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Abstract: It is desirable to avoid or lessen moisture-related problems in building components exposed 

to wind-driven rain via correct material design and/or choice. In some cases however – e.g. for historic 

building facades – the only possibility is to modify the hygric properties of existing materials. 

Hydrophobization treatment is suggested as a possible protocol, but the proper concentration of the 

water repellent agent to achieve the expected effect is still open to discussion. This study proposes the 

novel concept of a material-dependent critical agent concentration: the lowest concentration that 

ensures hydrophobic effectiveness on a specific material. For validation, the hygric impact of 

hydrophobization treatment at different agent concentrations is studied. Specifically, a balanced 

mixture of silanes and siloxanes is used as the agent, and eight experiments are performed on ceramic 

brick, lime mortar and sintered glass. Results demonstrate the existence of a material-dependent agent 

concentration. Only when treated above it will the hygric properties be significantly modified. 

Moreover, hydrophobization impacts the capillarity of a material much more than its hygroscopicity, 

due to the difficulty for the large molecules of water repellent agents to penetrate into fine pores. The 

bulk density, open porosity and pore size distribution are typically only minimally influenced. 

Keywords: porous building material; hygric property; hydrophobization; critical agent concentration; 

pore size 

 

1. Introduction 

1.1 Background 

According to the statistics of the International Energy Agency, buildings are in the top three energy-

consuming sectors in the world, with an annual consumption of about 1200~1300 million tons of oil 

equivalent since 2000 [1]. It is hence of great importance to improve the energy efficiency of buildings. 

Of all the energy consumed by buildings, heating is responsible for a significant share [2, 3], and better 

envelope insulations are therefore necessary. 

Generally speaking, the insulation of building envelopes can be classified into the external and the 

internal solutions. Although external insulation is often more optimal [4, 5], internal insulation remains 

the only choice in many situations, particularly for the thermal retrofitting for historic buildings whose 

exterior facades must be preserved [6, 7]. Application of internal insulation lessens buildings’ energy 

consumption and improves the indoor thermal comfort. However, internal insulation also significantly 

changes the hygrothermal characteristics of building envelopes and hence may give rise to interstitial 

condensation [8], frost damage [9], mould growth [10] and other moisture related challenges [11]. 

The main reasons for these moisture-related problems in internally insulated facades are their easy 

moisture absorption (especially from wind-driven rain [12-14]) versus the reduced drying potential of 
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the facade. Broadly speaking, switching to better-designed materials is a fundamental solution [15, 16]. 

In some cases though – e.g. for historic buildings – that option does not exist. The only possibility is 

to modify the hygric properties of existing porous building materials. For this reason, hydrophobization 

treatment has been raised as a protocol. It treats the external facade with a water repellent agent so that 

the hygric properties of the material are modified, preventing the facade from absorbing liquid water 

without significantly compromising its drying capability through vapor diffusion, hence resolving or 

at least relieving such moisture-related problems [12, 17]. 

1.2 Hydrophobization in brief 

Hydrophobization is most widely applied as post-treatment on internally insulated historic buildings, 

thus current studies at the material level focus on brick and mortar, which compose the facades of these 

buildings. These materials can easily absorb liquid water due to the joint polarity of their pore surfaces 

and water molecules. After hydrophobization, the polar “heads” of the water repellent agent’s 

molecules are adhered to the pore surfaces of the building materials, while their non-polar “tails” raise 

the contact angle between water molecules and pore surfaces, subsequently preventing the spontaneous 

water absorption [18, 19]. As the agent does not completely block the pores of building materials, it is 

still possible for building envelopes to dry out through vapor diffusion [20]. 

There are different types of water repellent agents, like silicon-bearing compounds, metal-bearing 

compounds, or organic materials [18]. More recently nanotechnology-based agents have also been 

developed [21, 22]. Of all the commercially available agents, the silicon-bearing products are the most 

popular, enjoying a more than 80% share of the market [23]. They all contain a silicon-oxygen 

backbone but are often grouped into silanes, siloxanes and silicon resins, differing in their specific 

molecular structures [24]. 

Upon usage, the concentrated water repellent agent should be diluted, normally to a concentration 

suggested by the producer. Undoubtedly, different concentrations are needed for various agents to 

achieve effectiveness [12]. However, it is also true that different materials require different 

concentrations of the same agent [23, 25, 26], as their varied open porosities and pore size distributions 

lead to distinct pore surface areas. Unfortunately, current recommendations from the producers fail to 

differentiate the necessity of different materials, and a single over-estimated concentration of one agent 

is often recommended for all materials. Although this approach guarantees the effectiveness of 

hydrophobization, it is not optimal in economic, environmental and even health-related aspects. 

1.3 Objectives 

This study experimentally investigates the balance between the water repellent agent’s concentration 

and its hydrophobizing effectiveness. By proposing the novel concept of a material-dependent critical 

agent concentration, the lowest concentration that ensures a dependable hydrophobic effectiveness on 

different materials is identified. In the following sections, the target materials and the tests on hygric 

properties are introduced first. After that, the experimental results are presented in detail and analyzed 

in depth. Finally, our experimental results are confronted with measurements from literature for further 

discussion, and the concept of the critical agent concentration is proposed. 

 

2. Materials and methods 

In this section, we first introduce the target materials chosen for the tests and the procedures to 

perform the hydrophobization treatment. Next, the test protocols are briefly described. After that, the 

experimental arrangement is explicitly explained. 
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2.1 Materials 

As explained before, ceramic brick and lime mortar compose many historic buildings’ facades and 

are therefore chosen as target materials. Specifically, the brick used is Vandersanden Robusta brick 

[27], an industrial product widely used in Europe with good homogeneity. The mortar is on the other 

hand home-made, composed at the ratio of 10 liters of water, 12.5 kg of lime (Saint-Astier NHL3.5 

[28]) and 50 kg of river sand (0/ 2 mm), with a moisture curing period of two months (ambient 

RH>98%) and an accelerated carbonation period of one month (in a carbonation chamber at 4.7% CO2 

concentration). Next to ceramic brick and lime mortar, ROBU VitraPOR® P100 sintered glass filter 

product [29] is also chosen as a target, even though it is not a real building material. It features superb 

homogeneity and relatively large pore sizes. We expect that the critical agent concentration depends 

heavily on the pore size of a material, thus sintered glass is also included to provide additional 

information. 

2.2 Hydrophobization treatment 

The hydrophobization treatment is carried out with the agent SILRES® BS SMK 2100, a solventless 

silicone microemulsion concentration. It has a balanced mixture of silanes and siloxanes at a ratio of 

roughly 50/50. Its exact composite is proprietary and hence not publicly available, but this is not 

indispensable to investigate and exemplify the concept of material-dependent critical agent 

concentrations. 

 Upon usage, the producer recommends diluting the concentrated agent with water to a volumetric 

concentration of around 10%, for both brick and mortar [30]. To screen for the minimal effective 

concentration, the concentrated agent is diluted down to 10%, 0.1% and 0.01% in this study. After that, 

samples of different materials absorb these diluted solutions via a capillary uptake process until the 

agent reaches the samples’ top surfaces. Next, samples are cured at 100% ambient RH for two weeks 

and at 54% for another week. Finally, they are dried in a ventilated oven at 70°C. This treatment differs 

from the in-situ procedures but is recommended by the producer for laboratory studies. 

It should be mentioned that all three materials have been treated at 10% and 0.1% agent 

concentrations. Ceramic brick, the typical large-pore material for historic buildings, has a smaller pore 

surface area than mortar. Hence a lower agent concentration may be sufficient for ceramic brick, and 

0.01% is also included for it in some tests. 

2.3 Test Methods 

As summarized in Table 1, in total eight different measurements are performed to determine material 

properties. Most of these methods have been standardized, and their specific operational procedures 

are not reiterated; only the key information is provided. For the drying test – not being a standard test 

– more details are provided. 

Table 1 Test methods and corresponding material properties 

Test Reference standard Obtained property 

Basic 

tests 

Vacuum saturation test ISO 10545 [31] bulk, , wsat 

Mercury intrusion test ASTM D4404 [32] Pore volume distribution 

Storage 

tests 

Desiccator test ISO 12571 [33] Sorption isotherms 

Pressure plate test ASTM C1699 [34] Moisture retention curve 

Transport 

tests 

Capillary absorption test ASTM C1794 [35] Acap, wcap 

Water head test ISO 17892-11 [36] Kl 

Cup test ISO 12572 [37] μ 

Drying test - μ 
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2.3.1 Basic tests 

  The vacuum saturation test is performed to determine the bulk density (bulk, kg·m-3), open porosity 

(, -) and saturated moisture content (wsat, kg·m-3). Since wsat is linearly related to  with water density 

as the coefficient, only one of them () is reported and discussed in the following analysis. 

Mercury intrusion porosimetry is performed to obtain the pore volume distribution, expressed as the 

volume fraction for pores of different radii (fv(r), %). This test is influenced by many factors (such as 

the choice of the contact angle) and is not reliably repeatable [38-40], so we refer to its results mainly 

for relative comparison. 

2.3.2 Moisture storage tests 

In the hygroscopic range, the desiccator test is performed to get the gravimetric moisture content (u, 

kg·kg-1) – which is needed for fitting sorption isotherms – at seven different RHs, including 11.3%, 

32.9%, 53.5%, 75.4%, 84.7%, 94.0% and 97.4%. Saturated salt solutions are used for humidity control. 

In the over-hygroscopic range, the pressure plate test is performed to acquire the data point for the 

moisture retention curve. The applied air pressures include 1.25∙104, 2.5∙104, 5∙104, 1∙105, 1.5∙105, 

2∙105, 3∙105, 5∙105, 7∙105, 1∙106 and 1.5∙106 Pa, but not all samples have gone through these pressures 

due to their different moisture retention characteristics. 

It should be mentioned that for the storage measurements, hydrophobized samples are always pre-

conditioned to wsat for the desorption process, while desorption from the capillary moisture content 

(wcap, kg·m-3) is also included for untreated samples. In the hygroscopic range, the adsorption 

isotherms starting from the dry state are also tested on untreated samples. 

2.3.3 Moisture transport tests 

The capillary absorption test is performed for the capillary absorption coefficient (Acap, kg·m-2s-0.5) 

and wcap. For hydrophobized samples the water front sometimes fails to reach the top even after an 

elongated test period, thus wcap is not always available. 

The water head test is performed to derive the liquid permeability (Kl, kg·m-1s-1Pa-1). There are both 

constant-head and falling-head versions [41-43], and in this study we use a modified falling-head setup. 

The falling water head involves transient flow, causing complexity in data processing. In the Appendix 

we elaborate the calculation method. Note that due to its working principle, this falling water head test 

is only applicable to a moisture content (w, kg·m-3) between wsat and wcap. 

The cup test is performed to assess the vapor permeability, expressed as the vapor diffusion 

resistance factor (μ, -). Saturated salt solutions are used to impose the three RH conditions: 

11.3%~53.5%, 53.5%~84.7% and 84.7%~97.4%. 

The drying test, finally, is performed to get the moisture transport coefficient, also expressed as the 

moisture transport resistance factor (μ, -). Fig. 1 depicts the experimental procedures. First, a thin layer 

of kaolin is laid on top of an untreated sample pre-conditioned to wsat. Next, another sample of the 

same size, either untreated or treated, is laid above the kaolin. After that the bottom and the lateral 

sides of these two samples are sealed. Finally, the samples are put in a climate chamber for 1-D drying. 

The bottom of the upper sample is assumed to have an RH of 100% because it contacts the saturated 

sample through kaolin, while the ambient RH in the climate chamber is known (84% in this study). By 

checking the drying rate, the equivalent moisture transport resistance factor of the upper sample can 

be derived, with the help of the sample’s dimension. Unlike the cup test where vapor contact is the 

only boundary condition, the drying test involves the contact with the underlying wet sample to 

promote liquid transfer. Consequently, this test is an important complement to the cup test, explicitly 

focusing on the identification of remaining liquid transfer. 
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a. Kaolin and saturated sample b. (Un)treated sample above the kaolin 

  

c. Bottom and lateral sealing d. Drying process 

Fig. 1 The procedures of the drying test 

 

2.4 Experimental arrangement 

All measurements are carried out at 22~23°C. Except for the mercury intrusion test where a single 

sample is used, all other tests employ 3 to 5 replicate samples. Obviously, it is a very time- and energy-

consuming task to conduct all the above-mentioned tests on all treated and untreated materials. As 

explained in the next section, it is also unnecessary to complete them all. Consequently, some 

measurements are omitted, resulting in the experimental arrangement in Table 2. 

 

Table 2 The experimental arrangement 

Material Ceramic brick Lime mortar Sintered glass 

Hydrophobization treatment Yes No Yes No Yes No 

Basic tests 
Vacuum saturation test √ √ √ √ √ √ 

Mercury intrusion test √ √ √ √ √ √ 

Storage tests 
Desiccator test - √ √ √ - - 

Pressure plate test √ √ √ √ √ √ 

Transport tests 

Capillary absorption test √ √ √ √ √ √ 

Water head test √ √ √ √ √ √ 

Cup test √ √ √ √ - - 

Drying test √ √ √ √ - - 
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3. Results 

In this section, the properties of treated and untreated target materials are reported and analyzed. 

These properties are presented in the basic-storage-transport order, as established in Section 2. 

3.1 Results from basic tests 

The bulk densities and open porosities obtained from the vacuum saturation tests are illustrated in 

Fig. 2, with error bars representing the standard deviations for multiple samples. The open porosity is 

decreasing with increasing agent concentration. This should be attributed to (partial) blocking of small 

pores by the water repellent agent, transforming some previously connected pores into isolated pores, 

resultantly reducing the open porosity. The effect remains minor however, as the reduction in porosity 

is limited to some 3%-4 % in absolute terms. The bulk density on the other hand exhibits no clear trend 

with agent concentration. Although ceramic brick and sintered glass demonstrate a slightly increasing 

bulk density with increasing agent concentration, lime mortar displays irregularities. The impact of the 

deposited agent on the total weight is small, and can thus be easily obscured by experimental variations. 

The pore volume distributions obtained from mercury intrusion are illustrated in Fig. 3. Obviously, 

hydrophobization has a very limited impact on the overall pore volume distributions, for all three 

materials. Lime mortar shows some fluctuations in the 10-7~10-8 m pore-size region, as well as a very 

slight shift towards smaller pores after hydrophobization. Both phenomena should be mainly attributed 

to experimental and data processing uncertainties, as mercury intrusion tests are not reliably repeatable 

all the time [38-40]. Irregularities from this test are also observed in other measurements [44, 45]. 
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Fig. 2 The bulk densities and open porosities obtained from the vacuum saturation tests 
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Fig. 3 The pore volume distribution obtained from the mercury intrusion tests 

 

Summarized from the basic tests, it can be concluded that hydrophobization has a very moderate 

influence on the pore structures and the related properties of porous building materials. The 

concentration of the water repellent agent does not play a significant role here. 

3.2 Results from moisture storage tests 

The sorption isotherms obtained from the desiccator tests are illustrated in Fig. 4. For ceramic brick, 

trial measurements are first performed on untreated samples for both adsorption from the dry state and 

desorption from wsat. Due to the material’s weak hygroscopicity, the experimental uncertainties are too 

large however, so that the results are not reliable, deviating significantly from the expected smooth “S-

shape” curves for most porous building materials. It is therefore also meaningless to test 

hydrophobized samples. As explained before, sintered glass is even less hygroscopic than ceramic 

brick. Consequently, it is neither tested for sorption. 
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a. Ceramic brick b. Lime mortar 

Fig. 4 The sorption isotherms obtained from the desiccator tests 

 

For lime mortar, the sorption isotherms for the adsorption from the dry state and the desorption from 

wsat and wcap have been successfully obtained on untreated samples. For treated samples, the desorption 

curves starting from wsat are also available. As demonstrated, the corresponding moisture contents 

approach or even overlap with each other, indicating that lime mortar does not have an obvious 

hysteresis phenomenon, and that hydrophobization causes a decrease in its hygroscopicity but only to 

a limited extent, whatever the agent concentration is. 

The moisture retention curves obtained from the pressure plate tests are illustrated in Fig. 5. Clearly, 

the retention curves of untreated lime mortar decline slowly with the capillary pressure (pc, Pa), while 

untreated ceramic brick and sintered glass have their curves rapidly decreased close to pc = 0 Pa. These 

differences can be easily explained by the three materials’ respective pore sizes. 

For treated samples, the pressure plate method fails to produce reliable results. For ceramic brick 

and sintered glass, the moisture contents of treated samples are greater than the values of untreated 

ones, which is unreasonable. The main reason could be that after hydrophobization the hydraulic 

contact between samples and the ceramic plate in the pressure plate setup can no longer be perfectly 

maintained. For the same reason, the results of treated lime mortar are also questionable. From a 

scientific point of view, further investigations into the moisture retention characteristics of 

hydrophobized materials are therefore needed in the future. However, the necessity of such properties 

is on the other hand also debatable from an application perspective, as in practice these hydrophobized 

materials are unlikely to absorb much liquid water or to go through the desorption process in the over-

hygroscopic range. 
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c. Sintered glass 

Fig. 5 The moisture retention curves obtained from the pressure plate tests 

 

3.3 Results from moisture transport tests 

The capillary absorption coefficients obtained from the capillary absorption tests are illustrated in 

Fig. 6. Obviously, hydrophobization reduces capillary absorption: the higher the agent concentration 

is, the lower the Acap values become. Interestingly, the critical agent concentration comes into being, 

beyond which a sharp decrease in Acap occurs. For lime mortar this threshold is between 0.1% and 10%, 

while for ceramic brick and sintered glass it is below 0.1%. Moreover, when treated at the same agent 

concentrations, lime mortar always suffers from the smallest impact, followed by ceramic brick and 

then by sintered glass. These phenomena may result from the pore sizes of different materials, which 

is discussed in Section 4 more specifically. 

As explained before, the capillary moisture content of treated samples cannot always be obtained: 

if the capillary absorption coefficient is very small after hydrophobization, then the water front does 

not (easily) reach the sample’s top. For all successful cases, the results are listed in Table 3. It should 

be kept in mind that these are also the cases where hydrophobization is performed below the critical 

concentration, agreeing with the results in Fig. 6. In fact, in a trial capillary absorption test brick 

samples (4×4×0.2 cm3, treated by 10% SMK2100) merely reached moisture contents around 40~50 

kg·m-3 after almost a whole year, much lower than the value for untreated samples. On the contrary, 
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some researchers reported a wcap reduction merely by 20%~30% on other materials treated by another 

agent [20]. It is therefore difficult to evaluate the impact of hydrophobization on wcap. 
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Fig. 6 The capillary absorption setup and the capillary absorption coefficients 

 

Table 3 The capillary moisture contents obtained from the capillary absorption tests 

Material 
Agent 

concentration 

wcap (kg·m-3) 

Average Standard deviation 

Ceramic brick 
Untreated 197 7 

0.01% 199 8 

Lime mortar 
Untreated 268 5 

0.1% 262 5 

 

The liquid permeability obtained from the falling-head water column test is illustrated in Fig. 7. As 

references, the wsat and wcap values of untreated materials are indicated. A common phenomenon can 

be observed that the liquid permeability increases with the moisture content. This is what can be 

expected from the basic principles for liquid transfer [46]. When it comes to the impact of 

hydrophobization, it can be observed that higher agent concentrations yield lower Kl values. To explain 

this, we should keep in mind that in this moisture regime, capillary forces no longer play a dominant 

role. Therefore, the changes in the contact angle due to the hydrophobization treatment should not be 
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blamed. A more reasonable explanation is that the fixation of the water repellent agent on the surfaces 

of pores throughout the sample (especially the small pores) partially blocks pathways for water 

movement so that the Kl values are reduced. 
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Fig. 7 The liquid permeabilities obtained from the falling-head water column tests. 

 

The vapor diffusion resistance factors obtained from the cup tests are illustrated in Fig. 8, revealing 

two trends. First, the μ value decreases as the RH increases. This can be expected due to the capillary 

condensation and its resulting transport facilitation, as reflected by numerous cup tests [47, 48]. This 

effect is weaker in brick, due to its larger pore size and the resultantly weaker hygroscopicity. More 

importantly, the μ value increases with the concentration of the water repellent agent, agreeing with 

other reported measurements [49]. This reflects the rising impact of hydrophobization, which increases 

the contact angle and hence delays the capillary condensation and its resulting transport facilitation. 

It should be remarked that for ceramic brick untreated samples are also tested at RH 53.5%~84.7%, 

yielding a μ value of 11.1±1.0. The measurements at these RH conditions are not performed for treated 

bricks, as these results would not add much value. It should also be mentioned that sintered glass has 

a larger pore size than ceramic brick, and is hence even less hygroscopic. Consequently, the 

hydrophobization treatment should have a very limited effect on its vapor diffusion, and the 

measurements on sintered glass samples are thus not carried out. 
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Fig. 8 The vapor diffusion resistance factors obtained from the cup tests 

 

  The equivalent moisture transport resistance factors obtained from the drying tests are illustrated in 

Fig. 9, with the vapor diffusion resistance factors from Fig. 8 indicated as reference. Clearly, when the 

samples are untreated or treated below the critical agent concentration, the μ values measured from the 

drying tests are much lower than the values from the cup test. Actually, these μ values from the drying 

tests are even smaller than 1, meaning that the resistance is smaller than stagnant air. This is a clear 

indication that liquid transport plays an important role. On the contrary, when the samples are treated 

above the critical agent concentration, the μ values measured from the drying tests become comparable 

with the values from the cup tests. This indicates that liquid transport no longer plays a significant role, 

and now it is vapor diffusion that dominates. 

From the moisture transport tests, it can be summarized that there is a critical concentration of the 

hydrophobization agent, with varied values for different materials. When a material is treated above 

this concentration, its capillarity is significantly reduced. In the hygroscopic range however, pure vapor 

diffusion is not severely influenced. 
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a. Ceramic brick b. Lime mortar 

Fig. 9 The equivalent moisture transport resistance factors obtained from the drying tests 
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4. Discussion 

4.1 Comparison with other studies 

This research investigates the impact of hydrophobization on the hygric properties of porous 

building material. To have a wider perspective, we confront our experimental results with other 

quantitative reports summarized in Table 4. 

 

Table 4 Impact of hydrophobization of moisture transport 

Researcher Material Agent type Main results 

Hansen et al [12] 
 Brick and lime 

mortar 

16 different 

agents 

μ decreases by 4%~9% for brick and 0%~29% for mortar; 

moisture content after 20-h immersion fluctuates. 

Klisińska-Kopacz 

and Tišlova [17] 

Roman cement 

mortar 
3 different agents Acap decreases by 61%~85%. 

MacMullen et al 

[19] 

Brick and 

mortar 
Polymer cream 

Moisture content after 24-h immersion decreases by 97% 

for brick, 85% for one mortar and 22% for another mortar. 

Carmeliet et al 

[20] 

Ceramic brick 

and calcium 

silicate brick 

Alkyl-

alkoxysilane 

Acap decreases by a factor of 290 for ceramic brick and by 

97% for calcium silicate brick; μ increases by a factor of 2 

for ceramic brick and 6 for calcium silicate brick. 

MacMullen et al 

[21] 
Brick 

Silane/siloxane 

emulsion 
Acap decreases by 88%~92%; μ increases by 92%~150%. 

Zhao and 

Meissener [26] 

Historic 

building brick 
Silicone-based 

Acap decreases by a factor of 50; μ decreases within 13%; a 

higher agent concentration had a greater impact. 

Vejmelková et al 

[49] 

Lime-

metakaolin 

plaster 

Zinc stearate 
Acap decreases by 72%~99%; μ decreases by 13%~39% 

(dry cup) and 25%~53% (wet cup). 

This study 

Ceramic brick, 

lime mortar and 

sintered glass 

Mixture of 

silanes and 

siloxanes 

Acap decreases by a factor up to 1600 for brick, 240 for 

mortar and 27000 for sintered glass; μ increases by 

11%~32% for brick and 4%~132% for mortar. 

 

To start with, Table 4 demonstrates a contradiction in vapor transport. Unlike the majority of other 

researchers, Hansen et al [12], Zhao and Meissener [26] and Vejmelková et al [49] reported enhanced 

vapor transport after hydrophobization, which is physically unreasonable. The former two studies 

attributed their irregularities to experimental uncertainties, while the last one found an explanation 

from their operational procedure – the water repellent agent was added to the fresh plaster mixture 

before hardening, leading to an increased open porosity afterward. This indicates that treatment 

protocols also play an important role in applying hydrophobization. 

By excluding the above-mentioned abnormal observations, we can easily summarize that our results 

are in overall consistency with reported studies, even if the specific materials and water repellent agents 

are different. Two trends can be further generalized. For one thing, hydrophobization has a significant 

reduction in liquid water transport, while the reduction of vapor transport is much more moderate. For 

another thing, bricks suffer from a greater impact on the capillarity than mortars do, while the opposite 

is true for vapor transport. Both trends can be explained by the pore sizes of different materials. 

4.2 The roles of pore size 

In the over-hygroscopic range where liquid dominates, the large pores play a central role. Once these 
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pore surfaces are covered by the water repellent agent, the material loses its capillarity so that its 

capillary absorption is significantly reduced. Such surface coverage does not impact the Fickian 

diffusion of water vapor obviously except for the reduced transport pathways, thus the impact on vapor 

transport is much more moderate (Fig. 8), similar to the water head tests measuring Darcy’s flow (Fig. 

7). However, water repellent agents typically have large molecules. It is therefore difficult for them to 

penetrate into the very fine pores of porous building materials, and some minor capillarity can be 

retained [20]. This explains the phenomenon in Fig. 6 and Table 4 that mortar (with a smaller pore size) 

suffers from less Acap reduction than ceramic brick and sintered glass (with larger pore sizes), and the 

phenomenon in Fig. 9 that mortar has a smaller equivalent moisture transport resistance factor in the 

drying test. Moreover, the penetration difficulty means that these small pores – which are most 

responsible for hygroscopic sorption as they have the largest pore surfaces and easiest capillary 

condensation – can keep their hygroscopicity almost intact. This is the reason why the sorption 

isotherms of lime mortar in Fig. 4 are only slightly lowered after hydrophobization. 

Besides the easiness for water repellent agents to penetrate, the pore size can influence the 

effectiveness of hydrophobization via the pore surface area. As is clearly shown in Fig. 6, the same 

agent concentration produces the least impact on lime mortar and the greatest impact on sintered glass. 

An additional explanation can therefore be found in the ratio of the agent amount versus the pore 

surface area. Fig. 2 demonstrates that the open porosities for all three target materials are similar, 

meaning that almost the same amount of diluted agent is absorbed by the material when treated at the 

same concentration. However, the smaller pore size of lime mortar indicates a much larger pore surface 

area. Consequently, the agent amounts adequate to cover all (or most of) the pore surfaces of ceramic 

brick and sintered glass may fail to provide enough coverage to lime mortar, resulting in its less reduced 

capillarity. Lubelli and van Hees [22] also suggested that the amount of agent applied to a material 

should depend on its porosity and pore size distribution, supporting our explanation. All these imply a 

threshold concentration, beyond which the agent starts to display its effectiveness obviously. 

4.3 The critical agent concentration 

Numerous measurements show that water repellent agents increase the contact angle between water 

molecules and pore surfaces of building materials from the normally assumed 0° for untreated 

materials to 100°~140° after hydrophobization [19, 21, 50, 51]. As a result, the spontaneous water 

absorption no longer occurs. This explains how hydrophobization is physically realized, and it also 

implies that the pore surfaces must be covered by the molecules of water repellent agents for 

effectiveness. 

When a material is untreated, the coverage of its pore surfaces is 0; when the coverage ratio is 100%, 

the maximum water repellent effect is achieved. By analogy with the concept of the critical moisture 

content in building physics (referring to the moisture content at which the liquid phase in a material is 

continuous), we can define a critical coverage above which the liquid phase in a hydrophobized 

material can no longer maintain continuity, so that the material loses most of its capillarity and vapor 

diffusion becomes the sole transport mechanism. With a specific treatment method, the critical 

concentration of the water repellent agent can be further defined. Fig. 10 illustrates the concept. 

It is straightforward that the critical agent concentration depends on several factors, such as the 

features of the material, the type of the water repellent agent, as well as the protocol of implementing 

hydrophobization. It can also be expected that hydrophobization far beyond the critical agent 

concentration does not necessarily guarantee a thorough water repellent effect, especially when a 

material has very fine pores. Similar to the critical moisture content, the critical agent concentration is 
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clear in physical interpretation but not easy in experimental determination. However, its estimation 

already provides great value. Taking this study as an example, we can expect (with over-estimations) 

a critical concentration of 10% for lime mortar and 0.1% for ceramic brick when treated with the 

SMK2100 agent according to our protocol. The fact that the critical concentration for ceramic brick is 

much lower than the producer’s 10% recommendation implies that a much better compromise between 

economy and effectiveness can be reached. 

 

 
Fig. 10 The concept of critical coverage/concentration 

 

5. Conclusions 

This study examines the effect of hydrophobization to porous building materials. We propose a novel 

concept of a material-dependent critical agent concentration: the lowest concentration that ensures 

hydrophobic effectiveness on a specific material. To prove its validity, eight tests are performed on 

ceramic brick, lime mortar and sintered glass to obtain their basic, moisture storage and moisture 

transport properties. Based on extensive measurements and thorough analysis, hydrophobization 

demonstrates the greatest impact on sintered glass, followed by ceramic brick and lime mortar in 

sequence. More importantly, the following general conclusions can be drawn: 

a. The effectiveness of hydrophobization depends on materials’ pore sizes and the imposed agent 

amounts. There is a material-dependent critical concentration of the water repellent agent, beyond 

which the impact of hydrophobization becomes clear; 

b. When a material is treated above the critical agent concentration, its capillarity is significantly 

influenced, while its hygroscopicity is moderately reduced; 

c. Hydrophobization has a limited impact on a material’s bulk density, open porosity and pore size 

distribution, although small pores may get partially blocked. 

It should be kept in in mind though that these impacts of hydrophobization strongly depend on the 

interaction between water repellent agent and material pore structure, and that these outcomes should 

only cautiously be generalized. 
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Appendix: Calculation of liquid permeability (Kl) from the falling-head test 

 

In the falling-head water column test (Fig. A-1), upward is defined as the positive direction. Assume 

a water column with a changing height H (m) and a constant intersection area S (m2), then within time 

interval dt (s) the total flow volume dV (m3) is: 

𝑑𝑉 = −𝑆 ∙ 𝑑𝐻(𝑡)                             (A-1) 

The mass flow rate 𝐺̇ (kg·s-1) is therefore: 

𝐺̇ = 𝜌𝑤𝑎𝑡𝑒𝑟 ∙
𝑑𝑉

𝑑𝑡
= −𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑆 ∙

𝑑𝐻(𝑡)

𝑑𝑡
                      (A-2) 

where 𝜌𝑤𝑎𝑡𝑒𝑟 is the water density, kg·m-3. 

The sample’s surface area is A (m2), its thickness is T (m). According to Darcy’s law, the water flux 

𝑔̇ (kg·m-2s-1) through the sample can be written as: 

𝑔̇ = 𝐾𝑙 ∙
∆𝑝𝑙

𝑇
= 𝐾𝑙 ∙

𝜌𝑤𝑎𝑡𝑒𝑟∙𝑔∙𝐻(𝑡)

𝑇
                         (A-3) 

where ∆𝑝𝑙 is the liquid pressure difference (Pa) and g the gravitational acceleration (m·s-2). 

The water flow 𝐺̇ through the sample is therefore: 

𝐺̇ = 𝑔̇ ∙ 𝐴 = 𝐾𝑙 ∙
𝐴∙𝜌𝑤𝑎𝑡𝑒𝑟∙𝑔

𝑇
∙ 𝐻(𝑡)                        (A-4) 

Equating Eq.(A-2) and (A-4) yields: 

−𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑆 ∙
𝑑𝐻(𝑡)

𝑑𝑡
= 𝐾𝑙 ∙

𝐴∙𝜌𝑤𝑎𝑡𝑒𝑟∙𝑔

𝑇
∙ 𝐻(𝑡)                      (A-5) 

which finally gives the solution: 

𝑙𝑛𝐻(𝑡) = −𝐾𝑙 ∙
𝐴∙𝑔

𝑆∙𝑇
∙ 𝑡 + 𝑙𝑛𝐻𝑡=0                         (A-6) 

The liquid permeability Kl can thus be obtained. 

 

  

a. A schematic b. A photo 

Fig. A-1 The falling-head water column setup 


