  

Prior to the test, the specimens were immersed in deionized water for 1 h in order to remove any excess 
soluble salts, dried in oven at 65 °C until constant weight and stored in a silica gel desiccator for another 24 
h. Then, they were placed on water-soaked filter paper pads (Ahlstrom-Munktell laboratory filter paper, 1288 
grade) and the absorption of water was monitored gravimetrically. To avoid the superposition of any 
evaporation process, the test was conducted in closed vessels.  

At increasing time intervals (0, 10 min, 20 min, 30 min, 60 min, 4 h, 6 h, 24 h, 48 h, 72 h and 96 h), each 
specimen was blotted with wet deerskin to remove water drops adhering to the surface, then quickly weighed 
and returned to the vessel as soon as possible (about 15 seconds). The amount of water absorbed per unit 
area as a function of time (Wt, mg/cm2) was calculated through the formula 

 
𝑊𝑊𝑡𝑡(𝑡𝑡) = 𝑚𝑚𝑠𝑠(𝑡𝑡)−𝑚𝑚𝑑𝑑

𝐴𝐴
      (19) 

 
where mS(t) is the weight of the specimen at time t, md  is its dry weight (at t=0) and A is the cross-sectional 
area (25 cm2). The results were plotted as Wt vs. √𝑡𝑡. In order to quantify capillary imbibition kinetics, the 
slope of the curve during the first stage of the absorption, i.e., the water absorption coefficient or sorptivity 
(C, mg⋅cm-2·s-1/2), was calculated by linear fitting of the first points of the curve, while Wt values at 96 hours 
(Wf) were used to describe the hydric behaviour in the subsequent  regime. The choice of this particular time 
was conventional and due to the organizational requirements of laboratory work, according to which each set 
of measurements could not be scheduled for more than 5 days. The weight increase of stone specimens at 96 
hours was about 2%, that is, very close to the threshold value prescribed by the European standard (1%), so it 
was considered suitable to represent a quasi-stationary condition. 
 
3.4. Determination of maximum water saturation 

Water absorption by immersion was measured on 20 specimens (5×5×5 cm3 cubes) per stone following 
the European standard EN 13755 [52].  

This experiment yields the ‘effective’ porosity (P, vol%), which is the actual porosity accessible to water 
during imbibition, determined as   
 

𝑃𝑃 = 𝜌𝜌𝑔𝑔
𝜌𝜌𝑤𝑤

· 𝑚𝑚𝑠𝑠−𝑚𝑚𝑑𝑑
𝑚𝑚𝑑𝑑

· 100     (20) 
 
where ρg is the bulk density of the stone, ρw is the density of water at 23 °C, md and ms are the masses of dry 
(d) and saturated (s) stone specimens, reported by Lezzerini et al. [50]. 

From P, the maximum water saturation relative to the MIP porosity (Swf, expressed as volume fraction) 
was obtained as 

 
 𝑆𝑆𝑤𝑤𝑤𝑤 = 𝑃𝑃

𝜙𝜙
       (21) 

 
where ϕ is the MIP open porosity.  
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3.5. Protective treatments 

Two nanocomposite formulations (Table 1) based on alkylalkoxysilane reactive sols and TiO2 
nanoparticles were applied onto the four stones for 6 h by capillary absorption. These products have been 
thoroughly characterized in previous articles [53,54]. Briefly, ANC consists of silane monomers (40% w/w) 
and TiO2 nanoparticles (0.12% w/w) in 2‐propanol, while WNC is based on silane oligomers (15% w/w) and 
TiO2 nanoparticles (0.96% w/w) in water. Upon hydrolysis and condensation of the silane units, the sols give 
rise to organosilica gel networks, which impart water-repellent features to the treated stones, while the 
presence of TiO2 NPs is expected to add photocatalytic and self-cleaning properties. 

Water absorption measurements on treated stone specimens were performed several months after the 
application of the treatments, so as to eliminate or minimize any bias on the protective performance that 
might be related to the different kinetics of gelification and curing of the two products. The protective 
effectiveness was quantified through the relative sorptivity (Ct/Cnt), which is the ratio of sorptivity values 
measured on each specimen before (nt) and after (t) the application of the treatments.       

The possible role of the nanoscale size of product components in their interaction with stones has been 
discussed in §2.2. According to the proposed model of pore hydrophobization, nanosized aggregates should 
better protect pores with increasing diameter, because the latter allow them to penetrate more easily. 
Regarding the individual role of titania nanoparticles in the interaction, it is important to specify that in one 
previous paper [54] the protective performance of WNC/ANC was compared with those of the respective 
TiO2-free silane matrices and virtually no difference was observed in their ability to reduce capillary 
absorption. This appears justified at the light of what is known about the composition of the products. 
Indeed, by analysing the particle size of the liquid dispersions, it was seen that the matrix of WNC, 
consisting of silane oligomers, is itself made up of supramolecular aggregates with a diameter of about 80 
nm [54]. Moreover, titania nanoparticles were shown to interact with the matrix, probably forming 
aggregates that explain the particle size of 106 nm measured in the composite (Table 1) [54]. In the case of 
ANC, the matrix has molecular-size components (i.e., below the nanoscale), yet titania nanoparticles are 
quite small in size (25 nm) and their concentration is too low to have any detectable effect on the stone-
coating interaction.       

 
Table 1. Main properties of the selected water-repellent products: composition, solvent, particle size (nm) and 
viscosity (mPa·s).  

Product Composition Solvent Particle size Viscosity 

WNC alkylalkoxysilane oligomers (15% w/w) and 
TiO2 nanoparticles (0.96% w/w) water 106 10 

ANC alkylalkoxysilane monomers (40% w/w) and 
TiO2 nanoparticles (0.12% w/w) 2-propanol 25 7 

 
 
4.  Results and discussion 
 
4.1. Characterization of stones 

Microstructural analysis performed by MIP shows that the selected stones can be classified as medium-
high to medium-low porosity materials (Table 2): at the top end, Ajarte and Obernkirchen show very similar 
medium-high values of open porosity (∼24%), and, at the bottom end, Balegem has a medium-low value 
(9.9%), while Schlaitdorf lies in the middle (16%). At the same time, median pore diameters (Table 2) and 
pore-size distributions (Table 2 and Figure S1) indicate that most of the pore volume of Ajarte and Balegem 
concentrates in the range below 10 μm, while Obernkirchen and Schlaitdorf display a significant amount of 
pores larger than 10 μm and the latter stone has, among all, the highest relative abundance of pores in the 
uppermost size interval (>50 μm).            
 
Table 2. Mean values of open porosity (ϕ, vol%), average pore diameter (dav, μm), median pore diameter (dm, 
μm), bulk density (ρg, g/cm3) and pore-size distribution (expressed as ϕ% of four size classes: P1 >50 μm; P2 50-
10 μm; P3 10-1; P4 <1 μm) of the selected stones. Standard deviations are shown in brackets. 

Name ϕ dav dm ρg P1 P2 P3 P4 
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Ajarte 23.5  
(0.4) 

0.17  
(0.03) 

1.96  
(0.04) 

2.08  
(0.01) 

3.9 
(0.9) 

15 
(3) 

47 
(3) 

33 
(2) 

Balegem 9.9  
(0.8) 

0.28  
(0.06) 

1.2  
(0.3) 

2.50  
(0.03) 

4 
(1) 

10 
(1) 

39 
(6) 

46 
(7) 

Obernkirchen 24.1  
(0.1) 

0.8  
(0.3) 

11.1  
(0.6) 

2.08  
(0.06) 

5.7 
(0.6) 

47 
(2) 

35.7 
(0.3) 

12 
(1) 

Schlaitdorf 16  
(1) 

0.38  
(0.04) 

8  
(4) 

2.23  
(0.02) 

8 
(2) 

33 
(8) 

38 
(7) 

20 
(3) 

 
In general terms, the kinetics of capillary imbibition shows two well distinct regimes: first, the water 

uptake is linear with √𝑡𝑡, whilst its rate is drastically reduced in the subsequent stage of the process: the first 
stage corresponds to the saturation of the free accessible porosity by the genuine capillary imbibition 
mechanism, whereas the second one coincides with a diffusion process where trapped air bubbles slowly 
dissolve into water allowing the saturation of the smallest pores [15]. The absorption coefficient or sorptivity 
(C, §3.3) represents the kinetics of the early capillary-driven imbibition, while the amount of water absorbed 
at 96 h (Wf, §3.3) and the maximum saturation measured by immersion (Swf, §3.4) refer to the second 
diffusional stage. 

Sorptivity values in Table 3 show that the four stones have distinct, though not overly different, 
imbibition rates, whose relationship to the main microstructural parameters is however not entirely 
consistent. This stands out clearly from a comparison with Table 2: whilst the volume fraction of large pores 
(>10 µm), i.e., (P1+P2)·ϕ, being larger in Schlaitdorf (6.7%) with respect to Ajarte (4.5%) and Balegem 
(1.4%), explains the trend of sorptivity values in these three stones (5.3 as compared to 4.5 and 1.7 mg·cm-

2·s-1/2, respectively), the same correlation does not hold for Obernkirchen, which shows by far the highest 
fraction of large pores (12.6%) but not a commensurately high sorptivity (3.3 mg·cm-2·s-1/2). 

Other relevant information is provided by Swf values (Table 3). These values point out that, with the 
notable exception of Ajarte (0.89), stones are far from reaching a complete saturation of the pore space. 
Balegem and Schlaitdorf are indeed saturated up to about 70% of the total pore volume measured by MIP, 
while Obernkirchen remains below 60%, in fairly good agreement with literature data, which report for this 
stone an open porosity ranging between 18.6% [34] and 21% [55] but just 10% ‘effective’, i.e., water-
accessible, porosity [22]. This can be explained by the fact that capillary imbibition at atmospheric pressure 
is limited by the air diffusion kinetics, whereas air is completely removed from samples prior to the MIP 
measurement. How large is the fraction of water-accessible pores probably depends on the geometry and 
connectivity of the pore space in each stone.  

By inspecting the trend of imbibition curves in Figure 2, which duly consist of a t1/2–linear section (the 
one serving as base for the calculation of sorptivity) followed by a more or less flat section (also called 
plateau region), it can be noticed that most of the pores are filled during the early stage of the imbibition 
process. However, the non-completely flat profile of some of the curves indicates that a residual fraction of 
the pores continue to absorb water even after the early imbibition stage has come to an end, because the co-
presence of air and, in general, differences in capillary pressure across the medium are likely to delay the 
filling of the smallest pores. In particular, residual pores give a non-negligible contribution to the overall 
capillary uptake in the case of Ajarte, as the steeper profile of the later section of the curve indicates. 

One last consideration can be made by comparing Wf and Swf values in Table 3. If these values are 
converted to the same measuring units (mg/cm2), it turns out that the amount of water absorbed by 
immersion (W*) is always lower than the amount absorbed at the end of the capillary imbibition experiment 
(Wf) and much closer to the value absorbed during the first t1/2- like stage of the process, to which L-W 
equation refers. Therefore, using Swf to represent the upper bound saturation of specimens in the modelling of 
capillary flow (§2.1.1.A) can be regarded as an acceptable approximation.  
 
Table 3. Sorptivity (C, mg·cm-2·s-1/2), amount of water absorbed per unit area at 96 h (Wf, mg/cm2), maximum 
water saturation (Swf), effective porosity (P, vol%) and corresponding amount of water absorbed per unit area 
(W*) for the selected stones. Standard deviations are reported in brackets.  

 C Wf P Swf W* 

Ajarte 4.5 (1.0) 434 (22) 20.7 0.89 414 

Balegem 1.7 (1.1) 146 (52) 6.3 0.59 124 

Obernkirchen 3.3 (0.7) 254 (18) 10.1 0.42 202 
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Schlaitdorf 5.3 (1.5) 223 (20) 10.0 0.65 200 
 

 
Figure 2. Capillary water absorption curves of the selected stones: Ajarte (  ), Balegem (  ), Obernkirchen (  ), 
Schlaitdorf (  ).  
 
4.2. Modelling of capillary imbibition 

Upon applying L-W equation (eq. 1) to predict the kinetics of capillary imbibition, two possibilities were 
taken into account. Imbibition may either proceed with multiple fronts (i.e., one separate front for each of the 
pore classes that make up the porous microstructure) or be characterized by a homogeneous, piston-like 
behaviour. The latter was verified experimentally by X-ray CT measurements on materials with a well-sorted 
grain structure such as diatomite [56] and Berea sandstone [57]. As discussed in §4.1, this pattern does not 
perfectly apply to the absorption behaviour of many natural stones, because some fraction of the pores are 
filled more slowly than the others. However, taken as an approximation, the single-front hypothesis still 
represents an acceptable description of reality while bringing considerable simplification in the modelling of 
the imbibition process models based on L-W equation usually rely on it (with few exceptions [8]).  
    
4.2.1. Capillary bundle model 
A. Multiple imbibition fronts 

Within the capillary bundle model explained in §2.1.1, the hypothesis of multiple imbibition fronts 
(§2.1.1.A) was initially evaluated. The application of eq. 7 resulted in a substantial overestimation of the 
imbibition rate, as shown in Figure S2. In particular, data analysis clarified that, for all pores but those below 
0.01 μm, the meniscus velocity predicted by the model is faster than the average experimental one. The only 
possibility of making the simulated curve reproduce the experimental trend is to choose contact angle values 
in the range 89°-90°, which are physically unreasonable. Besides that, no contact angle calibration would be 
feasible in this range due to the rapid changing of the cosine function in the vicinity of 90°. 
 
B. Single imbibition front 

In order to set the restraint of a single imbibition front within a capillary bundle configuration (§2.1.1.B), 
Cai et al. [40] proposed weighting the imbibition rates of single pore classes by their respective multiplicity 
(see eq. 9). Since small pores are numerically predominant in the stone microstructure, this weighted sum 
yields an average imbibition rate that is lower than most single-pore rates, thus correcting the overestimation 
made under the multiple-front hypothesis. Cai’s formula (eq. 10) also includes an experimental term (Swf) 
accounting for the incomplete water saturation of the pores and a geometrical factor (α) accounting for their 
non-circularity (§2.1.2). This factor can be determined through a calibration procedure.    

As regards the first part of the absorption curves (approximately up to 1 hour), Cai’s model is able to 
describe the imbibition process fairly accurately (Figure 3). Furthermore, the range of calibrated α values 
(Table 4) turns out to be in good agreement with what is reported by Cai et al. [40]. On the other hand, the 
model is not able to describe the water uptake occurring in the so-called diffusional stage (Figure 3). Indeed, 
according to the single-front assumption, all pores are supposed to follow the same imbibition dynamics until 
the stone attains its maximum saturation Swf. From then, no further increase in weight is permitted and the 
curve profile should become flat. As discussed in §4.1, none of the absorption curves of the four stones ends 
up with a completely flat profile, because some of the pores are filled later than others. Therefore, the model 
properly only accounts for the first stage of the imbibition process. At the same time, it can be observed from 
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a practical viewpoint that using the maximum saturation parameter Swf (Table 3) does not lead to exceedingly 
great errors in the approximation of the curve endpoint. 
 

 
Figure 3. Comparison of experimental absorption curves (full line) and curves simulated through eq. 10 with 
calibrated values of α (dashed line) for: a) Ajarte; b) Balegem; c) Obernkirchen; d) Schlaitdorf. 
 

The need of calibrating the geometrical factor α limits the possibility of using the model as a predictive 
tool for the determination of sorptivity. However, a glance at Table 4, where calibrated α values are 
compared with the volume fraction of large pores obtained by MIP (P1, d>50 μm), suggests that stones with 
P1<6% display α values very close to 1. Furthermore, the moderate variability of this geometrical factor does 
not have a significant effect on the calculation of sorptivity. Therefore, it may become possible to skip the 
calibration step by adopting a heuristic approach, assigning α=1 for all substrates with P1<6%. This allows 
to determine sorptivity with acceptable approximation, as a comparison between experimental (Cexp) and 
calculated (Ccalc) values reveals (Table 4), hence the model seems fit for the purpose of being used as a 
predictive tool in the case of stones with P1<6%. On the other hand, for stones with a greater P1 fraction, 
such as Schlaitdorf (8.4%), whose calibrated α value is considerably higher (1.5), such a simple approach 
cannot be applied. Further tests involving additional substrates with different microstructure and total open 
porosity would be necessary in order to evaluate the relationship between α and the P1 fraction. 

 
Table 4. Experimental values of sorptivity (Cexp, mg·cm-2·s-1/2); values of sorptivity (Ccalc) predicted by eq. 10 with 
non-calibrated values of α, that is, 1 for Ajarte, Balegem, Obernkirchen and 1.5 for Schlaitdorf; calibrated 
values of α; volume fraction of large pores (>50 μm, P1, vol%). Standard deviations are shown in brackets.   

 Cexp Ccalc α P1 

Ajarte 4.5 (1.0) 5.5 1.0 3.9 

Balegem 1.7 (1.1) 1.7 1.0 4.1 

Obernkirchen 3.3 (0.7) 3.3 1.1 5.7 

Schlaitdorf 5.3 (1.5) 4.9 1.5 8.4 
 
4.2.2. Pore network model 

An alternative approach to the modelling of capillary imbibition can be pursued by adopting a pore 
network configuration (§2.1.2). According to this approach, pores are no longer regarded as parallel tubes, 
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but rather as a network of nodes connected by throat channels. Following the procedure illustrated in §2.1.2, 
if an assumption is made on the pore connectivity of this network, then its hydraulic conductivity can be 
described in terms of an equivalent medium with an effective diameter deff. To the best of our knowledge, 
Benavente et al. were the first to apply this procedure to the study of capillary imbibition in natural stones 
[15], introducing a modified form of L-W equation (eq. 14).  

In the present study, Benavente’s model was applied to the four selected stones, after introducing the Swf 
term in eq. 14 to account for the incomplete saturation of the specimens. Moreover, the pore shape factor δ 
and the coordination number z (on which the effective diameter deff depends) were determined through a 
calibration procedure.  

Regarding the potentiality of the model, it can be observed that the first stage of the imbibition process is 
accurately described. Indeed, a very close match is found between the experimental and calculated values of 
sorptivity, as it appears from the nearly perfect superposition of the curves (Figure 4). On the other hand, as 
discussed for Cai’s model (§4.2.1.B), only a rough approximation of the diffusional stage can be given, since 
the model cannot account for the possible filling of residual pores after the primary imbibition front. 

 

 
Figure 4. Comparison of experimental absorption curves (full line) and curves simulated through eq. 14 with 
calibrated values of δ and z (dashed line) for: a) Ajarte; b) Balegem; c) Obernkirchen; d) Schlaitdorf. 

 
The calibration of the pore shape factor δ in eq. 14 yielded values between 0.7 and 1 (Table 5). As for the 

coordination number z, the value of 2 was seen to fit very well to Ajarte, Balegem and Obernkirchen, while a 
value of 2.3 was obtained for Schlaitdorf (Table 5). These values are found to be in good agreement with 
those of other stone substrates reported by Benavente, being in all cases close to 2. 

 
Table 5. Experimental values of sorptivity (Cexp, mg·cm-2·s-1/2); values of sorptivity (Ccalc) predicted by eq. 14 with 
δ=1, z=2 for Ajarte, Balegem, Obernkirchen and δ=1, z=2.3 for Schlaitdorf; calibrated values of the coordination 
number (z) and pore shape factor (δ); values of the effective diameter (deff, μm) obtained from calibrated z.   

 Cexp Ccalc
 z δ deff P1 

Ajarte 4.5 (1.0) 5.1 2.0 0.78 0.006 3.9 

Balegem 1.7 (1.1) 2.0 2.0 0.74 0.014 4.1 

Obernkirchen 3.3 (0.7) 3.7 2.0 0.81 0.014 5.7 

Schlaitdorf 5.3 (1.5) 5.1 2.3 0.99 0.033 8.4 
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As a next step, it is worth considering whether the model can (under some approximations) be used in a 

predictive way with still acceptable accuracy. First, δ is approximated to 1 for all stones. Regarding the 
coordination number z, the same heuristic criterion can be applied as for the choice of α values in eq. 10 
(§4.2.1.A) and a value of z=2 is assumed for stones with a P1 fraction lower than 6%. Under these 
approximations, the model seems capable of working as a predictive tool, as the approximated values of 
sorptivity (Ccalc) match quite well with the experimental ones (Table 5). On the other hand, on stones with a 
higher z value and a greater P1 fraction, among which is Schlaitdorf, further investigations should be 
performed in order to assess whether the value of z=2.3 can be generalized to a class of materials with a 
significant fraction of large pores. 

One final remark is appropriate concerning the implication of having z values close to 2, which is the 
lowest possible value of pore connectivity (§2.1.2). This allows to estimate sorptivity with considerable 
accuracy, but also postulates values of ‘effective’ pore diameter (deff, Table 5) that are one to three orders of 
magnitude lower than the MIP average and median pore diameters, respectively (Table 2). At the same time, 
if the latter are used to represent the average capillary size in L-W equation, the result is a significant 
overestimation of sorptivity, as also reported by Raimondo et al. [58], hence these parameters cannot be 
relied upon to predict the imbibition rate. From the above premises, a possible explanation of this fact may 
be that MIP average parameters completely overlook the way that pores are arranged within the stone 
microstructure, i.e., their connectivity. Indeed, z=2 means that the flow dynamics occurs in a series 
arrangement of pores, where the smallest pores substantially control the overall process. This is consistent 
with evidence coming from experimental research and with theoretical models of capillary imbibition in soil 
science, where it is found that imbibition starts from the smallest pores, which exert the highest capillary 
pressure. Moreover, the limit condition of a series arrangement of pores involves that the capillary flow 
occurs in a 1D geometry, in agreement with the initial hypothesis of a single imbibition front (§4.2). 
  
4.2.3. Comparison of the two models 

Starting from the same experimental information and relying on very simple computational tools, both 
Cai’s and Benavente’s models showed the ability to provide a fairly accurate description of the first stage of 
the imbibition process. A common feature of these models is that they describe the capillary uptake in terms 
of a single imbibition front, thus going beyond the most rudimentary description of the pore space as an 
ensemble of independent capillary tubes. Cai’s model achieves this by adopting an essentially heuristic 
approach (§2.1.1.B) that involves less parameters to be dealt with, whilst Benavente’s model implies a more 
elaborated hypothesis on the connectivity of the pores and provides greater insight into the relationship 
between stone microstructure and flow dynamics (§2.1.2). 

Both models also showed the potential to be used as predictive tools for the estimation of sorptivity in a 
circumscribed number of cases, which depend on the stone microstructural characteristics and, specifically, 
the presence of a small enough (<6%) fraction of large pores. When this condition is fulfilled, these models 
are easily implementable and promising methodologies with possible application to the study of heritage 
porous materials. Indeed, even though other modelling approaches, based on continuum mechanics, would 
be able to yield much more accurate results, also allowing to extend the description of the capillary uptake to 
longer timeframes, these approaches require advanced numerical analysis tools and, to be properly run, non-
trivial experimental information. Therefore, for the kind of application envisaged in this study, their 
implementation may fail to meet the requirements set by the heritage field in terms of limited sampling and, 
not least, simplicity of use. 

 
4.3. Modelling of protective performance 

The potentiality of both models was also assessed in simulating the reduction of water absorption after the 
application of protective treatments. To this end, a very simple mechanistic model (§2.2) was devised to 
represent the effect of the treatments on the permeability of the pores to liquid water and, combined with the 
two models of capillary imbibition, the decrease in the water absorption rate. Two silicon-based treatments 
including small amounts of TiO2 nanoparticles (§3.5) were chosen to validate the mechanistic model. It is 
worth remembering that these treatments have markedly different properties: one (WNC) is basically a 
dispersion of silane oligomers and TiO2 nanoparticles in water, while the other (ANC) consists of alcohol-
based silane monomers with a small loading of TiO2 nanoparticles. The different aggregation state 
(oligomers/monomers) and size of these products’ components (nearly 100 nm for silane oligomers, below 
the nanoscale for monomers) are apt to represent a test bed for the fundamental model assumption that small 
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pores are more difficult to protect as compared to larger ones and thus protective treatments having bulkier 
components tend to be less effective than those with smaller-sized ones.    

As it can be observed in Figure 5, where the relative sorptivity (Ct/Cnt, §3.5) of WNC/ANC is plotted 
against the fraction of pores below 1 µm in the microstructure of the four untreated stones (P4, Table 2), both 
products achieve a high degree of protective effectiveness: Ct/Cnt values range between 0.02 and 0.04, which 
indicates a reduction in the capillary uptake by as much as 96-98%. However, what is more interesting, the 
protective performance of the treatments improves as the fraction of small pores is decreased. The stone with 
the lowest P4 fraction, Obernkirchen, shows indeed the highest reduction in the capillary uptake and the 
reverse can be said about Balegem. Two distinct trends among the products can also be noticed, for not only 
is the protective effectiveness of WNC steadily lower with respect to ANC but it also has a more visible 
dependence on the stone microstructure. The correlation between the protective effectiveness and the 
fraction of small pores (not the total open porosity) confirms that this class of pores plays a critical role in the 
stone hydrophobization. Moreover, the different behaviour of the treatments finds a logical explanation in 
their different penetration ability with regard to small pores: indeed, the bulkier macromolecular components 
of WNC are probably more impeded when it comes to protect pores with submicrometric diameter, whereas 
the molecular-size components of ANC are more likely to freely enter and protect most of the pores, so the 
performance of this product in terms of water absorption reduction is less influenced by the stone 
microstructural features.   

 

 
Figure 5. Correlation between the volume fraction (over total open porosity) of pores with diameter lower than 1 
µm (P4, Table 2) in untreated stones and the relative sorptivity (Ct/Cnt) of specimens of Ajarte (  ), Balegem (  ), 
Obernkirchen (  ) and Schlaitdorf (  ) stones treated with WNC (black) and ANC (grey).  
 

The proposed mechanistic hypothesis of pore hydrophobization led to introduce an additional parameter 
d0 into Cai’s and Benavente’s models (§2.2). The modified equations of capillary flow (eqs. 15 and 18) were 
fitted to the experimental absorption curves of treated stones and the value of d0 was determined by 
univariate regression. The results obtained through this approach will only be given here in connection with 
Cai’s model, due to its greater ease of handling (see §4.2.3), but an analogous procedure can also be adopted 
for Benavente’s. 

The absorption curves of specimens treated with WNC and ANC were correctly simulated by eq. 15 
(Figure 6). As most of these curves (Ajarte making the only exception) have a quasi-linear profile, showing 
no plateau region during the first 96 hours, the simulation was able to account for the whole absorption 
dynamics. Therefore, as it can be observed in Table 6, there is a good agreement between calculated and 
experimental values of both sorptivity (Ct) and amount of water absorbed at 96 h (Wf). 
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Figure 6. Comparison of experimental absorption curves (full line) and curves simulated through eq. 15 with 
calibrated values of d0 (dashed line) for specimens treated with WNC (black) and ANC (grey): a) Ajarte; b) 
Balegem; c) Obernkirchen; d) Schlaitdorf. 

 
In order to better understand the physical meaning of the model, one has to focus on the interpretation of 

d0. As previously discussed (§2.2), this parameter came out upon testing several trial functions to correlate 
the pore size to the reduced absorption rate: an exponential decay function of the type 𝑒𝑒−

𝑥𝑥 𝑥𝑥0�  turned out to be 
the most suitable one. Exponential parameters like x0, often referred to as characteristic constants, indicate 
how rapid the exponential decay is and, in this special case, d0 contains information on the ability of the 
treatments to reduce the absorption rate of the stone pores. Since this parameter has the dimension of a 
length, it may be interpreted as representing a virtual pore whose absorption rate, according to the properties 
of the exponential function, is reduced to 37% after the application of the treatments. Pores with a larger 
diameter face a higher reduction, while smaller ones are less well protected. Actually, d0 values obtained by 
linear regression (Table 6) always turn out to be lower than the smallest pore diameters measured in the MIP 
experiment (0.003 µm), so this virtual diameter does not refer to a real pore. However, in a qualitative sense, 
it may be associated to a threshold pore size that describes the extent to which the stone pores are protected 
after the application of the treatments: the lower this threshold is, the greater is the range of protected pores, 
going from the largest down to the smallest ones.  

 
Table 6. Experimental values of sorptivity (Cexp, mg·cm-2·s-1/2) and amount of water absorbed per unit area at 96 
h (Wf,exp, mg·cm-2) for stones treated with WNC and ANC; values of sorptivity (Ccalc) and amount of water 
absorbed per unit area at 96 h (Wf,calc) predicted by eq. 15; calibrated values of the exponential parameter d0 
(μm). 

 Product Cexp Wf,exp Ccalc Wf,calc d0 

Ajarte 
WNC 0.14 79 0.15 89 0.00074 

ANC 0.11 36 0.07 42 0.00055 

Balegem 
WNC 0.05 35 0.06 35 0.00178 

ANC 0.02 11 0.02 12 0.00115 

Obernkirchen 
WNC 0.08 33 0.06 36 0.00131 

ANC 0.08 18 0.03 20 0.00109 
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Schlaitdorf 
WNC 0.13 52 0.09 51 0.00140 

ANC 0.09 24 0.05 27 0.00113 
 

The relationship between the parameter d0 and the protective performance of the treatments can be further 
explored by comparing d0 values with those of relative sorptivity (Ct/Cnt). The trend shown in Figure 7 
allows to observe that on each of the four stones, the treatment that is more effective in reducing the capillary 
uptake, ANC, is also the one with steadily lower values of d0. This means that treatments with different 
penetration ability and protective effectiveness, when applied on the same stone substrate, can be 
discriminated on this basis. 

 

 
Figure 7. Comparison between d0 values (full areas) and relative sorptivity (striped areas) of stone specimens 
treated with WNC (black) and ANC (grey). 

 
Finally, the correlation of d0 to the effective porosity P (eq. 20) in Figure 7b shows that the extent of pore 

hydrophobization also depends on the accessible porosity, which can be explained by the fact that the 
amount of treatments absorbed is strongly influenced by this parameter. The other factor is clearly 
represented by the properties of the products themselves, which are responsible for the distinct trends 
observed. 
 

 
Figure 8. Correlation between the effective porosity of stones (P, vol%) and the corresponding d0 value obtained 
by fitting eq. 15 to the experimental water absorption curves of specimens treated with WNC (black) and ANC 
(grey): Ajarte (  ), Balegem (  ), Obernkirchen (  ), Schlaitdorf (  ).  
  
 
5. Conclusions 

The predictive ability of two different models of capillary imbibition was tested on four natural stones 
and a large set of water absorption data, with the aim of validating an effective and easily implementable 
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methodology to simulate the hydric behaviour and calculate the sorptivity of porous ceramic materials used 
in historical architecture. 

Both models showed the ability to provide fairly accurate predictions of materials sorptivity. Besides that, 
they are computationally very easy to handle and only require quite small samples (less than 1 cm3) to obtain 
all the necessary input information (pore-size distribution and maximum water saturation) on the investigated 
materials, thus making a sustainable alternative to some of the current laboratory measurements (performed 
according to EN standard protocols) for the study of cultural heritage substrates, for which material sampling 
is often not allowed or subjected to strict limitations. 

From a theoretical viewpoint, these models are based on two alternative descriptions of the stone 
microstructure, namely a capillary bundle and a pore network configuration, and use Lucas-Washburn 
equation to describe the imbibition dynamics. Although mercury intrusion porosimetry (MIP) is in either 
case the starting point, both models go substantially beyond the MIP-derived picture of the pore space, 
taking account of the fact that the arrangement and connectivity of the pores also affect the water absorption 
behaviour. MIP data such as the pore size distribution do not convey a definite microstructural configuration 
and, in the absence of a model of the pore space, they lead to the idea that pores may be regarded as an 
ensemble of independent, cylinder-like tubes. On such premises, the capillary uptake occurs through multiple 
imbibition fronts, since independent pores of different size must have different absorption rates. However, a 
general result of the present research was to show that a description of the capillary uptake based on multiple 
imbibition fronts fails to represent the kinetics of the process, leading to a substantial overestimation of 
sorptivity. Furthermore, the effective porosity, i.e., the fraction of pores that are actually involved in the 
imbibition process, may be significantly different from the MIP total open porosity. Both models overcome 
these issues by assuming a single imbibition front, which results from making proper assumptions on the 
topology of the pore space. Furthermore, by including an experimental term related to the maximum water 
saturation, they account for the non-complete filling of the pores due to local variations in capillary pressure 
and to the presence of residual air, which have fundamental importance in real imbibition processes.   

Therefore, one first conclusion of the research was to show that the simple use of the MIP technique and 
its underlying conceptual framework cannot provide all the necessary microstructural information for 
describing the hydric behaviour of stones in a physically reasonable way. On the other hand, an approach 
combining MIP analysis, measurements of maximum water saturation and simple hypotheses on the 
geometry of the pore space allows to describe the imbibition process in small stone specimens with 
acceptable approximation and very little computational effort.  

One second important result was to show that, if combined to a mechanistic model of pore 
hydrophobization, the proposed models of capillary imbibition are also able to account for the water 
absorption reduction that occurs in stone specimens after the application of protective treatments. This 
potentiality was tested on the same four natural stones after treating them with two innovative silicon-based 
products including a small fraction of titania nanoparticles. On each of the four stones, a correlation was 
observed between the extent of pore hydrophobization, as defined by the mechanistic model, and the 
reduction in sorptivity. Stone porosity and, in particular, the volume fraction of pores smaller than 1 µm 
turned out to be critical parameters for the performance of the products, controlling their penetration and 
distribution inside the porous matrix. This confirmed the basic assumption of the mechanistic model that 
small-size pores and stones having a significant fraction thereof are more difficult to protect. 
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